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Abstract

As a spectroscopic matrix, helium nanodroplets exhibit many advantages over frozen rare
gas matrices or other seeded clusters. Helium nanodroplets are superfluid, and interact only very
weakly with embedded dopants, meaning high-resolution spectra are possible. Further, dopants
are rapidly cooled to the droplet temperature of ~0.4 K, such that only the ground vibrational
state is populated. Finally, helium nanodroplets are transparent to all wavelengths above ~60 nm.
In this thesis, the infrared laser spectra of hydrogen peroxide, singly deuterated hydrogen
peroxide, and hydrogen bonded dimers embedded in superfluid helium nanodroplets are

presented.

The infrared spectrum of hydrogen peroxide reveals much about the interaction between
the helium bath and the dopant. First, the B rotational constant is reduced by ~42% of the gas
phase value, while the 4 constant is largely unaffected due to fast rotation about the a-inertial
axis. The extent of renormalization was found to be the same for singly deuterated hydrogen
peroxide. The trans-tunneling splitting is reduced by only 6% of the gas phase value.

Rovibrational linewidths vary based on the density of phonon states available in the droplet at
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various rotational energies. Linewidths are narrower for lines with rotational energies falling
within the “phonon gap.” Finally, dynamic coupling between the H,O, rotor and the surrounding

helium density resulted in asymmetrically skewed lines.

Infrared spectra of two hydrogen bonded dimers in helium droplets are reported. The
hydrogen peroxide dimer exhibits two OH vibrational modes corresponding to the bound and
free OH asymmetric stretch. The bound OH stretch is significantly redshifted compared to the
free OH stretch, in good agreement with previously reported spectra in a solid argon matrix.
Both lines were broadened to an extent that rotationally resolved lines were not observed, and the
precise configuration of the dimer could not be determined beyond having a cyclic shape. For the
formic acid dimer, rotational analysis was possible, and the structure was found to be consistent

with a non-polar, cyclic structure.
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Chapter 1: Introduction

1.0 Introduction

Cryogenic matrix isolation techniques have long been employed for studying molecules
and molecular clusters. Of particular significance is the use of matrix isolation to study transient
species. Such species can be trapped in frozen rare-gas matrices and probed spectroscopically,
revealing desirable information about conformation, molecular interactions, and low-temperature
reactions. However, the solid nature of most rare-gas matrices results in many spectroscopic
drawbacks, such as symmetry changes, large vibrational perturbations with respect to the gas
phase, and low resolution spectra due to the inhibition of rotational motion of the trapped
molecules.[') Solid rare-gas matrices can therefore result in the loss of much-needed information
about the species being probed.

In the early 1990’s, a new cryogenic matrix isolation technique arose in answer to the
many drawbacks of frozen rare-gas matrices. This technique uses liquid helium as the matrix,
and is often referred to as Helium Nanodroplet Isolation (HENDI) Spectroscopy.l?! Since their

inception, helium nanodroples have been referred to as an “ideal” matrix, and even the
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“ultimate” matrix, due to the unique nature of liquid helium.!"l The nanoscale droplets of helium
used in HENDI spectroscopy are cold (~0.37 K), superfluid, and interact only very weakly with
molecules or other dopants. Each of these unique properties reduces the effect of the matrix on
the species of interest, resulting in spectra that more closely resemble those recorded in the gas-

phase.

1.1 Superfluid Helium

The increasing popularity of helium nanodroplet spectroscopy is a direct result of the
fundamental properties of helium-4 atoms. Interactions between helium atoms are very weak,
and its low mass results in large zero-point oscillations. As a result, helium will theoretically
remain a liquid down to absolute zero. Helium condenses to form a classical liquid at 4.2 K,
referred to as He I, at standard atmospheric pressure. When cooled below 2.2 K (the so-called
lambda-temperature, or T5), liquid helium undergoes a phase transition to a quantum fluid phase,
He II. The He II phase is referred to as superfluid helium, and exhibits many fascinating
properties, including zero viscosity flow, and unusually high heat conductance.!!]

Superfluid helium is described by the two-fluid model,**! wherein the quantum fluid is
defined as being composed of two types of fluids: a superfluid, and a normal fluid. The total
fluid density below T, p, is described as a sum of the normal fluid density (p,,) and the
superfluid density (pg) as shown in equation (1):

P = Pn+Ps (1)
At temperatures higher than the lambda-point, the fluid density consists of only normal fluid,
while below the lambda-temperature, the superfluid density increases as the temperature

decreases until absolute zero, where liquid helium theoretically consists of only superfluid. The
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fundamental difference between the normal fluid component and the superfluid component is
that the latter exists as a bose-condensate, meaning the helium atoms are all in the same quantum
state and can therefore be described by a single wavefunction. As a result, the helium atoms that
are part of the condensate are indistinguishable, and represent a bulk manifestation of quantum
mechanics.

Experimental evidence for the two-fluid model was provided by the famous
Andronikashvili experiment in 1946.51 A rotating pendulum with closely spaced discs was
placed in a helium-4 bath. Below the lambda-temperature, it was shown that the period of the
rotating discs was temperature dependent. As the temperature decreased, there was less drag on
the pendulum, and therefore less damping of the oscillatory period. The decreased damping of
the pendulum rotations represents an increasing trend towards frictionless flow, and therefore an

increase in the superfluid density below 2.2 K.

1.3 Helium Nanodroplets

Droplets of liquid helium were first observed in a fog following rapid cooling of helium
gas in 1908,[%) many years prior to the discovery of superfluidity in bulk helium in the 1930’s.[7)
The discovery of, and subsequent interest in, superfluidity resulted in a breadth of theoretical
research, including much interest in nanoscale droplets of helium, which represent finite
quantum systems.!®] In 1961, nanoscale helium droplets were observed in a free-jet expansion.l’]
Early work on understanding the properties of helium droplets was achieved in the early 1990’s,
when nanoscale droplets were doped with SFs, and its rovibrational spectrum was measured.!"]
The presence of rotationally resolved lines was the first indication that the helium droplet matrix

was unique compared to other seeded rare gas clusters or frozen matrices, and suggested the
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droplets were superfluid. Indeed, the majority of our present understanding of the properties of
helium nanodroplets comes from measuring the spectra of dopants inside the droplets.[!!]
Because helium droplets are transparent to light with wavelengths larger than ~60 nm, direct
experimentation on the droplets themselves is experimentally challenging. Not only is
experimentation with such short wavelengths challenging, the diffuse droplet beam also makes
the measurement of absorption difficult. The transparency to wavelengths greater than ~60 nm,
however, means that helium droplets are valuable as a spectroscopic matrix.!]

In 1998, Grebenev et al.['?] provided the first solid evidence of superfluidity in nanoscale
droplets of helium, in what was called the “Microscopic Andronikashvili Experiment.” In the
experiment, the rovibrational spectrum of OCS embedded in both normal fluid helium
nanodroplets comprised of helium-3, and droplets containing helium-4. In the pure helium-3
droplets, the infrared spectrum of OCS shows no rotational resolution due to the large drag on
the rotational motion of the OCS molecule by the normal-fluid helium. In droplets where the
OCS molecule was solvated by at least 60 helium atoms, sharp rotational lines were observed,
indicating that the helium-4 was superfluid and allowed for nearly-free rotation of the OCS
molecule, much like the rotation of the pendulum in helium-4 below the lambda-temperature in
Andronikashvili’s experiment.’! Since then, microwave experiments have shown that it takes as
little as 7 helium atoms for the onset of superfluidity in small OCS-Hey clusters.!'*] Helium-4
nanodroplets evaporatively cool to 0.37 K, well below the lambda-point, meaning they have a
high superfluid density.['*] This is in contrast to helium-3 droplets, which cool to 0.15 K, which
is above the lambda temperature for the helium-3 isotope.!']

Superfluidity in helium nanodroplets is now well established, and is responsible for the

spectroscopic advantage of using helium nanodroplets over other rare-gas matrices. Many
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questions about the nature of superfluidity in nanoscale droplets remain, however, making the
droplets themselves a continued subject of intense experimental interest. An area of special
importance to spectroscopy is the nature of interactions between the helium bath and the dopant
species. As it stands, the field of helium nanodroplet spectroscopy has matured to the point of
having wide-ranging applications that include the study of low-temperature reactions,!!>! surface
deposition experiments,!'¢! and a matrix in which to study large biomolecular ions.['”] In this
thesis, I build upon studies examining the interplay between the superfluid matrix and transiently
chiral hydrogen peroxide, and also make use of the droplets as a matrix in which to examine
small hydrogen bonded dimers, including the hydrogen peroxide dimer and the formic acid

dimer.

1.4 Thesis Organization

In the chapters that follow, I present my studies on small molecules and dimers
embedded in superfluid helium nanodroplets. Chapter 2 outlines the experimental techniques
used throughout my investigations, as well as pertinent background information about helium
nanodroplet spectroscopy. Details of the infrared laser system and the automation of its tuning
are presented in Chapter 3. In Chapter 4, the rotovibrational spectrum of hydrogen peroxide in
helium nanodroplets is discussed. Insights from this work include an examination of the effects
of the superfluid helium matrix on the spectrum, including line-broadening and the observed
tunneling splitting. The following chapter presents a similar spectral analysis of the singly
deuterated species, HOOD. The spectrum of the hydrogen peroxide dimer is discussed in
Chapter 6. The identification and analysis of the cyclic formic acid dimer is provided in Chapter

7. Finally, the thesis is concluded in Chapter 8.
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Chapter 2: Experimental Design and Fundamental
Concepts

2.0 Introduction

The low temperature of helium nanodroplets provides a useful environment for the
investigation of chemical systems. Simplified spectra arising from fewer populated states, the
narrowing of spectral lines, trapping of reaction intermediates or metastable species, and low-
temperature chemical reaction studies are just some of the many advantages provided by the low
temperature of helium nanodroplets.l'! Unlike frozen rare-gas matrices, helium nanodroplets
also allow for the measurement of spectra with rotational resolution, which provides a degree of
structural information not available in any other matrix. High-resolution, low-temperature
spectra can also be obtained from seeded supersonic jets, but unlike helium nanodroplets, all
degrees of freedom for the species of interest are not in thermal equilibrium with the translational
temperature of the molecular beam, which is typically on the order of 1 K. Helium nanodroplets,

on the other hand, can achieve cooling of translational, rotational and vibrational levels to less
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than 1 K, while also providing a matrix in which high-resolution spectra can be measured. Thus,
helium nanodroplet spectroscopy represents a coupling of matrix isolation and molecular beam
techniques.

Infrared laser spectroscopy has proven to be especially well suited for the investigation of
chemical systems embedded in helium nanodroplets, such as molecules, clusters, or radicals. For
many such systems, a rovibrational spectrum can be recorded and analyzed, providing useful
details such as structural information, or the effect of the quantum solvent on the behavior of the
system.!'3] Beyond an examination of the quantum solvent, however, one may ask why it is
necessary to record infrared spectra of dopants in helium nanodroplets rather than simply in gas
phase. Unlike the gas phase spectra, helium nanodroplets provide superior cooling, reaching a
lower temperature than is typically achieved using standard gas phase techniques. Further, it is
well established that the helium droplet matrix can be used to trap high energy, metastable
structures that cannot be easily produced in the gas phase. In fact, all advantages of frozen rare-
gas matrices are present in helium droplet spectroscopy, but the spectra recorded in helium
droplets experience less matrix effects.

Helium nanodroplets are produced, doped, probed with infrared radiation, and detected
using a helium nanodroplet spectrometer (Figure 2.1). A schematic of this instrument is
provided in Figure 2.2, which contains the three chambers relevant to the work contained in this
thesis. The basic design of the instrument is based on a molecular beam apparatus, where
droplets are produced in a free-jet expansion in the source chamber. The helium droplets are
skimmed to form a beam which travels the length of the instrument. After production in the

source chamber, the droplets are doped with the species of interest in a pick-up cell, followed by
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irradiation with an infrared laser aligned coaxially with the droplet beam. The beam travels then

through the ionization region of a quadrupole mass spectrometer, which acts as a detector.

Figure 2.1. The Jager group helium nanodroplet spectrometer. The source chamber is the leftmost chamber in
the picture, followed by the doping chamber, the microwave and bolometer chambers (not described in this

thesis), and the mass spectrometry chamber. Photo credit: Wolfgang Jéger.

In this chapter, I provide a detailed account of the experimental design and theoretical
background necessary for helium nanodroplet spectroscopy. The chapter is organized to follow
the experimental set-up provided in Figures 2.1 and 2.2. I begin with a description of helium
nanodroplet production in the source chamber, followed by an examination of the properties of
helium nanodroplets. Next I discuss the doping of the droplets, followed by mass spectrometry
and laser depletion spectroscopy. A discussion of rovibrational spectroscopy in helium

nanodroplets follows.
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Figure 2.2. A simplified schematic of a helium nanodroplet spectrometer, showing the three chambers relevant to
this thesis: the source chamber, the pick-up chamber, and the mass spectrometer chamber. Figure used with

permission from ref. 2.

2.1 Droplet Production

Helium nanodroplets are produced in a continuous free-jet expansion by passing a sample
of pre-cooled ultra-high purity helium (99.9990%) through a Sum pinhole nozzle into a low-
pressure chamber, referred to as the source chamber. The source chamber pressure is held around
2 x 107 Torr with the use of a high capacity diffusion pump. The helium used for droplet
production is held at a pressure of between 20 and 80 bar (Py), and is precooled to 10-30 K (7))
with the cold head of a closed-cycle helium refrigerator, which is attached to the copper nozzle
head. In the expansion, helium atoms cluster together in the high-pressure area immediately
following the pinhole nozzle. Here, the pressure is high enough that the helium condenses into
liquid droplets. Further from the nozzle, the helium pressure drops below the equilibrium vapour

pressure, and the droplets undergo a period of evaporation. The temperature of the helium
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droplets decreases as a result of evaporative cooling until they reach a temperature of about
0.37K, at which point the rate of evaporation becomes negligible.!*]

Droplet size, which is generally expressed in terms of the mean number of helium atoms
per droplet, (N), is controlled by varying the nozzle temperature and stagnating pressure, 7) and
Py. At a constant pressure, decreasing the temperature increases the average number of helium
atoms per droplet. Conversely, at a constant temperature, increasing the pressure results in an
increase in the average number of helium atoms per droplet. Thus, lower temperatures and
higher pressures lead to larger droplet sizes.l>~"]

The number of helium atoms per droplet, and therefore the size, is given as a mean value
because for each temperature and pressure, the droplets produced represent a log-normal
distribution of sizes. The evidence for the droplet size distribution comes mainly from deflection
in scattering experiments.[>~7! Although it is well understood that a broad distribution of droplet
sizes is present in the helium droplet beam, control of the mean droplet size, by varying the
nozzle temperature and stagnation temperature, is critical. For example, choosing conditions that
favor the formation of droplet sizes below ~1500 He atoms/droplet results in significant
inhomogeneous broadening of spectral lines of embedded dopants,®! whereas having droplet
sizes well above 5000 atoms per droplet can reduce spectroscopic sensitivity when using
depletion spectroscopy (see section 2.5 of this chapter for a description of depletion
spectroscopy). It has been shown via fluorescence spectroscopy that spectroscopic signal
intensity drops off significantly below a nozzle temperature of about 15 K, where droplet sizes
become too large to be effective for spectroscopy.l!

It should be noted that there are three droplet production regimes for helium droplet

sources. | have thus far described only the subcritical expansion regime, where the precooled



Experimental Design and Fundamental Concepts | Page 12

helium expands as a gas into the nozzle chamber, and then condenses into droplets through
collisions in the high-pressure expansion zone, followed by evaporative cooling. Subcritical
expansions are necessary for depletion spectroscopy since droplet sizes formed are typically
below (N) < 30,000. Lowering the nozzle temperature below the subcritical expansion
conditions results in a supercritical expansion, which is the dispersion of liquid helium from the
nozzle, and favors large droplets with (N) > 30,000.!'° If the nozzle is cooled below 4 K with a
stagnation pressure of 50 bar, the droplet production comes as a result of break-up of the liquid
helium flow, resulting in very large droplets outside of the nanoscale size regime, (N) ~ 1010 [11]
All experiments reported in this thesis were done in the subcritical expansion regime, for
the purposes of performing spectroscopic studies. Under average droplet production conditions
used (7p =20 K, Py = 40 bar), the droplet velocity is ~400 m/s,>!?] corresponding to a time of
flight to the quadrupole mass spectrometer of ~4 ms. With an initial cooling rate of ~10'" Ks™!,
droplets reach an equilibrium temperature of ~0.37 K prior to reaching the doping chamber.[]
Further, any dopants embedded in the droplets are cooled to the equilibrium temperature of the
droplets, at least translationally, within ~100 ps.l3] Thus, the initial cooling rates of both the

droplets and embedded impurities typically do not interfere with spectroscopic experiments.

2.2 Properties of Helium Droplets
As was mention in Chapter 1 of this thesis, when helium-4 is cooled below the lambda
point, it becomes superfluid. Under the two-fluid model for bulk helium proposed by Landaul!3!

and Tisza,'¥] the density of the superfluid increases as the temperature of helium is decreased
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below the lambda point. Because helium nanodroplets equilibrate to about 0.37 K, the superfluid
density is expected to be quite high.

Under the two-fluid model, the normal fluid fraction is considered to be excitations of the
superfluid. An explanation of the quantum mechanical behavior of helium droplets is described
using the liquid drop model (LDM), where helium droplets are treated as spheres with an
assumed density equal to that of bulk helium.!*] For the spherical droplets, elementary excitations
can be classified into surface modes and compressional modes. The surface modes, referred to as
ripplons, result in a change in shape of the outer surface of the droplet. Ripplons can be
described as capillary waves on the droplet surface, and affect the thermodynamics, such as
evaporation, of the droplets at the experimental temperatures.

The compressional modes of the droplets, referred to as phonons, result in density
changes inside the droplet. While even the lowest energy phonon modes remain unpopulated at
the droplet temperatures, they do play a role in the cooling of dopants following excitation with
resonant radiation. The density of states of rotons, which are phonons that sit within the
minimum of the phonon excitation curve, have been shown to be involved in the rotational
cooling of dopants.['>16] If the rotational energy of the dopant matches with a high density of
rotons in the phonon energy curve, relaxation is rapid and results in broadened rovibrational
lines. The low density of roton states available for small rotors in the droplets is advantageous, as
it results in longer excited state lifetimes and therefore narrow spectral lines.!?] Observed
rovibrational lines in helium nanodroplets are typically homogeneously broadened as a result of
rotational relaxation.

Other quantum excitations within the droplet are also possible including quantized

vortices, and excitations based on the translational motion of the dopant.¥] In most cases, the
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translational motion of the dopant does not result in the splitting of observed spectral lines as
would be expected, given that the translational splitting is smaller than rovibrational linewidths
within the droplet. Translational modes do, however, result in an energy well at the centre of the
droplets, and thus closed shell dopants spend more time in the centre of the droplet than they do
near the surface.?! This phenomenon is analogous to a particle in a box, but extended to a 3-
dimensional sphere.

Evidence of the presence of vortices in helium nanodroplets, which represent defects with
a quantum of helium circulating about them, is given by Gomez et al.!'’! In their experiment,
xenon atoms were introduced to the droplets and become trapped in vortex cores. They are then
imaged by femtosecond x-ray diffraction to reveal the structure of the vortex lattices inside the
droplets. It is unclear how the quantized vortices may affect the spectroscopy of dopants inside

the droplets.

2.3 Doping

Impurities are embedded in helium through collisional pick-up in the doping chamber of
the helium nanodroplet apparatus.['8] The dopants are initially at room temperature, but cool
rapidly to the equilibrium temperature of the droplet. The rapid cooling is a result of the high
density of states in the helium droplet that are available to dopants at higher energies. When the
dopant is captured, momentary heating results in the evaporation of helium atoms from the
surface of the droplet until the equilibrium temperature is again reached. This rapid cooling of all
degrees of freedom of the dopants is one of the many reasons why helium nanodroplets are a

desirable spectroscopic matrix.[!]
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Within the doping cells, pressures of dopant particles is generally on the order of 107 —
107 Torr. Under the low-pressure conditions in the doping cells, the pick-up of dopants by the
droplets is sequential — that is, dopant particles are picked up one at a time.!'*2% This has
important implications on the study of clusters in helium droplets. Because dopants inside helium
nanodroplets are drawn together by long-range attractive forces, they often form high-energy, or
metastable conformers.[2*2!] The low energy available in the helium bath means that
rearrangement to lower energy structures is typically not possible. It has even been shown that
simply varying the pick-up order of dopants can result in different cluster structures being
favored.[?>231 It should be noted, however, that precise control of cluster conformers is typically
not possible, since many different conformers can form, and the percentage of each is a result of
how they come together in the droplet.

The number of dopant particles present in each droplet can be described by Poisson
statistics.['”! The relationship between the number of dopants, n, and the number density of
dopants in the pick-up cell, p, is given by equation 1:

P, = (a%nexp (—al) (1)
Where L is the length of the doping cell and ¢ = po, with o representing the cross-sectional area
of the droplet. The proportion of droplets containing clusters with higher numbers of monomers,

n, therefore increases as the doping pressure increases.

2.4 Mass Spectrometry
The droplet beam passes through the doping chamber, then through subsequent chambers

and finally terminates in the mass spectrometer chamber. Once the helium droplets enter the
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mass spectrometer chamber, they pass through a coiled circular filament used for electron impact
1onization, which occurs for helium droplets at electron impact energies > 70 eV (110 eV was
typically used for the experiments reported in this thesis).['>241 Much like the pick-up cross
section of the droplet, the ionization cross section is roughly equal to the geometrical cross
section of the droplet. Upon electron impact of the droplet, a helium atom is ionized to He",
followed by rapid charge hopping. The charge hopping is terminated either through the
formation of a He", cluster, or when the charge migrates to the dopant. The localization of the
charge results in a large release of energy and destruction of the droplet.[>>] A mass spectrum of a
helium nanodroplet beam shows peaks every 4 m/z resulting from the different ionized clusters
of helium, but the peak at m/z = 8, representing He"; is typically the largest. The different helium
ion cluster sizes diminish in intensity with increasing m/z. Some differences in the relative
intensity of different m/z values are related to the size of the droplets, although this effect is more
pronounced for large helium droplets.[?%! Following ionization, the ion fragments are guided
towards the quadrupole mass filter to the multiplier which amplifies the signal and transmits it as
a voltage.

I used a Quadrupole Mass Spectrometer (QMS) for many purposes while conducting my
experimental work. First, the mass spectrum of undoped droplets provides an indication of the
level of background impurities picked up by the droplets. Second, the overall signal strength at
m/z = 8 is used to assess the quality of the alignment of the nozzle with the mass spectrometer.
The nozzle is mounted onto a translation stage, and its position can be changed to improve
alignment. Moving the nozzle while observing changes in the ion counts at m/z = 8 is a fast way
to fine tune the overall nozzle alignment. Additionally, the mass spectrum is used in the initial

stages of experiments with new dopants to assess doping efficiency.
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2.5 Infrared Laser Depletion Spectroscopy

The QMS is also used as a detector for infrared laser spectroscopy. This is achieved by
modulating an infrared laser beam which is aligned coaxially with the droplet beam, and
detecting the total ion signal at different laser frequencies using lock in detection of the QMS
signal at the laser modulation frequency (typically around 50 — 100 Hz). When the dopant
absorbs an infrared photon, energy is dissipated in the helium bath following relaxation.[327-28]
The energy is removed from the droplet via evaporation of helium atoms from the surface of the
droplet. If the binding energy of one helium atom to the droplet is ~5 cm™,1!%! the absorption if
one 4000 cm! photon results in the evaporation of about 800 helium atoms. Because relaxation
and subsequent evaporation is fast on the timescale of the experiment, several absorption and
evaporation events occur during the time of flight of the doped droplet prior to ionization. Each
photon absorbed results in an overall decrease in the size of the droplets as helium atoms are lost
to evaporative cooling. The net effect is the reduction of the cross-sectional area of the droplet.
What is observed, in the case of resonance, is an overall decrease in the signal from the mass
spectrometer due to a decrease in the ionization cross-section of the droplets. This type of action
spectroscopy is therefore referred to as depletion spectroscopy due to the signal depletion that
occurs when photons are absorbed by the dopants.

Depletion spectroscopy is required in helium nanodroplets due to the very low density of
absorbers in the helium droplet beam. The diffuse beam and statistical doping of the droplets
means that direct measurement of absorption or emission of infrared radiation is not practical or
even possible given instrumental limitations. The change of size of the droplets, however, is

relatively easy to detect using a QMS and lock-in detection.
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A schematic of the experimental set-up I used for infrared spectroscopy of doped helium
nanodroplets is given in Figure 2.3. The idler beam from a continuous OPO mid-infrared laser
(described in detail in Chapter 3) is passed through two calcium fluoride windows which act as
beam splitters. The small percentage of reflected light is passed into both a laser wavelength
meter (Bristol Instruments, Model 621) for frequency measurements of the idler beam, as well as
a power meter. The idler beam is then chopped at a rate of ~70 Hz and guided to the helium
nanodroplet apparatus using gold coated mirrors. A focusing lens with a 1 m focal length is used
to increase the intensity of the infrared beam on the droplet beam. The idler beam passes through
a calcium fluoride window at Brewster’s angle to reduce reflection and into the droplet apparatus
such that it overlaps with the droplet beam. The alignment of the laser with the path of the
helium droplet beam is crucial for spectroscopy, and is performed by finely adjusting the
position of the guiding mirrors until the beam passes through the skimmer and can be observed
hitting the nozzle. While the infrared laser is of course invisible to the eye, when operating the
OPO at low power (below the threshold of the internal gain medium), red laser light is

transmitted and can be used for visual alignment.
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Figure 2.3. The experimental set up of the infrared laser for spectroscopy of dopants in helium

nanodroplets.

2.6 Rovibrational Spectroscopy of Dopants in Helium Nanodroplets

One of the major advantages of the helium nanodoplet matrix compared to solid rare gas
matrices, is that the superfluid nature of the helium allows for nearly free rotation of the
embedded impurities. The helium bath interacts with the dopants only very weakly, such that the
symmetry of the molecule is not affected by the matrix. Symmetry effects can cause splitting of
spectral lines, as is often observed in solid rare gas matrices. Further, the nearly free rotation of
species embedded in the droplets often results in rotationally resolved vibrational spectra that
appear very similar to the gas phase.?®) Band origin shift of vibrational modes in helium droplets
are generally < 1 cm™! from the gas phase values, compared to the much larger shifts observed in

solid rare gas matrices.?!
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The primary difference of rovibrational spectra of dopants in helium droplets compared to
the gas phase is the spacing of the rotationally resolved lines. Adiabatic following of helium
density closest to the dopant results in an increase in the moment of inertia of the rotor.
Rotational constants of molecules are inversely proportional to the moment of inertia, /. The
relationship between the moment of inertia of a linear rotor and its rotational constant, B, is

given in equation 2:

%

B=_— 2)

" amel
Here, c is the speed of light and / is the reduced Planck constant. Adiabatic following of the
dopant increases the moment of inertia, and decreases the rotational constant, which in turn
decreases the line spacing of rotationally resolved lines.!'¢]

The reduction of the rotational constants in helium nanodroplets is referred to as
renormalization. For most rotors, the rotational constants in helium droplets are renormalized to,
on average, about 0.3 of the gas phase value.?! For smaller rotors, or for rotations about an axis
with a low moment of inertia, the rotors are thought to move too quickly for adiabatic following.
This results in a much smaller renormalization of the rotational constants, which approach the
gas phase values with increasing rotational energies.[?) For rotors within the adiabatic following
regime, there is still much variation in the extent of renormalization of rotational constants. This
is a result of the anisotropy in the dopant-helium interaction potential.[?! Larger anisotropy results
in an asymmetrically distributed helium density following the rotor, and larger renormalization

values.
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2.7 Conclusions

I have thus far outlined the experimental considerations for infrared spectroscopy of
dopants in superfluid helium nanodroplets relevant to this thesis. The highlighted experimental
details include droplet production, doping and detection. I have also included discussions on the
quantum mechanical nature of the superfluid helium nanodroplets, as this has important
implications on the measurement of rovibrational spectra of dopant species. The experimental
aspects discussed in this chapter provide details to the experimental design used in Chapters 4 to

7. More details on the laser used for infrared spectroscopy are given in Chapter 3.
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Chapter 3: Infrared Laser Tuning Automation

3.0 Introduction

For the Jager group’s continuous-beam helium nanodroplet machine, a continuous wave
(cw), high output power, continuously tunable mid-infrared laser is required for high-resolution
rovibrational spectroscopy. A cw laser maximizes the exposure of the continuous beam of
helium droplets to infrared radiation; pulsed laser sources dramatically reduce the duty cycle and
therefore spectroscopic sensitivity. The low optical density of absorbers in the beam also
requires a high output power (~ 1-3 W) to ensure that significant absorption and therefore beam
depletion occurs. Finally, for high-resolution, rotationally resolved spectra, the laser must be
continuously tunable. While there are many mid-infrared lasers on the market, there are few that
meet all of the above criteria. The laser used for this application in the Jager lab, and indeed
many other helium nanodroplet groups, is the Lockheed-Martin Aculight ARGOS 2400-SF-15

system.!! 3
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The Aculight Argos 2400 series laser is a cw, tunable optical parametric oscillator (OPO)
mid-infrared laser. It consists of a 15 mW Yb-doped fiber seed laser (1064 nm) (Koheras),
which is amplified to 15 W using a diode pumped fiber amplifier (IPG photonics), and used as
the pump laser.[?) The pump laser is fed via fiber optic cable into the module cavity and passed
through a periodically-poled lithium niobate (PPNL) crystal, which converts the source beam

into an idler beam and a signal beam, whose relationship is given in equation (1):
et ()

Where Ap is the pump laser wavelength, Ag is the signal beam, and A;represents the idler beam,

which is the beam used in the experiment (Fig. 3.1).

Signal beam, 4,
-

Idler beam, A;
Pump beam, 4, ——

.
L

[
{

PPLN Crystal

Figure 3.1. Periodically-poled PPLN crystal showing the “fan out” pattern of the poling periods. The
pump beam, 4, interacts with the PPLN crystal producing the signal beam, 4, and the idler beam, 4;.

The idler beam is used for spectroscopy. Some of the unconverted pump beams passes through the

crystal.

The design of the Aculight ARGOS 2400-SF-15 is such that tuning the frequency

requires the coordination of three distinct processes to achieve fine (continuous), intermediate
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and course tuning. Direct from the manufacturer, this laser system requires full manual tuning of
each of the three elements. The laser can, however, be connected to a computer system, and two
of the tuning elements can easily controlled by a basic LabVIEW virtual instrument (VI). The
coarse tuning however, requires that a user physically translate an internal crystal using a hex
key inserted into the laser module. Crystal translation must be frequently performed to ensure
good output power, as well as to cover the necessary wavelength regions for recorded spectra.
The user must therefore constantly intervene throughout the measurement of a spectrum, leading
to significant time-commitments. In 2012, a method for automating the tuning of the Aculight
ARGOS 2400-SF-15 was developed by Morrison et al. in the Douberly group, University of
Georgia, resulting in a substantial reduction in the amount of user intervention required, and
therefore a greatly reduced time-commitment.[*! To increase the efficiency of experiments in the
Jager nanodroplet lab, I automated the tuning of our laser system following the Douberly group’s
method. This chapter documents my implementation of the Douberly tuning automation method
into our laser system. Prior to the practical details of automation, the necessary background

details of the laser system are detailed below.

3.1 Optical Parametric Oscillation

Frequency conversion of the pump beam into the signal and idler beams in the Aculight
laser is achieved with the use of a non-linear optical technique referred to as optical parametric
oscillation. Non-linear optical techniques require the use of anisotropic crystalline materials in
which the polarization, P, responds non-linearly to an intense electric field, E. The polarization

resulting from an electric field can be written as follows:
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P= g[xVE + xPE? + y®E3 ..., (2)
where & is the electric permittivity of free space, and y ™ represents the susceptibility of the
medium — a proportionality constant which indicates the degree of polarization of the medium
induced by an electric field. The first term, y () E describes the linear response of polarization in
the presence of an electric field, whereas y () E? describes the second order non-linear response.
Thus, the polarization of a material induced by an electric field is the sum of the first order
(linear) and higher order (non-linear) components. At low field strength, the linear response
dominates, but at higher field strength, the non-linear effects become more important.[>!

In the presence of a strong optical wave provided by a laser at frequency o, (referred to
as the pump) the non-linear polarization field arising from y(?) can result in the production of a
wave at frequency o referred to as the signal wave. Again through the y(?) interaction, a third
wave at frequency o; (referred to as the idler wave) is produced by the interaction of ®, and ws.
Both waves arise from random noise amplified by the interaction of the pump beam and the non-
linear optical medium, and this amplification is referred to as parametric amplification. The
precise frequencies of the idler and signal waves are dictated by the conservation of energy,
where:

Wy = Ws + W; 3)
To enhance gain of the idler and signal waves, the non-linear crystal is placed in a cavity,
resulting in the phenomenon known as optical parametric oscillation (OPO).! In the Aculight
Argos OPO laser, the cavity is referred to as singly resonant, meaning it is resonant with only the
signal beam.[! The cavity enhances the interaction between w, and ws, thus increasing the gain of

both of s and wi. A basic singly-resonant cavity is shown in Figure 3.2. In the Aculight Argos
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OPO, the idler beam is the beam traditionally used for the purpose of spectroscopy. The Aculight

Argos OPO laser makes use of what is known as a bow-tie cavity (see Fig. 3.2). The purpose of
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Figure 3.2. A schematic of the inside of the OPO module, including the bowtie cavity

and relevant optics. Figure used with permission from ref. 4.

the bow-tie cavity is to increase gain in the PPLN crystal as well as to provide a pathway for the
signal beam to pass through a YAG or fused-silica etalon, which is necessary for single mode
operation.!”l The intracavity etalon is described further below, as it plays a crucial role in

frequency tuning.

3.2 Tuning basics
OPO lasers are desirable for spectroscopy because the idler and signal beams can be

tuned over a broad range of frequencies. For high-resolution spectroscopy, continuous tuning
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over a range of frequencies is necessary. Continuous tuning of the idler beam is achieved in the
Aculight Argos OPO laser by coordinating three different tuning methods. Coarse tuning results
in wavelength hops of 10 — 20 nm, intermediate tuning is done in steps of ~1 nm, and fine tuning
can cover a continuous range of about 2 nm, filling in the wavelength gaps left by the coarse and
intermediate tuning methods.

Course tuning is achieved by translating the intracavity periodically poled lithium niobate
(PPLN) crystal, which is the gain medium for the OPO. The PPLN crystal is a nonlinear material
in which the poling period of the crystal is engineered to produce nonlinear frequency conversion
of the pump beam. The poling period of the poled crystal varies linearly across its width,
resulting in a “fan-out” appearance (Fig. 3.1). With the pump beam in a fixed position,
translating the PPLN crystal up or down results in a change of the poling period, and thus a
change in the wavelength of maximum gain. Physically, the crystal translation and thus rough
tuning, is achieved by manually turning a translation screw on the laser module housing using a
hex key.

Intermediate tuning of the OPO laser is achieved by rotating the intracavity etalon in the
range of £3.0° from its perpendicular arrangement with respect to the signal beam in the OPO
cavity, depending on the module. Due to the index of refraction of the etalon, small changes in
the etalon angle in the cavity result in small changes of the length of the cavity, and thus a
change in the resonant signal frequency. As a result, the signal beam hops to another longitudinal
cavity mode. This results in mode hops of around 1 cm! of the signal beam. The intracavity

etalon is also crucial for insuring single-mode operation of the OPO laser.
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Fine tuning is required to cover the range of frequencies between the mode hops that
occur with tilting the intracavity etalon. The pump laser frequency can be tuned continuously
over a ~100 GHz range by piezo strain of the fiber pump laser. Piezo strain is altered using an
external piezo driver (Thorlabs) and varying the voltage applied from 0-90 V (B module) or 0-

200 V (C module).

3.3 Automation

For continuous tuning, each of the three tuning methods (course, intermediate, and fine)
must be used together. In the Jager nanodroplet lab, I continuously tuned the laser by automating
the intermediate and fine tuning methods, and manually adjusting the crystal position as needed
for data collected in chapters 4 and 5. This required a great deal of user intervention, as the
crystal position must be adjusted to achieve sufficient output power each time the etalon angle is
changed. When the crystal position and the etalon angle are not adjusted together, a mismatch in
the gain curve of the PPLN crystal and the cavity modes results in low power output of the idler
wave as shown in Figure 3.3. For fully automated tuning it is not sufficient to merely control the
PPLN crystal position via computer; the shift in the etalon angle and the motor must be
controlled simultaneously to maintain matching of the PPLN gain curve with the intracavity
etalon resonance. A method for full automation was developed by the Douberly group in 2012,
and I have implemented it in order to improve the efficiency with which spectra are collected.
Data in chapters 6 and 7 were collected with fully automated tuning. This section outlines the
procedure and data collected during automation of the ARGOS OPO modules B and C. An

example spectrum is given in the next section to highlight the success of the automation.
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Figure 3.3 — Schematic showing the gain curve of the PPLN (red), the
cavity modes (blue) and the intracavity etalon (ICE) transmission curve
(black). In the above figure, the gain curve is matched appropriately with
the etalon curve. Physical translation of the PPLN crystal would shift the
gain curve, resulting in a mismatch between the two curves. Figure used

with permission from ref. 2.

For the purpose of automation of laser tuning and recording of infrared spectra a National
Instruments PCI-6221 DAQ board connected to an NI BNC-2090 rack-mounted terminal block
was purchased and used for all analogue input (and output) channels required. I used lock-in
detection of the signal from the mass spectrometer, and the lock-in detector signal was connected
to the BNC-2090, along with a Thorlabs power meter which monitored the idler laser power, the
Lakeshore temperature sensor to display nozzle temperature data, and the piezo driver (both

input and output for the piezo were connected to the BNC-2090). The wavemeter and stepper
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motors (see below) are connected to the computer via USB. Finally, the OPO controller is

connected to the computer via an NI PCI-8430 (RS 232) interface.

3.3.1 Stepper motor configuration

Following Morrison et al.*], a linear actuator (Figure 3.4) was constructed and attached
externally to the laser module for translation of the crystal. The actuator consists of a stepper
motor (Anaheim Automation 23MD series) that is attached to the translation screw for the PPLN
crystal. The stepper motor rotates a hex key, which is attached using a flexible coupling to
reduce strain on the PPLN crystal. The actual design of the actuator has been simplified from the

version presented by Morrison ef al., in that it consists of a spring in a brass housing to

Anaheim Automation
stepper motor

| Encoder |

Flexible coupler (top)
and brass coupler
attached to hex key

i s i & Aluminum support arm
= R attached to optical table

Hex key inserted into
module to translate PPLN
crystal

Figure 3.4. A labeled photograph of the stepper motor assembly used for automatic translation
of the PPLN crystal. The stepper motor is supported by the aluminum arm, and attached to a
flexible coupler followed by a brass coupler with an internal spring to allow for vertical
movement of the hex key as the PPLN is translated up and down. The stepper motor is

controlled via an encoder which is connected through USB to a computer.
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accommodate the linear motion of the hex key, rather than a threaded screw and bushing. With
this configuration, I determined that just one flexible coupler was required, further simplifying
the design.

The stepper motor encoder is connected to the laboratory computer via USB, and the
precise motor position can be determined. During the first phase of automation I recorded a
calibration curve for each module (B and C), to determine the variation of the wavelength with
motor position, using the “motoring for curve make” LabVIEW VI provided by the Douberly
group. The lowest laser frequency was set as the zero position of the motor, and then following
Morrison et al., the intracavity etalon was removed in order to simplify the collection of the
stepper motor calibration curve. Outliers were then removed from the raw data, resulting in the
calibration curves presented in Figure 3.5. Each calibration curve was fitted using a 4™ order
polynomial, and the constants are given in Table 3.1. The constants derived from the 4" order

polynomial fit are used for tuning using a LabVIEW program, detailed in section 3.3.3.

Table 3.1 — Results from the 4™ order polynomial fit for modules B and C. These values
were put into the LabVIEW VI “ScanArgos” for proper control of the stepper motor
during scanning.

Polynomial fit variables  Fitted Values

Module B

Module C

y-Intercept
1
2
3

-2.23471 x 10°
1.95785 x 10°

-6.55390 x 10!
1.01463 x 10*
-6.09054 x 10°

-2.74071 x 10°
3.16631 x 10°
-1.44151
3.09313 x 10*
-2.5829410°®
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Figure 3.5. Motor encoder curves for modules B (top) and C (bottom). Both curves were
recorded with the intracavity etalon removed. The adjusted R-squared for the top curve is
0.99993 and for the bottom, 0.99997. Both curves were recorded at a crystal temperature
of 55°C.
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3.3.2 Etalon curves

After completion of the stepper motor calibration curves, | put the intracavity etalon back
into the laser cavity for both module B and C in order to generate etalon curves. To generate the
etalon curves, the etalon angle was varied between +3.0° (C module) and £1.75° (module B) in
steps of 0.01° while recording the frequency from the wavemeter. The two etalon curves are
shown in Figure 3.6. The purpose of the etalon curve is to determine the range of etalon angles
required to cover the desired spectral range, as well as the angle steps needed for a modehop. As
seen in figure 7, a range from -1.5 to +2° was chosen for module C with steps of 0.15°, and a
range of -0.6 to +0.7° with steps of 0.15° was chosen for module B. The angle step is chosen so
that each change of etalon angle results in a hop of the wavelength. If the etalon angle step was
too small, the wavelength would not change, and the same wavelength data would be recorded
extraneously. It should be noted that the recommended etalon angle range for each module also
sits about the 0° mark. When etalon angle is too far from 0° for an extended period of time,

overheating of the cavity block can occur.
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Figure 3.6. Etalon curves for module B (top) and module C (bottom). Each curve shows

steps corresponding to mode hops that accompany etalon angle changes. The two curves

were used to determine the etalon angle range and hop required for scanning.
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3.4 Scanning
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Figure 3.7. The front panel of the ScanArgos VI used for automated tuning and the recording of infrared
spectra. See the text for details.

The Douberly group provided me with the ScanArgos.vi created in LabVIEW to use for
automated scanning, as well as several other VIs that were used for the creation of calibration
curves. None of the VIs were ready to use as provided, so I configured them to communicate
with our instrumentation using National Instruments Measurement and Automation Explorer (NI
MAX). The constants generated from the 4™ order polynomial fit of the encoder curves that I
generated were input into the ScanArgos.vi, as well as the etalon range and step for each module.

An example of the ScanArgos.vi front panel is given in Figure 3.7. Below I provide a summary
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of the scanning procedure and some of the relevant details of the Vis used in the process. A more
general, expanded explanation of the VIs can be found in the supplemental information of ref. 4.

In the front panel shown in Figure 3.7, the 5 parameters generated from the 4" order
polynomial fit (see Table 3.1) are entered for module B module under the 55 C tab, which is the
crystal temperature at which the encoder curve was recorded. ScanArgos.vi detects the crystal
temperature and uses the parameters under the appropriate column. Note that I have not recorded
the encoder curves at temperatures of 60 or 65°C, as I had some difficulty maintaining the crystal
temperature at 60°C (or higher). Recording encoder curves at higher temperature is a future
endeavor that will potentially require a repair to module B. Higher temperature encoder curves
for module C have not yet been attempted.

Underneath the encoder curve values, Figure 3.7 shows that module B has been selected,
and the three toggle switches for etalon hop, piezo scan, and motor scanning are in the on
position indicating the program is set for fully automated scanning of all three tuning elements.
Below the toggle switches are data readouts for the frequency in cm™!, laser power (which is
recorded by splitting the idler beam and using a Thorlabs power meter for measuring power), and
the counter, which indicates the number of data points. Beside the toggle switches are a number
of tabs, of which I will describe the two I use most frequently. First, the etalon tab contains the
etalon start and stop points, increment, and the hop wait time. The wait time is shown as being
set to 4000 ms, which is how long the program pauses before collecting more data after each
etalon hop. This is required due to the small delay in wavelength hop after an etalon change. The
Piezo tab contains information about the start and stop voltages for the piezo scanning, as well as

the voltage increment, which changes the time required to scan between etalon hops. In the piezo
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tab is an option to scan using either a triangle or sine waveform. I tried scanning with both
waveform types and found that the sine waveform worked best for piezo tuning.

In order to being scanning and recording spectra, the “Bristol Example” VI (provided by
the Bristol Instruments with purchase of their wavemeter) must be running in the background to
provide the frequency data for the ScanArgos VI. To initialize scanning, the OPO laser is turned
on, and the “Bristol Example” VI is initiated. Then another VI (also provided by the Douberly
group) called “encoder go to value” is used to position the motor such that the scan starting
frequency is adjusted as desired, and also to help maximize the power output of the laser at the
currently selected etalon angle. This essentially amounts to correctly matching the PPLN crystal
and etalon gain curves in order to set the scan up to continue matching these curves each time the
etalon angle is changed. The “encoder go to value” VI is then stopped and closed, and the
ScanArgos VI can be run to commence scanning and recording of infrared spectra.

Figure 3.8 shows the continuously displayed output during the scanning, with time as the
x-axis, and frequency in cm’!' along the y-axis. The upper window shows the sine waveform used
for piezo tuning. The voltage is first swept up, followed by an etalon hop, and then down again
to ensure coverage of the frequencies between each hop. The screenshot in Figure 3.8 was taken
while recording the bound OH stretching region of the hydrogen peroxide dimer, detailed in
Chapter 6. The bottom panel shows the recorded data through time. The data points are
automatically recorded to a file that can be opened with a data management program such as
Origin or Excel. Visualizing the recorded spectrum is achieved by plotting the recorded data. The
recorded data from the ScanArgos VI includes 8 columns of data. The first column is the data

from the lock-in amplifier which we use to demodulate the signal from the quadrupole mass
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spectrometer. Next is the laser power, the nozzle temperature, the wavemeter reading, the motor

encoder position, etalon angle, piezo voltage and crystal temperature.
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Figure 3.8. Display from ScanArgos during scanning. The upper panel shows frequency

scanning with time, while the lower panel displays the data recorded from the lock-in amplifier

over the same time span.

The data from scanning can either be manually worked up using a data management
program (I used Origin exclusively), or the “dataworker” VI can be used. This VI can stitch
together multiple data files, smooth and power correct the data. This is helpful because of the

somewhat complicated structure of the data file. Data from the wavemeter is recorded at 5 Hz,
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representing 5 data points per second.Each wavemeter reading is repeated 4 times, since all other
analogue data is recorded at a rate of 20 Hz, resulting in a large amount of data for even a short

scan.

3.5 Example spectrum

I tested the laser automation setup by recording the spectra of many different dopants
embedded in helium nanodroplets to work out any bugs or other issues with my experimental
set-up. Figure 3.9 shows one such example spectrum recorded over a ~15 cm range, which took
about 25 minutes to record with no user intervention. For the spectrum, droplets were doped with
1.6 x 10°® Torr of naphthalene, with a nozzle temperature of 19 K, and a helium backing pressure
of 40 barr. The spectrum was recorded merely as a proof of concept, and I have not yet assigned

all of the observed lines.
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Figure 3.9. An example spectrum of naphthalene embedded in helium nanodroplets collected by the

automated scanning of module C. The red line represents smoothed data that was added to guide the eye.
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3.6 Conclusions

This chapter details the automation of an Aculight Argos 2400 series OPO laser |
conducted in the Jager helium nanodroplet lab as part of my PhD work. I followed the procedure
set in the supplemental information of ref. 4 by Morrison et al., which required an overhaul of
the way scanning was conducted, and data was collected in the Jager lab. Two OPO laser
modules were used during automation: the B module and the C module, which together provide
frequency coverage from 2560 — 4000 cm™!. For the purpose of automation, stepper motor curves
and etalon angle curves were generated, and these were used to input the required data into the
ScanArgos VI provided to me by Gary Douberly. Both the VI and the hardware used were
configured for use in the lab and tested by measuring the infrared spectra of species in embedded
in helium nanodroplets. All spectra recorded in Chapters 6 and 7 were recorded using the

automated tuning procedure outlined in this Chapter.
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Chapter 4: Hydrogen Peroxide in Helium Nanodroplets

4.0 Introduction

Hydrogen peroxide (H,O,) is a naturally occurring species that is not only an important
oxidant in Earth’s atmosphere,!!! but also in the Martian atmosphere.[?31 It has been used as a
photolytic precursor to the formation of highly reactive atmospherically relevant species such as O—
H>OM! and H,03,1) which were characterized by infrared (IR) spectroscopy in solid argon.
Naturally, those studies were predated by the IR characterization of the H,O, precursor in solid
argon, which revealed that the overall rotation of the molecule was quenched, whereas the
internal rotation of the two OH bars relative to each other was not.[°! While H,O, has since been
studied by IR spectroscopy in Kr and Xe matrices,!”! it has not yet been experimentally
investigated in condensed He. Interestingly, theory predicts the axially chiral molecule (in its
equilibrium geometry) to behave as a “quantum propeller” in superfluid helium (due to rotation-
translation coupling), and the authors speculate that evidence for this could show up as fine structure

in the rotationally resolved spectrum. 8]
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Helium nanodroplets are unique in that they provide a low density superfluid medium
which interacts only very weakly with impurities. They have been used to isolate a variety of
otherwise difficult species, such as single protein ions,®! high-spin alkali clusters,['”) and high
energy linear molecular chains.[''l Alternatively, impurity species have been used to probe the
droplet environment, which has resulted in evidence that supports particle in a spherical box
states,['?] and that they are superfluid.['*] The evidence for superfluidity came from an experiment
which gave insight into the density of droplet excitations as a function of energy, revealing a
“phonon gap” which is characteristic of bulk superfluid helium.!'3:'4] This “phonon gap”
coincides with the rotational energy of many molecules, allowing for long rotational coherence
lifetimes (due to the near absence of droplet states available for the rotationally excited state to
couple to). For example, the rotational lifetime of OCS is 30 times greater in *He droplets in *He
droplets,!'>! owing to the much greater density of states at rotational energies in the latter.!'%]

While most light molecules such as methane rotate almost freely in superfluid helium
nanodroplets,!”) as they do in many solid matrices,!'®!) heavier molecules such as OCS are only
known to rotate in helium droplets (in addition to the gas phase),['] albiet with substantially
reduced rotational constants due to the coupling of non-superfluid helium density to the
molecular rotation. The relative reduction of the rotational constant(s) of different molecules in
going from the gas phase to helium nanodroplets varies greatly (see Fig. 12 in ref. 20),12% from
2% for HF?! to 83% for N,O.??) The degree of reduction depends mainly on the strength and
anisotropy of the helium—molecule interaction potential energy surface, in addition to the
rotational speed.[>3] A greater interaction strength and anisotropy naturally leads to a greater

reduction of the rotational constant(s). For example, while CO, and N,0O have similar rotational



Hydrogen peroxide | Page 45

constants in the gas phase, the deeper, more anisotropic He—N,O interaction potential leads to a
greater reduction inside of helium nanodroplets (83% for N,O vs. 60% for CO,).?>241 If the
rotational speed is too fast, however, the surrounding helium density cannot adiabatically follow
the rotation of the dopant. Evidence for this comes from the rotational spectra of HCN and DCN
in helium nanodroplets, which revealed that the faster rotors’ B value is reduced by a smaller
amount (17%) than that of the slower rotor (19%).12%

The first rotationally resolved spectrum of gas phase H>O» was reported in 1941, from
which the 4 constant (~9 cm™') was fairly accurately determined to be an order of magnitude
greater than the B ~ C constant (~0.8 cm™) [26] In helium nanodroplets, the threshold for the
breakdown of adiabatic following is usually taken as 1 cm™,[?”] which falls between the 4 and B
~ C constants. I therefore expect the adiabatic approximation (which assumes adiabatic
following) to be valid for rotations about the - and c-axes, and almost completely invalid for
rotations about the a-axis. The structure of hydrogen peroxide and the location of the rotational axes is
given in figure 4.1. Inthe following, I describe the apparatus used to collect the IR spectra, and then
analyze and discuss the spectra with reference to previous spectroscopic studies in both the gas phase

and cryogenic matrices.
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Figure 4.1. The structure of hydrogen peroxide and the-, b-, and c- rotational axes.

4.1 Experiment

The apparatus used has been described in detail in chapter 2 of this thesis, and
elsewhere.!?812% Briefly, helium nanodroplets are formed in a continuous, supersonic expansion
of research grade (99.999%) helium through a pinhole (5 um) nozzle. The backing pressure (Phe)
was held constant at 80 bar and the temperature of the coldhead (Ty) was varied from 22 to 36 K,
giving mean droplet sizes, N, ranging from 3600 to 1100 atoms, respectively.3%) These N values
were estimated from a combination of the experimentally determined values at Py.=80 bar, and
Tn=16 and 24 K,3% and the empirically derived scaling laws from ref. 31.53!! All infrared spectra
were recorded with N=2400, while the optically selected mass spectrum was recorded using
N=1700. The skimmed droplet beam crosses a diffuse beam of hydrogen peroxide and its
decomposition products (see following) inside of a pick-up cell.

Following Thenard,??] relatively pure hydrogen peroxide (with vapor pressure, p = 1.61

mmHg at 20 °C) was obtained by pumping away most of the water from an aqueous solution
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(31.4% W/W; Py,0, = 0.02 mm Hg; py,o = 12.43 mm Hg) held in a Pyrex finger.*3**] The
Pyrex finger was coupled to a stainless steel leak valve which was kept fully open for most of the
experiments. After passing through the leak valve, the dopant molecules traverse the pick-up cell
and encounter a nitrogen trap which was inspired by the set-up in ref. 35.3%) Under these conditions,
hydrogen peroxide significantly (>50%) decomposes to water and dioxygen en-route (see the O»-
H>O line at 3739 cm™' in fig. 1), and it is suspected that the decomposition is mainly catalyzed by
the surfaces and/or impurities that are adsorbed on them.

After pick-up, the droplet beam passes through two more vacuum chambers, and is analyzed
with a quadrupole mass spectrometer (QMS) in the final chamber. In this chamber, the helium is
ionized, and the fragments are deflected into a quadrupole mass filter was operated in one of two
modes: In the “normal” mode of operation both DC and RF fields were applied and specific masses
were transmitted to the detector, and in the “RF-only” mode the DC bias was removed and masses
above 6 u were transmitted.

A fiber laser pumped periodically poled lithium niobate (PPLN) optical parametric
oscillator (OPO) system (Lockheed- Martin Aculight) operating in the mid-IR region was used to
probe the droplet beam. The OPO beam was aligned coaxially with the droplet beam, and focused
using a CaF, lens (focal length: 1 m) placed just prior to a BaF, input window which is mounted
at Brewster’s angle at the end of the final chamber. In order to reduce atmospheric H,O absorptions,
the optical path outside the vacuum chambers was purged with dry N,, as was the OPO cavity. The
species embedded in helium droplets that are excited by the OPO beam will mostly relax by
heating up the droplet, leading to evaporation of several hundred helium atoms. The decrease in

droplet size is detected with the QMS, the signal intensity from which is proportional to the
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ionization cross section. The OPO beam was chopped and the signal from the QMS was processed
with a lock-in amplifier. The IR power and wavelength were also recorded. Unless otherwise
noted, the depletion signal has been divided by the laser power to reduce power dependent
features in the spectra.

The cross-section dependent “Poisson curves” reported here were measured under
slightly different pick-up conditions than most of the spectra, in that a long quartz tube was used
to deliver the dopant species to the droplets. This had the effect of increasing the number of
molecules intersecting the droplet beam, but did not have the desired effect of significantly

decreasing the degree of decomposition of H,O,.

4.2 Results and discussion
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Figure 4.2. Survey spectrum of hydrogen peroxide and decomposition products embedded in superfluid
helium nanodroplets. This spectrum has not been power corrected. The indicated H2O and O>—H»O lines were
identified from the line positions previously reported. The low power region results from OH absorptions in
the PPLN crystal. “Free OH” and “bound OH” indicate regions that contain transitions corresponding to the
free OH stretch and the hydrogen bonded OH stretch, respectively, of the H2O2 monomer and its clusters with
H>0 and/or Oo.
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4.2.1 Survey scan

Fig. 42 shows a survey spectrum collected with a high dopant flow rate and small droplets size (N =
2400). The high flow rate was found to be essential in reducing the relative degree of decomposition
of H,O, prior to pick-up, and the small droplet size was chosen to counter this high flow rate such that
areasonable number of droplets contained one dopant molecule. Four regions have been identified in
Fig. 1, and shall be briefly discussed.

(1) H,O OH stretch: This region (3700 — 3740 cm™') contains free and bound OH stretching
transitions of H,O and its dimer with O,. The peaks in this region are useful for characterizing the
impurity molecules (H,O and O,) picked-up by the droplets. I did not unambiguously observe the
previously reported free OH stretching lines of (H,0), at 3729.5 and 3730.7 cm™!,3%! which have
a combined infrared intensity that is about 4.6 times that of the O,—H,O line indicated in Fig.

4.2 131 If there was as much H,O being doped into the droplets as there is O,, then I would expect
to form twice as many O,—H,0O dimers as (H,0O), dimers, resulting in free OH stretching peaks of
(H,0), that have 2.3 times the intensity of the O,—H,0O peak. I did not observe this, however,
indicating that there is much more O, being doped into the droplets than H,O. This is probably
related to the nitrogen trap more efficiently cryopumping H,O over O,. The relative amount of
H,0 picked-up by the droplets from the H,O, source was determined by measuring the depletion
signal dependence of a known water monomer line (the 11«00 line in the v3 band) on the
pressure of H,O in a second doping cell. The signal initially increased upon addition of H,O to
give a maximum value that was ~2 times the initial value, consistent with the absence of the

above mentioned (H,O), peaks in the survey spectrum.
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(2) Free OH stretch: This region corresponds to the ‘‘non-bonded’” OH stretch in H,O,
and extends from about 3590 to 3630 cm™!. It is the most complicated part of the spectrum
with peaks originating from many different species involving H,O, and its complexes with
H,0 and/or O,. This region is the focus of this chapter.

(3) H-bound OH stretch: This region is shifted by about 140 cm™! to the red of the
monomer region, and contains three broad features which correspond to the hydrogen bound OH
stretch in H,O,. Although I have not unambiguously identified the species responsible for these
peaks, I suspect that H,O-H,0O, and O,—H,0-H,0, complexes are mainly responsible. Support
for this is drawn from matrix isolation experiments in solid argon, where the red shift was
determined to be 130-140 cm™! for H,0—H,0,.[3*]

(4) In addition to the above mentioned regions, I suspect that the bound OH stretching
transitions of O,—H,0, should occur at ~3540 cm™! based on matrix isolation experiments on CO—
H,O, (for which the red shift should be similar),'**! and that the bound OH stretching transitions of
H,0 in H,0-H,0, should fall at ~3530 cm™' (once again based on matrix isolation
experiments*®)). T did not detect any such peaks, probably owing to the low IR power in this
region resulting from OH absorptions in the PPLN crystal. The multimer peaks described above
shall not be discussed further in this chapter, since the focus is on the monomer lines. A
discussion of the multimer peaks is presented in chapter 5.

4.2.2 Energy Levels and Selection Rules

As with H, and H,0, H,0, contains two identical protons, the spins of which can couple

together in an antiparallel or parallel fashion to give para-H,O, or ortho-H,0,, the spectrum with

peaks respectively. Interconversion of the para- and ortho- species is prohibited in the absence of
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a catalyst and so the two nuclear spin isomers can be considered as distinct species. Because the
separation between rotational levels is much smaller than k7" at ambient temperatures, the
population ratio of the two nuclear spin isomers is primarily dictated by their spin degeneracy ratio,
i.e. 1:3 for para-H,0, : ortho-H,0,. By comparison to nuclear spin isomers of other molecules
such as SF,[*%! T expect this population ratio to be conserved in going from the gas phase (~300 K)
to liquid helium nanodroplets (0.3-0.4 K), thus giving rise to intensity alternations between
rotational lines in the spectrum. Here I use Jix where J is the total rotational angular momentum
quantum number, and Kg and K¢ are labels that correlate to the symmetric top quantum number
K in the limiting prolate and oblate cases, respectively.

Hydrogen peroxide is the simplest molecule that undergoes hindered internal motion, i.e.
the torsion (oscillation) or rotation of the two OH groups with respect to each other. The potential
which describes this motion has both a #rans (387 cm™) and cis (2560 cm™) barrier, and two
equivalent minima in-between, corresponding to a skew chain minimum energy structure with a
dihedral angle of 112 °.[*!] The internal-rotation energy levels are each split into four components
due to tunneling through the torsional barriers. As usual, these split levels are labeled with the
torsional quantum number 1, and grouped together using the principal internal-rotation quantum
number 7 (see Fig. 4 in ref. 42).14?! Tunneling through the trans barrier results in a splitting of
11.437412 cm! in the ground vibrational state,[*3] and 8.1769 cm™! in the first excited antisymmetric
stretching state,**] while tunneling through the cis barrier is much weaker and gives an almost
negligible splitting, the effects of which have only been observed for n > 1.141:43]

Two fundamental OH stretching modes have been observed at high resolution in the gas phase;

the antisymmetric stretching mode (vs) and the symmetric stretching mode (v;).[*446! While the vs
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mode has been thoroughly studied, and accurate spectroscopic constants have been determined
from the line positions,** only tentatively determined subband origins have been reported for the
v; mode.[*®] This is because the v; mode is perturbed, it is weaker than the vs mode, and several
subband origins between v, and vs are nearly coincident, leading to bad overlapping of lines.[*]
The near coincidence results from the weak vibrational coupling between the two OH groups, 4]
which is much less than that for H,O (v; — vi = 98.92 cm™).[48]

The selection rules for microwave and infrared transitions of H,O, have been derived by
Hougen using group theory,*’! and herel briefly introduce the relevant rules. In the absence of
tunneling, H,O, belongs to the C, point group, and if tunneling is fully considered, as it is here, it
belongs to an extended permutation-inversion group of G, referred to as GZ.°%! Symmetry
considerations give rise to the boundary condition that the symmetry species must be a single
valued representation of G2, and since H>O; contains two identical protons, the product of the
nuclear spin, rotational, torsional, vibrational, and electronic symmetries must be either Bys or Bys.
From this condition, the lowest energy para- and ortho- levels are (J, K, K., n, T, v) =
(1,0,1,0,1,0) and (0,0,0,0,1,0), respectively. Because the parity must change for an electric dipole
transition to occur, the general selection rule for the overall symmetry is Bys <> Bgs. Following

from this, the selection rules for rotovibrational transitions involving the OH stretch are:

AK, = even; AK. = odd; At = 0 (a-type)

} vs mode
AK, = odd; AK. = odd; At = 12, 34 (b-type)

AK, = odd; AK. = even; At = 13, 24 (c-type) } vi mode
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Figure 4.3. Spectra recorded with different mass channels (upper trace m/z > 6; lower trace m/z =17) in the free
OH stretching region of H20.. The features that decrease or disappear (marked with *) in going from top to
bottom are thought to be related to clusters involving at least H2O and H20.. The H202 monomer lines are
indicated by arrows. The broad water dimer line at 3597.4 cm™' has previously been identified.*®! The broad
feature underlying the 0, < 1,,line is well approximated by a Lorentzian function with centre frequency

3609.432 cm™! and width (FWHM) 0.637 cm™.

4.2.3 Monomer Spectrum and Discussion

The free OH stretching region of H,O, embedded in helium nanodroplets is shown in Fig.
4.3. It reveals over a dozen peaks, about half of which are most likely due to H-bonded clusters
involving H,O,, and O, and/or H,O. The cluster peaks were easily identified by measuring the
depletion signal as a function of the nozzle temperature while maintaining a constant doping flow
rate and helium backing pressure. The average cluster size was determined as outlined in section
II, and this was converted to a geometrical cross section and plotted against the depletion signal;

Fig. 4.4 shows several representative curves for two suspected monomer peaks and two suspected
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cluster peaks. As is expected (from Poissonian statistics),>!~>3! the cluster peaks grow in and
maximize at larger droplet cross sections relative to the monomer peaks. Following this procedure, |
identified three sets of (three) monomer lines (indicated by arrows in Fig. 4.3) which maximize in

intensity at smaller droplet cross sections than those for the cluster lines.
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Figure 4.4. Dependence of the depletion signal on the droplet cross section at several different
wavenumbers (the data have not been corrected for changes in the characteristics of the droplet beam
with Tn; see text). The geometric cross section, 6, was determined from the relation o =

15.5 x N2/3 1821 The main curves were measured under different pick-up conditions than for the spectra

(see text).

I attempted to fit Poisson curves to the data in Fig. 4.3 without success; correcting for the
change in droplet flux with cluster size did not significantly help, and I note that the obtained

curves should only be considered qualitative. The departure from Poissonian behavior at low
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values of ¢ may relate to an increasing degree of deflection of the droplets (by H,O,, H,0, O,)
from the beam with decreasing droplet size. The departure at high values of ¢ may result from an
increasing attenuation of the droplet beam with increasing background levels of He gas, the
levels of which increased significantly as Ty was lowered. The method of varying the cross
section was chosen over varying the flow rate of dopant species, since the latter method notably
affected the relative degree of decomposition of H,O, prior to pick-up.

It was possible to almost completely remove some of the cluster peaks in the free OH
stretching region by mass selecting m/z = 17 (see Fig. 4.3, bottom). A mass-to-charge ratio of
17 was chosen because very few species, except H,O,, significantly fragment to this mass. In
helium nanodroplets, clusters containing both H,O and H,0, are not expected to ionize efficiently

to m/z = 17 simply because H,O has a tendency to protonate bound species. On the other hand,
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Figure 4.5. Energy level diagram of the observed transitions for H2Oz in helium nanodroplets; ortho (para)

levels are red (black).
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clusters containing both O, and H,O, could very well ionize to OH" because the O-O binding
energy in dioxygen is relatively large. Indeed, peaks that were suspected to be water related
disappeared in the mass selected spectrum, and I expect that most of the remaining intensity in
Fig. 4.3 (bottom) originates from either H,O, or O,—H,0, embedded in helium nanodroplets.

I made the assignment of the monomer lines to specific transitions based on their relative
intensities, in addition to their proximity to the corresponding gas phase values.[*44] Table 4.1
lists the assignments of the measured transitions along with their linewidths and peak areas, and
Fig. 4.5 shows the energy levels involved. All lines were found to be within a few wavenumbers of
their respective gas phase values. The line positions listed in Table 4.1 were determined from the
higher resolution spectra shown in Fig 4.6. The intensity alternations between para- and ortho-
lines support the assignment, although the intensity ratio is more like 1 : 2 rather than 1:3. As
expected, the b-type lines are most intense, followed by the a-type lines, then the c-type lines. I was
able to check that at least the lines within the v, band are not significantly power broadened. This
was determined from a saturation study where a linear dependence of the depletion signal on the

input power (P;,) was observed for P;, up to 1.8 W.
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Table 4.1. Line characteristics and assignments in the OH stretching fundamentals of H.O2 embedded in
superfluid helium nanodroplets.

J' koo —]"kx, ~ Gas Phase (cm™  He droplet (cm  Relative area I (cm)° Lifetime (ps)
l)a l)b

Vs band
000 — 101 3608.95 3609.286(2) 0.31 0.042 >123¢4
151 — 0po 3612.37 3611.203(2) 0.16 0.058 >1924
202 — 1o 3614.08 3611.898(6) 0.38 0.056 >95¢
10— 101 3619.69 3619.32(1) 0.88 0.28 19
1,1 — 0go 3621.37 3620.28(2) 0.50 0.38 14
215 — 144 3623.05 3621.00(4) 1.0 0.40 13
v, band
1, — 1o 3626.95 3626.3(1) 0.3 0.8 7
1,0 — Ogo 3628.70 3627.1(1) 0.2 0.7 8
2., — 101 3530.44 3627.9(2) 0.4 0.9 6

“ Determined from the spectroscopic constants found in ref. 44 and 46. ® Number in parentheses indicates
uncertainty in last digit and corresponds to the difference in line positions determined by-the-eye and from a
Lorentzian fit. ¢ " is the Lorentzian linewidth. ¢ These values represent a lower limit to the lifetime (see the
text).
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Figure 4.6. The different types of observed transitions centred to zero cm™ for H20z in helium nanodroplets.
The weak feature indicated with “?” remains unidentified. A broad feature underlying the from the 0y, < 1,

line has been subtracted from the a-type spectrum (see caption of Fig. 4.3).
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4.2.4 Optically Selected Mass Spectrum

Optically selected mass spectroscopy is a powerful technique in that one can optically select
amass spectrum of a particular species embedded in helium nanodroplets.’* It is especially
useful if there is a broad distribution of different species (monomers and clusters) embedded in
helium nanodroplets, as is the case here. For example, it has recently been used to help assign the
spectra of (HC1)m(H20), embedded in helium nanodroplets,>! a task which has previously

proven difficult.[%%]
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Figure 4.7. Optically selected mass spectrum of H>O2 in helium nanodroplets (N ~ 1700); the laser was
parked at 3611.89 cm! for the duration of the scan.

Fig. 4.7 shows an optically selected mass spectrum of H,O, embedded in helium
nanodroplets. The modulated IR beam was parked in the sharp monomer line at 3611.89 cm!,
and the demodulated depletion signal for different ion channels was recorded. The resulting mass
spectrum reveals the major fragmentation pathways of the probed species in helium droplets.

This spectrum contains all of the fragmentation products that were observed from the gas phase
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electron ionization of H,0,,7) supporting in part the above assignment. Interestingly, while the
parent ion is the most intense peak in the gas phase,’”) in helium droplets, it is the OH" and H,O"
peaks that are the most intense. This implies hard over soft ionization of H,0, in relatively small
helium nanodroplets (N = 1700 He atoms). Small droplets were used to help minimize the
probability of impurity pick-up following rotovibrational excitation. Indeed, with larger droplets,
the H,O and O, peaks are markedly more intense, and it is clear that some of the signal at 18 and
32 uis due to the subsequent pick-up of these species following excitation. The mass spectrum is
similar, regardless of what H,O, momomer line I tuned to, and from control experiments on HDO,,
what ionizing electron voltage was used.

An interesting feature of the optically selected mass spectrum relates to the peaks at 21, 25
and 29 u, which correspond to OH"(He), OH"(He), and possibly OH"(He)s. This system has
been studied theoretically, where it was predicted that the first few atoms form a solid-like cup at
the H end of OH".58 No “magic” cluster sizes are predicted from the variation in the binding
energies with cluster size, and so abnormally intense OH*(He)y peaks are not expected in the mass
spectrum. The incremental binding energy remains fairly constant up to N = 12, then it decreases
and once again remains constant out to atleast N = 33.0°8] The expected deviation in going from
N = 12 to 13 relates to the beginning of the filling of the second solvation shell, and should be
evident in the mass spectrum if large enough clusters can be unambiguously observed.
Unfortunately I was unable to deconvolute larger OH*(He)w cluster peaks in the mass spectrum
from larger mass fragments (O.H" and O>H"(He)x). It should be interesting to examine the
optically selected mass spectrum of OH embedded in helium nanodroplets to see if larger

snowballs such as OH"(He):2 can be identified.
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4.2.5 Rotovibrational Analysis
vs band
H,0, is a near prolate top with a very low degree of asymmetry [asymmetry
parameter k = 0.9922; k= (2B — A — C)/(4 — O)],5% and here I treat it approximately as a
(non-rigid) symmetric top (B = C, K = Kg), and use the following expression for the transition
energies (which I note is only valid for K" = 0 and K’ = 0,1):
AE =vs+ B+ 1) = B"J"(" + 1) =D [0 + D) - 070" + )]
+K'[A" =B = D) — D' (J'U" + )]
Here, the “double prime” and “single prime” indicate the vibrational ground and excited state
constants, respectively; vs refers to the antisymmetric stretching torsional subband origin with
(n,t) = (0,1)«—(0,1), which is assumed to be degenerate with (n,7) = (0,2)«—(0,1). The derived

constants are reported in Table 4.2, where they are compared to the gasphase values.

Table 4.2. Fitted constants of H2O: in superfluid helium nanodroplets (in cm™). The rotational constants were
determined from a fit of the v line positions to expression (1).

Constant Gas Phase” He Droplet
vgb 3610.6588 3610.221
B” 0.855775 0.495
B'—B" -3.4x10* 0.023

D, 3.0x 10 0.014

A —D; 9.8762 9.583

D'y 5.7x10° -0.006

v,° 3617.95 3617.1¢

¢ Ground and excited vibrational state rotational constants from ref. 59 and 44, respectively; vs and tentative v,
constants from ref. 44 and 46, respectively; B values used correspond to (B + €)/2. ® Subband origins; see the
text for details. ¢ Determined under the assumption that the v5 and v; rotational constants are equal.

The vy subband origin is shifted to the red by 0.438 cm™!, which is fairly typical

considering that most band origins are shifted to the red by less than 1 cm™ in going from the gas
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phase to helium nanodroplets.?”] Other molecules investigated in the OH stretching region
include water!®%6!l and formic acid,%?) and for those species the shifts were also less than a
wavenumber. The vibrational shift is typically much larger in rare gas (Rg) solids, for which there is
often a linear correlation between the shift and the polarizability of the rare gas matrix. Such a
correlation is revealed in Fig. 4.8 for H,0O,, and is similar to that reported for H,O in different rare
gas hosts (see ref. 60 and references therein).[®"] The linear dependence of the vibrational shift on the
polarizability is usually taken as evidence that dispersion and/or dipole-induced-dipole type
interactions dominate the shift.[*] I cannot, however, rule out that repulsive rare gas—H,O,

interactions contribute largely to the spread, as was determined to be the case for HCl and CO in

different rare gas matrices.[%4]

band origin shift / cm™
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Figure 4.8. The shift of the v (sub)band origin for H202 as a function of the polarizability of the rare gas

atom®! which constitutes the matrix. The values for solid argon, krypton and xenon are taken from ref. 7.

The effective B"' (= C'") constant is reduced by 42% from its gas phase value, which is

very similar to the reduction found for the C constant of ethylene (35%).1%3] This is not unexpected
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considering that the rotational constants are similar in the gas phase (0.83 cm™ for C,H, vs. 0.86 cm-
! for H,0,), and that their interactions with helium are not expected to be drastically different (I
reason this based on the Ar-H,0, and Ar—C,H. potentials which are similar).[°-67] This is in
stark contrast to (ortho-H,)—HF, which also has a similar rotational constant in the gas phase
(0.8325 cm™), 18] but is reduced by a whopping 78% in going to helium nanodroplets [®1 This is
most likely due to the strong anisotropy in the interaction between (ortho-H2)-HF and
surrounding helium atoms.

The effective D ;constant is 4600 times its gas phase value, which is typical for most
species studied thus far (103 — 10* times greater).[’”) The relationship between B and D agrees
reasonably well with the empirical expression noted in ref. 20 (see Fig. 15), suggestingthata
commonmechanismisresponsible for the relative renormalization of these constants in going from the
gas phase to superfluid helium nanodroplets. Lehmann first rationalized the large positive D,
values by considering the coupling between a ring of helium atoms and a central rotor; his “toy”
model predicts that the coupling initially increases with J, due to an increase in the angular
anisotropy in the interaction between the rotor and ring.[”"]

As with D} (for which the uncertainty is greater than the determined value), I expect D'y to
be several orders of magnitude less than A’ in helium droplets. Assuming this to be the case, the
A' rotational constant is reduced by only 3% of its gas phase value in liquid helium droplets. This
reduction is much less than that for the B’ constant, and reflects the idea that the molecule rotates
too fast about the a-axis for helium density to adiabatically follow. Not surprisingly, thisreduction is
similar to that reported for NH; in several different rotational bands, for which the gas phase

rotational constants (which range from 6 to 10 cm™) were reduced by 3 to 6% in helium,’?l in
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good agreement with a later simulation.[”]
As a final point here, I searched for transitions between different values of the principal
internal-rotation quantum number (7 = 1 < 0) in this band, but to no avail, most likely because

oftheir low transition strengths and potentially broad linewidths.

v; band

Three c-type rotovibrational transitions were detected with relatively low signal-to-noise
ratios. I assume that the rotational constants are the same in the observed v; and vs torsional
subbands, thus allowing for determination of the symmetric stretching torsional subband origin
with (n,t) = (0,3) < (0,1) (see Table 4.2). I expect the vibrational shift of the symmetric stretch
to be similar to that of the antisymmetric stretch in going from the gas phase to liquid helium. This
is largely based on previous studies of H,O®!l and NHj in helium nanodroplets, where the
shifts between the two bands were found to be very similar. Additionally, since the splitting
between the two modes is much less for H,O, than H,O®!! or NH;,[7?! the character of the two
different vibrations should be similar, resulting in similar shifts. [ assume they are the same and
take the difference between the observed v, and vs subband origins in helium nanodroplets. I then
remove the vibrational dependence by adding the approximate gas phase difference between the v,
and vs vibrational frequencies. The deduced value of 7.7 cm™! corresponds to the trans tunneling
splitting in the excited OH stretching state of H,O,, and requires that there is no difference
between the torsional frequencies in the v, and vs bands. According to this, the trans tunneling

splitting is reduced by only 6% relative to the gas phase value (8.2 cm™), which is similar that

determined for the inversion splitting of NH; (8%),['? and less than that for (HCI), (28%)/"4! or
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(HF), (40%).7>1 T note that the inferred splitting is very approximate, and simply serves to
demonstrate that the trans tunneling splitting in helium nanodroplets is similar to that in the gas
phase.

The infrared intensity of the v; band has not yet been experimentally determined. While I
am unable provide an absolute value from the obtained spectra, I can obtain a relative value; the
sum of the peak areas in the v5 band divided by the sum of the peak areas in the v, band amounts to
3.7 (see Table 1). This agrees well with the previously reported theoretical value of 3.9.1761 To
my knowledge, this is the first experimental determination of the intensity ratio of the two OH

stretching bands.

4.2.6 Line Profile Analysis

While the line profiles of H,O, embedded in helium nanodroplets are well approximated
by Lorentzian functions, it is not necessarily true that the corresponding linewidths are the natural
linewidths; Lehmann has shown that the inhomogeneous distribution of droplet sizes may also lead
to Lorentzian broadening.!”’! The extent of line broadening caused by this effect ought to be
similar between the different types of rotovibrational transitions. Since the widths of the a-type
lines are roughly an order of magnitude less than that of the b- or c-type lines, I can be confident
that the widths of the a-type lines represent an upper limit to the degree of broadening associated
with the inhomogeneous distribution of droplet sizes. While the lifetimes reported in Table 1
represent lower limits, the values for the b- and c-type transitions should be closer to the actual
values than for the a-type transitions. The increase in the linewidth with increasing transition
energy is consistent with an increasing availability of helium droplet states to which the excited

rotational and torsional states can couple. Indeed, there are relatively few states available below the
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energy corresponding to the roton minimum in the dispersion curve of superfluid “He (~6 cm™),
(141 which lies between the rotational energies of the a- and b-type lines. Unfortunately, the width of

the Jx k. = 119 « 1oy cline is much broader (0.3 cm!) than its predicted splitting (~0.01 cm™)

due to rotation-translation coupling (which should fully lift the 2] + 1 degeneracy ofthe
rotational levels).®! T thus have no evidence for “quantum propeller” behavior of H,0, in
superfluid helium nanodroplets. The theoretical basis for the quantum propeller effect developed
by Quist and Elser requires that the torsional motion about the oxygen-oxygen bond is inhibited
by the helium bath. In effect, the axial chirality must be permanent, rather than transient to
enable the observation of the rotation-translation coupling. The torsional motion was largely
unaffected by the droplet environment, however, evidenced by the observation of the trans-
tunneling splitting. It is unlikely that line-splitting due to the quantum propeller effect is an
observable phenomenon, even with narrower linewidths.

The a-type transition, although relatively narrow, still have widths that are an order of
magnitude greater than that observed for some other molecules studied in helium nanodroplets, such
as for the R(0) transition of OCSI"®7! which is thought to be largely broadened by rotation-
translation coupling.[®] Although it is unclear as to the exact contribution of various processes to the
widths of the a-type lines reported here, I can infer some details regarding the dynamical
interactions from their asymmetries. Fig. 4.9 shows the 2,, < 1y, line of H,O,, revealing that it
1s asymmetrically skewed to the red, which is the opposite skewness for the 0,y < 1, line.
Similar asymmetries have been observed in the spectra of OCS embedded in helium droplets,/’® and
a theory has recently been proposed which quantitatively accounts for the lineshapes of all the

rotationally resolved P and R branch lines for that system.[8!) Applying those ideas here, the
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asymmetry for H,O, arises from either a chirp up in rotational frequency for the 2, « 14 (R
branch) line or a chirp down for the 0y, < 1,; (P branch) line, occurring on a time scale that is one
to two orders of magnitude smaller than an initial rotational period.8!! Physically, the idea is that
as the rotor speeds up to its terminal frequency, it sheds some helium density due to centrifugal
forces (this is because the helium density is farther away from H,O, and so has a higher superfluid

fraction).!8!]

depletion signal / arb. unit

3611.8 3611.9 3612.0
wavenumber / cm”™

Figure 4.9. Close up of the 2, « 1,; line of H2O2 displayed in Fig. 4.5. The blue curve shows a Lorentzian fit
to the line, and the red curve shows a skew-fit, with the residuals shown below.

4.3 Conclusions

Infrared spectra of H,O, and complexes involving H,0, and its decomposition products (O, and
H,0) have been observed in the 3450-3750 cm! region. In this chapter, I have assigned and
analyzed the antisymmetric and symmetric OH stretching fundamentals of single H,O, molecules

in droplets consisting of ~ 2400 helium atoms. The vs and v; torsional subband origins are shifted
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to the red by a mere 0.01% and 0.02%, respectively, from their gas phase values. The trans
tunneling splitting does not appear to be considerably affected by the droplet environment. The
infrared intensity of the vs bandis 3.7 times that of the v; band, a value which has proven difficult
to determine in the gas phase. The B(=C) rotational constant is reduced by 42% due to the
coupling of non-superfluid helium density to the molecular rotation, and is not surprisingly very
similar to that previously reported for the C constant of ethylene embedded in helium
nanodroplets.[%%) The 4 constant is relatively unaffected since rotations about the a-axis are too
fast for the helium density to adiabatically follow. The b(=c)-axis centrifugal distortion constant is
4600 times greater in helium droplets, in line with an empirical relation previously noted by Choi et
al.?) The a-type lines are an order of magnitude narrower than the b- or c-type lines,
consistent with a low density of droplet states available at low rotational energies (< 3cm™).
Finally, the optically selected mass spectrum indicated that hard ionization is favored over soft
ionization for H>O> in small helium nanodroplets. Finally, the optically selected mass spectrum
indicates that, as evidenced by the more intense fragment peaks over the parent ion peak, which is

dominant in the gas phase.
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Chapter 5: HOOD in Helium Nanodroplets

5.0 Introduction

Peroxides, a class of highly reactive compounds characterized by an oxygen-oxygen
single bond, play an important role in biochemistry,!! planetary science,!?! atmospheric
science,*! and in many other fields. Hydrogen peroxide is the simplest peroxide, containing two
OH groups bonded together by a weak oxygen-oxygen bond, and is thus an ideal model with
which to study the dynamics and chemistry of the O-O bond. The dynamics and chemistry of
H,O; received renewed attention when, in 2011, it was detected in an interstellar cloud.¥ Much
of the previous theoretical and spectroscopic studies of hydrogen peroxide has focused on the
vibration-rotation-tunneling dynamics.l>®! The hindered rotation of the two OH groups about the
0O-O bonds through the cis- and trans- barriers results in the tunneling-splitting of the
rovibrational lines.!]

The rovibrational spectrum of hydrogen peroxide in helium nanodroplets was detailed in
chapter 4. In an analysis of the line splitting, I determined the trans-tunneling splitting to be 7.7

cm! in helium nanodroplets.!'%! This represents a reduction of only 6% of the tunneling splitting
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compared to the gas phase. In 2012, Herberth ef al. measured the far infrared spectrum of singly-
deuterated hydrogen peroxide (HOOD).! In their study, the torsional splitting in the ground
vibrational state due to the trans-barrier was determined to be 5.786(13) cm™'. The rovibrational
spectrum in the OH stretching region of HOOD in the gas phase has not yet been reported to my
knowledge. Further, it has not been reported in helium nanodroplets. HOOD therefore presents a
new opportunity to further study the interactions between the superfluid helium matrix and the
large amplitude motions about the O-O bond.

In chapter 4, I discussed the concept of a “quantum-propeller” put forth in a theoretical
study by Quist and Elser,!'!! wherein the rovibrational lines are expected to exhibit fine structure
due to rotation-translation coupling of the chiral H>O> rotor in superfluid helium. The fine
structure is expected to be observed as splitting of the Jy x, = 115 « 1, transition into three.
Observing the splitting in the rovibrational spectrum requires a resolution of 0.01 cm™. A
resolution of 0.01cm! or higher is well within the resolution limits for helium nanodroplet
infrared spectroscopy. For H202, however, I showed that the linewidth of the J g, = 119 < 1oy
transition is much broader, at 0.3 cm’! than the required resolution to observe the splitting.
Because linewidth of rovibrational lines is correlated to transition energy in helium nanodroplets,
it is possible that a shift in transition energy for HOOD as compared to H>O, may cause a

reduction in linewidth. Thus, measuring the Jx_x. = 159 < 1¢; transition in HOOD presents a

new possibility for the observation of the theoretically predicted “quantum propeller” effect,
should it be observable. To further investigate the possibility of rotation-translation coupling of
chiral molecules in superfluid helium, I measured the infrared spectrum of HOOD in helium

nanodroplets. The details and results of this experiment are given in this chapter.
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5.1 Experiment

Relatively pure H>O> was obtained from a 30% aqueous solution by pumping away most
of the water following Thenard.!'?! Volumes used were kept below 1 mL, and held in a Pyrex
finger encased in a fine metal mesh for safety. One equivalent of D,O was added to the sample,
and the remaining water was again pumped off.l'*] Adding D,O resulted in a 1:2:1 ratio of
H202:HOOD:D:>0,. The depletion spectrum was measured in the OH-stretching region from
3600 to 3620 cm™! using an Aculight Argos SF-15 laser.!'#! Further details of the experimental
set up for the measurement of hydrogen peroxide in helium nanodroplets are given in section 4.1
of this thesis.

The details of the helium nanodroplet spectrometer are given in chapter 2 of this thesis.
For this experiment, the backing pressure (Pue) of ultrapure helium was kept at 80 bar, and the
nozzle temperature at (Ty) at 30 K for the production of helium nanodroplets. The resulting
droplets had a mean size, N, of 1700 helium atoms. Based on my findings with H,O», the
infrared spectrum of HOOD was measured by mass selecting an m/z of 17, corresponding to the

OH" ion, to reduce the presence of lines of clusters and other species in the spectrum.[!%]
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5.2 Results and Discussion
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Figure 5.1. Survey scan of HOOD from 3606 to 3617 cm’'. The six new lines in the scan are marked
with an asterisk, while the known H2O: lines are labeled separately.

Figure 5.1 shows the relevant portion of the survey spectrum of HOOD which was
measured in the region from 3600 to 3620 cm™. In this region, previously unreported lines
attributable to HOOD appear, as well as 3 lines previously assigned to H>O». Because the scan
was mass selected for an m/z=17 (OH" ion), both H>O> and HOOD lines were expected to be
observable in this area. An m/z corresponding to the OH" fragment was chosen rather than the
OD" fragment, as OD" corresponds to an m/z of 18, which coincides with the H,O" ion. Because
previous work showed many lines in that same region due to water clusters, choosing an m/z of
18 would also enhance water cluster lines, making the spectrum more difficult to interpret. Even

with the mass selection, known water dependent cluster peaks are still visible as weak, broad
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features underneath the new reported lines at 3607.23 and 3609.00/3609.67 cm™'. These broad
features have been observed previously (see chapter 4) and are known to be responsive to
changes in water levels within the droplet beam.

Because changes in the flow rate also affected the extent of decomposition and thus the
amount of water (either deuterated or non-deuterated) present in the helium droplet beam,
quantitative Poisson curves!'>! were not possible to determine with this data. I did, however,
produce qualitative Poisson-like curves by varying the flow rate and measuring the associated
changes in depletion. The resulting data are presented in Fig. 5.2. Three lines (at 3609.0, 3609.7,
and 3615.3 cm™") were examined for the changes in the depletion signal with flow rate, and all

show a nearly coincidental response of depletion to the changes in flow rate, suggesting they
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Figure 5.2. The dependence of the depletion signal on the flow rate of the HOOD vapor into the doping cell.
Each curve was measured while parking the OPO laser on a specific line identified in the survey scan. The

specific laser frequencies used are listed in the legend. The flow rate is the value listed on our Swagelok

metering valve. The higher the value, the more open the valve, and the higher flow rate.
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correspond to the same species (i.e., the HOOD monomer). Note that the flow rate curves for the
remaining three new lines in the spectrum are not included because the data was too variable due
to the low intensity of these lines. Each of these three lines did, however, still respond
qualitatively to the flow rate as expected.

To further ensure the new lines correspond to HOOD, an optically selected mass
spectrum (OSMS)19] of the line at 3609.0 cm™! was recorded. This line was chosen as
representative due to its intensity relative to other lines, since OSMS, like Poisson curves, tend to
produce better data when intense lines are used. The OSMS is shown in Fig. 5.3. Since the
OSMS for a particular line show the fragmentation pattern of the species responsible for the
depletion, comparing the pattern of the suspected HOOD line compared to H>O> (see figure 4.6)
illustrates the difference in the fragment ions between the two species. For example, the OSMS
for HOOD shows a much greater contribution to the overall depletion at m/z=19, which
corresponds to the HDO™ ion. Previously, I showed that for H>O,, the largest ion contributing to
the depletion signal for the line at 3611.89 cm'! is the H,O™ ion, a product of hard ionization in
the small helium droplets used for the spectra. For the suspected HOOD line at 3609.01 cm™, the
m/z=18 is much smaller compared to m/z=19. Excluding the He>" peak, the two largest peaks are
for m/z=19 and m/z=17, which corresponds to the OH" ion. Further, the peak at m/z=34 is much
larger for the HOOD line than for the H>O- line. This is because for H>O», the only contributor to
this peak is the parent ion, H>O,, whereas for HOOD, this line corresponds to the DO, " ion,
which is expected to be much more prominent in the OSMS, similar to HO>" in the Ho O, OSMS.
A peak for the HOOD parent ion is also present in the OSMS in Fig. 5.3.

Another significant difference between the OSMS for H,O> and HOOD, is the position of
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Figure 5.3. a) Optically selected mass spectrum of H20 in helium nanodroplets (N ~ 1700); the laser was
parked at 3611.89 cm! for the duration of the scan. b) Optically selected mass spectrum of HOOD in helium

nanodroplets (N =~ 1700); the laser was parked at 3609.01 cm™' for the duration of the scan.




HOOD in Helium Nanodroplets | Page 81

the ion-He cluster peaks. For H>O», an obvious peak for the OH"(He) ion is present at m/z = 21.

For HOOD, the m/z = 21 peak is also present, but another peak at m/z = 22 also shows up
corresponding to the OD*(He) dimer. This pattern repeats for OH"/OD"(Hez) and
OH/OD"(Hes), although with reduced intensity. Each of these clusters represent so-called
snowball clusters!!”! that form when helium is in the presence of positively charged ions. One
odd feature, however, is the slightly different intensities of the OH"(Hen) and OD*(Hen) peaks.
These peaks should present with a 1:1 intensity ratio, but the OD"(Hen) peaks are slightly less
intense than their OH" counterparts. The difference could be due to different binding energies of
the OD" fragment with He atoms, or potentially from contamination due to water being picked
up in the droplets downstream following excitation.

The six observed lines were assigned using a combination of experimental and theoretical
data. In 2001, Koput et al. calculated the band origin for the vs OH stretching mode of HOOD to
be 3622.9 cm!, and reported the calculated rotational energy levels of the ground torsional-
vibrational states.[%! By scaling this data by a factor equivalent to what was used with H,O, 1
calculated the predicted positions of the six observable lines in the vs mode, as well as the band
origin. The scaled predicted lines are shown in Table 5.1 (listed as gas phase), next to the
positions of the observed lines of HOOD. The scaled calculated line positions match up very
well with the observed lines, well within the expected deviation for gas phase vs. helium

nanodroplet rovibrational lines.
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Table 5.1 — Line positions and assignments in the v=5 band of HOOD embedded in helium nanodroplets.

(J'kake)-(J"Ka"Ke") Gas Phase (cm™)* Helium nanodroplets Lorentzian linewidths (cm™)
(cm™)

000-1o1 3606.9 3607.2 -

Lo1-Ooo 3610.1 3609.008(2) 0.070(8)

202-1o1 3611.7 3609.68(2) 0.29(8)

Lio-1o 3614.8 3614.432(5) 0.05(1)

111-000 3616.4 3615.271(1) 0.172(5)

212-1o1 3618.0 3615.95(2) 0.23(6)

“Values scaled from calculated values in ref 6.

*The low intensity of the line at 3607.2 did not allow for a proper Lorentzian fit.

The recorded lines were fit with PGOPHER software, using Watson’s semi-rigid rotor
Hamiltonian in its S reduction.!'® Original trial constants for PGOPHER simulations were taken
from Herberth et al.,’! and reduced by an appropriate percentage that reflects the renormalization
of reported constants.['% Because only six lines were available, not all relevant spectroscopic

constants could be fit to the experimental spectrum. Because HOOD is a nearly prolate
symmetric top (k= -0.985) the linear combination B" = %(B " 4+ C") of rotational constants was

fitted. Here, the double prime indicates the ground rovibrational state, while a single prime
indicates the excited state. The fitted constants are given in table 5.2, and the overlay of the
experimental spectrum with the simulated spectrum using the parameters in table 5.2 is shown in
figure 5.4. The band origin of the vs mode was determined to be 3608.06 cm!, which is within 1

cm! of the scaled calculated value of 3608.5 cm™, as is expected.
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Using the fitted data, the (B" + C")/2 constant is renormalized by 42%, in keeping with
the 42% found for H>0,.1'% The similarity of these values is likely due first to the similarities of
the gas phase rotational constants (0.856 and 0.829 cm™).5:11 As noted by Choi et al., the
extend of renormalization of rotational constants in going from the gas phase to helium droplets
is linked in part to the size of the gas phase rotational constant.!?’ Further, the likely similar size
of the helium-molecule interaction potential for H;O> / HOOD and the surrounding helium

predicts that the renormalization of the rotational constant is again expected to be similar.

Table 5.2: Fitted constants of HOOD in superfluid helium nanodroplets (in cm™"). The rotational constants

were determined from a fit of the v line positions as described in the text.

Constant Gas Phase He Droplet
Ve 3608.5¢ 3608.06
B" 0.829° 0.447

B’ 0.828° 0.500

D, 2.62 x 1076 0.0154

A’ 7.10¢ 6.77

“Value scaled from Koput ef al. in ref. 6.
"From ref. 5. In helium droplets, it was assumed that D;" ~ D,". During fitting, D;"" was held constant and

D]’ was fit.

Assuming that A" ~ A’ for HOOD in helium nanodroplets, the renormalization of A"
compared to gas phase is a mere 4.6%, similar to the 3% renormalization for H>O». This is in
keeping with the known trend in the renormalization of rotational constants in helium, where the
increase in the effective moment of inertia around a rotational axis is larger for smaller rotational
constants. Larger rotational constants result in faster rotors, and the helium cannot follow as

effectively, and thus does not add as much to the effective moment of inertia about that particular
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rotational axis.[?’] Both the anisotropy of the He-molecule potential and the size of the rotational
constant dictate the overall extent of the renormalization of the rotational constants, but for faster
rotors, the anisotropy of the interaction potential plays a much less significant role.

The final constant fitted from the experimental data is the centrifugal distortion constant
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Figure 5.4. The simulated stick spectrum of HOOD at 0.4 K using the constants found in table 5.2. The

experimental spectrum is shown above the simulation to illustrate the matchup of the simulated vs.

experimental spectrum.

D,’, which was found to be ~5900 times larger than the gas phase ground state value (here, the
assumption that D; ~ D;’ was made for the comparison). A large increase in D; is within the
expected range of 103-10* increase in going from the gas phase to helium droplets.?!] Compared
to H2O», however, the increase in D; is larger than expected. For hydrogen peroxide, the
effective D; was only increased by a factor of ~4500. Past studies have shown a correlation

between rotational constants and the size of D;. As B gets larger, D; in helium droplets is also



HOOD in Helium Nanodroplets | Page 85

expected to increase. However, for HOOD, the rotational constant is smaller, but D; is larger.
The nature of the increase in the effective D; in going from hydrogen peroxide to the singly
deuterated form is unclear, although it should be noted that the effective D; constant reported
here is for the excited vibrational state, rather than the ground state constant used in the
comparison. An increase in the number of known rovibrational lines would help with providing
enough data to do a more extensive fit, and thus a more direct comparison between helium
droplet and gas phase values.

In the study I conducted of H2O; in helium droplets, it was deduced that the trans-
tunneling splitting is ~7.7 cm™!, assuming that the torsional frequencies of the v; and vs bands
were the same.!'%! This indicated that the tunneling splitting is reduced by 6% in going from the
gas phase to helium nanodroplets. In the present study, I was not able to determine the trans-
tunneling splitting for HOOD, because the v; band origin (expected to be at ~2660 cm™) is
outside of the range of the laser used when the study was completed. Now that the Jaeger lab has
the Aculight ARGOS 2400-SF-15 module C, which has a frequency range of ~2560 — 3100 cm™!,
it would be useful to measure the v; lines of HOOD to estimate the frans-tunneling splitting for
HOOD. This will be done in future studies.

Like hydrogen peroxide, I again find no evidence of “quantum propeller” behavior.l'!! As
detailed previously (see Chapter 4), a 0.01 cm! linewidth is required for the predicted splitting of
the Jx k. = 11o < 1o line due to the translation-rotational coupling of a chiral rotor with the
helium environment. Figure 5.3 shows the Jx x, = 19 « 14 lines for both H>O, and HOOD, as

well as the required linewidth. While the linewidth for HOOD is observed to be smaller than that

of hydrogen peroxide, it is still not narrow enough to observe the predicted splitting. Further, the
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low intensity of the line means that any potential splitting may also be obscured by noise. A final
candidate for observing the translation-rotation coupling would be doubly deuterated hydrogen
peroxide, D20,. We were not able to measure the J g, = 119 < 1o line for the doubly
deuterated isotopomer, however, since the vs band origin lies at ~2660 cm™'. The measuring of

the v5 band of D,O> constitutes future work.
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Figure 5.5. a) The energy level diagram for the transitions observed in the spectrum of HOOD. v, T represent the
vibrational and torsional states, respectively. The values for the rotational quantum numbers J x are given to the
right of each energy level. The J . = 1;o < 1p; lines for H202 (b) and HOOD (c) are shown to illustrate the
smaller linewidth for HOOD for this line. Shown on the HOOD line (c), is the predicted splitting due to the
rotation-translation coupling, which could not be resolved. The red lines in figures (b) and (c) are meant only to

guide the eye.
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5.3 Conclusions

The infrared spectrum of HOOD was recorded in the range of 3600 to 3620 cm’!. Six
rovibrational lines were observed in the v5 OH stretching band, with the v5 band origin
determined to be 3608.06 cm™'. To my knowledge, no experimental gas phase data for the the v
band origin exist at this time. However, since the band origin shift in helium nanodroplets is
typically less than 1 cm™, it is expected that the gas phase band origin is very close to the value
reported herein. The renormalization of the (B" + C")/2 and A’ constants are in keeping with
expected values (42% and 4.6% respectively), and agree well with the renormalization observed
for H>O,.

There was insufficient data to determine either the trans-tunneling splitting or the
presence of the quantum propeller effect. To remedy this lack of data, future work will focus on
the v; band of HOOD, as well as the vy stretching band for D,O,. The search will require the use
of the Argos module C OPO laser, as well as a cleaner source of hydrogen peroxide to improve
the signal-to-noise ratio for the recorded spectra. Finally, future efforts will focus on untangling

the cluster peaks seen in both the H>O> and HOOD spectra.
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Chapter 6: The Hydrogen Peroxide Dimer in Helium
Nanodroplets

6.0 Introduction

Hydrogen peroxide is a small molecule containing two OH groups rotated 113.6° relative
to one another along the O-O bond to give an open book structure.!!! The two OH groups allow
hydrogen peroxide to participate in multiple hydrogen bonds when interacting with other
molecules to form clusters. Hydrogen bonded clusters containing hydrogen peroxide represent a
system of interest due to the presence of hydrogen peroxide, and its role as an oxidant, in the
atmosphere.?! Additionally, the hydrogen peroxide dimer itself, (H>O.)z, is an important system
for understanding cooperative hydrogen bonding,®! and may be an important source of oxygen in
the icy surfaces of Galilean satellites such as Ganymede and Europa.[!

Much previous work has been done on hydrogen peroxide dimers, as well as hydrogen
peroxide complexes with water. In 2000, Engdahl and Nelander reported the infrared spectrum
of the H»0»-H>0 complex in an argon matrix.> The first matrix isolation study of hydrogen
peroxide dimers was conducted by Engdahl et al.,*! who measured the infrared spectrum of the

dimer in the OH stretching region, and showed that the dimer is cyclic in structure. Each
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hydrogen peroxide unit acts as both a hydrogen bond donor and acceptor, which is evident in the
infrared spectrum which contains a hydrogen-bonded OH stretch (v1), and a free OH stretch (vs).
Unlike the water dimer, (H20)2, the H>O»-H>O and (H202)2 dimers both form cyclic structures
with each monomer acting as both a hydrogen bond donor and acceptor, and thus represent
excellent structures for investigating the effects of cooperative hydrogen bonds.! The infrared
spectra of many other hydrogen peroxide complexes have also been investigated in argon
matrices, including H>02-OCS and H20,-CS»!®!, H,0,-S0,"), and H>0,-HOO. !

In addition to the matrix isolation studies, a body of theoretical work pertaining to larger
hydrogen peroxide clusters (H20:)n, has emerged to understand the extensive hydrogen bonding
interactions in larger structures, as well as the implications of the (transient) chirality of
hydrogen peroxide on the shape of large clusters. In 2003, Kulkarni et al.,l) performed ab initio
calculations for (H20:2)n, with n=2-4, which indicate that clusters of hydrogen peroxide form
three-dimensional structures analogous to water clusters. Subsequent studies indicate that larger
clusters have the potential to form helices due to the open-book structure of hydrogen
peroxide.['"]

Helium nanodroplets represent an ideal matrix for the investigation of possible structures
of hydrogen peroxide clusters. Such investigations have been achieved before using water
clusters, where the cyclic water hexamer was trapped and investigated using infrared

IL121 A5 a basis for future work on larger clusters, I have investigated the hydrogen

spectroscopy.!
peroxide dimer in helium nanodroplets. While I was able to unambiguously assign the hydrogen

peroxide monomer lines in Chapter 4, I was unable to assign the cluster peaks due to the large

amount of water and oxygen in the droplets from decomposition of the hydrogen peroxide prior
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to doping, as well as the residual water that remained after concentrating the aqueous sample. In
order to assign the cluster peaks, I switched the hydrogen peroxide source to a solid urea-
hydrogen peroxide complex (UHP). UHP has been shown to be a clean, easy to use hydrogen
peroxide source for matrix isolation studies.!*! In this chapter, I detail my assignment of the
hydrogen peroxide dimer OH stretching bands in helium nanodroplets using UHP as a doping
source.

6.1 Experiment

As detailed in Chapter 2 of this thesis, a helium nanodroplet beam was produced by
expanding high purity helium through a 5 pm pinhole nozzle. The nozzle temperature (Tn) was
held at 20 K, and the helium backing pressure (Pre) at 40 bar, resulting in a mean droplet size of
~3500 atoms.['* The droplet beam is skimmed and passes into a doping chamber where
hydrogen peroxide is picked up by the droplets. A solid urea-hydrogen peroxide complex (UHP)
was used as source of hydrogen peroxide.

Solid UHP (Sigma Aldrich, 97% purity) was placed in a glass finger and attached directly
to a doping cell inlet with a single on-off valve (Swagelok) between the source and the doping
chamber. Preliminary experiments using the UHP source showed a dramatic decrease in
decomposition with a shorter path-length prior to the doping cell. The glass finger was wrapped
in heating tape and the temperature was held constant at ~30°C to achieve a doping pressure of
~7.7x107 Torr for the survey scan (figure 6.1) and ~28°C to achieve a doping pressure of
~5.0x107" Torr. Under these conditions, hydrogen peroxide showed minimal decomposition as

determined by mass spectra of the doped droplets. For the pressure dependence studies, the
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temperature was varied to achieve desired doping pressures. A second doping chamber was used

for the addition of water through a leak valve for the investigation of water containing clusters.

A mid-infrared laser (Lockheed-Martin Aculight ARGOS 2400-SF-15, module B) was
aligned coaxially with the droplet beam for the purposes of measuring infrared spectra of dopants
within the droplets. The frequency of the laser was varied using the automated tuning system
detailed in chapter 3. When the laser frequency is resonant with a vibrational mode of the
droplets, a photon is absorbed, followed by relaxation in which the energy of the photon is
transferred to the helium bath resulting in evaporation of helium atoms. The net effect is to
reduce the cross-section of the droplets, which is monitored with a quadrupole mass
spectrometer. The reduction in droplet size results in a reduction of the ionization cross-section

of the droplets, and thus a reduced ion signal.

6.2 The Hydrogen Peroxide Dimer Structure

Structure calations were performed using the GAUSSIAN 09 program!!'>! using the MP2
method and 6-311++g(2d,p) basis set. The two lowest energy structures were identified as cyclic
structures, in agreement with previous theoretical studied.*!%! The lowest energy cyclic dimer
has the two “free” hydrogen atoms (ie., those not directly involved in a hydrogen bond) pointing
away from the ring, but on opposite sides. One of the free hydrogen atoms can be thought of as
pointing up, and the other down. The up-down structure is referred to as UD. The second ring
structure was determined to be just 1.22 kJ/mol higher in energy, and has both of the free
hydrogen atoms pointing away from the ring on the same side (referred to as up-up, or UU). The

UU and UD structures are shown in Figure 6.1.
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Vibrational calculation on the optimized structures showed that the most intense OH
stretching frequency was the asymmetric stretch of the bound OH, which were calculated to be
3655 and 3648 cm™! for the UU and UD dimers, respectively (these are unscaled values). The
bound OH stretch is also redshifted with respect to the free OH stretching frequencies by 130-
150 cm™. For the UU dimer, the symmetric and asymmetric free OH stretch showed similar
intensities at 3784.3 and 3784.6 cm™!, a difference that is large enough to resolve in helium
nanodroplets, assuming a line width of <0.5 cm™'. For the UD dimer, only the asymmetric stretch
of the free OH can be observed due to a change in dipole moment which does not occur with the

symmetric stretch. The free OH stretch for the UD dimer was calculated to be 3799 cm™!. Given

i

Figure 6.1. Optimized geometries of the up-down (left) and up-up (right) cyclic hydrogen peroxide dimers.

The bound OH contains the hydrogen atom participating in hydrogen bonding (shown by the dashed line).
The free OH groups are those with the hydrogen not participating in hydrogen bonding, pointing outside of
the dimer ring. In the up-down structure, the free hydrogens are pointing away from the ring, with one
pointing up, and the other down. In the up-up structure, the two free hydrogens are both pointing away from

the ring on the same side.

the calculated frequencies, the infra-red spectra of both conformers should be observable in
helium nanodroplets. In the matrix isolation study performed by Engdahl et al.,!*) the structure of
the hydrogen peroxide dimer was determined to be cyclic rather than open, but the authors did
not comment on the UU vs. UD conformation of the dimer. The structure in that case was

assumed to be the lowest energy (UD) conformer.
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Figure 6.2. Survey scan of the OH stretching region of hydrogen peroxide in helium droplets using a solid
urea-hydrogen peroxide complex as the source. The spectrum contains lines from the hydrogen peroxide
monomer as well as complexes including the hydrogen peroxide dimer (H20,),, the hydrogen peroxide water
dimer H>0,-H,0, and the water dimer (H,0O),. The spectrum is divided into the bound OH stretching region
below 3500 cm!, and the free OH stretching region above 3575 cm™!. The spectrum was recorded at a high

doping pressure to enhance the cluster peaks.

6.3 Results and Discussion

6.3.1 Survey Scan and Line Assignments

A survey spectrum of hydrogen peroxide using the urea-hydrogen peroxide source is given in
Figure 6.2. The survey spectrum contains the expected features for the hydrogen peroxide
monomer, but shows some differences from the survey spectrum collected with the concentrated

liquid hydrogen peroxide source (see Chapter 4, Figure 4.1). Most notably, the spectrum appears
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cleaner, with fewer of the suspected (previously unassigned) cluster peaks. Further, the intensity
of the known water dimer peak at 3598 cm! is reduced relative to the hydrogen peroxide
monomer peaks. The reduction in the relative intensity of the water dimer peaks indicates that
the solid hydrogen peroxide source is considerably cleaner. In fact, the comparison of the survey

spectra from the two different hydrogen peroxide sources provided a good indication of which

Depletion / arb. units

3455 3460 3465 3470 3475 3480 3485 3490 3495
Wavenumber / cm™

Figure 6.3. Spectra of the bound OH stretch of hydrogen peroxide. The blue trace was taken under standard
doping conditions using the urea-hydrogen peroxide complex at a doping pressure of 5.0x10”7 Torr. Each of
the bottom two traces were taken with a reduced doping pressure of hydrogen peroxide at 4.0x10”7 Torr while
also doping with H,O (red) and D,O (black) in a separate doping cell, for a combined doping pressure of
4.4x107 Torr.
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cluster peaks contained water, and was a starting point for the assignment of the hydrogen
peroxide dimer lines. The survey spectrum contains several marked lines with tentative
assignments, as well as known hydrogen peroxide lines (detailed in Chapter 4).

To help eliminate possible hydrogen peroxide-water cluster lines, each line in the survey
spectrum (with the exception of the hydrogen peroxide monomer lines) was tested by
intentionally adding water to the droplets through a precision leak valve, and monitoring the
dependence of the depletion signal on the addition of water. Lines showing an increase in the
depletion signal with the addition of water were classified as likely hydrogen peroxide-water
multimer lines. The results of the initial water tests left 3 lines as potential candidates for
(H202),: 3485, 3603.5, and 3606.5 cm™'. Each of these lines, as well as some of the suspected
water lines were subjected to further investigations to achieve line assignments. Figure 6.3
shows spectra obtained by intentionally adding water to look at the intensity changes of two
overlapping lines in the bound OH stretching region for hydrogen peroxide. D,O was also added
in a third scan to show the shift in the OH stretch frequency for H>O>-D>O compared to H>O»-
H>O.

Pressure dependence studies examining the dependence of depletion on the doping
pressure of hydrogen peroxide were performed on several lines, including monomer lines for
comparison. This was done by parking the laser on the frequency of a particular line, and then
measuring the total depletion at different doping cell pressures. In Figure 6.4, the line at 3606.5
cm’! shows the same doping pressure dependence as each of the included monomer lines
(3611.89, 3519.3, and 3621.0 cm™) indicating that it is likely a cluster peak containing only one

hydrogen peroxide. The remaining lines at 3485.0 and 3603.5 cm™! show a different relationship
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to the depletion on the partial pressure of hydrogen peroxide, indicating potential (H2O2)a

clusters.
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Figure 6.4. The pressure dependence of several hydrogen peroxide containing lines, measured by varying
the doping cell pressure and measuring the depletion at the given frequencies.

To determine the number of hydrogen peroxide molecules included in the cluster,
Poisson curves were fit to the data. The relationship between the probability for pickup of n

dopant molecules (Pn) and the doping pressure is given by the following relationship:

d n
Puto) = T2 exp(—ip. 1)

where o is the cross-section of the droplet, [ is the length of the doping cell, and p is the number



The Hydrogen Peroxide Dimer | Page 99

density of the gas in the doping cell.l'8! Because the cross-section and path length are held
constant, the depletion signal as a function of partial pressure of hydrogen peroxide in the doping

cell can be fit to equation (1) to give the number of particles, n. Figure 6.4 gives the Poisson fit
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Figure 6.5. Poisson fits for the two (H,0,), lines at 3603.5 cm™! (top) and 3485.0 cm™ (bottom). The line
at 3603.5 cm’! was fit to n=2.14(4) with an R-squared of 0.99829. For the line at 3485.0, the fit gave
n=1.96(4) with an R-squared of 0.99842.
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for the suspected dimer lines, both of which fit to n=2. Because of the Poisson curve fits and the
negative test for the presence of water, it is reasonable to conclude that these lines correspond to
the bound and free OH stretches of the hydrogen peroxide dimer.

The assignment of the free and bound OH stretch of (H202): is in good agreement with a
matrix isolation study conducted by Engdahl et al.® Table 6.1 lists the line positions of the
helium dimer in hydrogen peroxide, as well as in an argon matrix. Like the matrix isolation
study, the line positions in helium nanodroplets indicate a cyclic dimer, although it is not clear
whether the dimer is of the UU or UD conformation. For the UU conformer, the free OH
stretching region was expected to contain both the asymmetric and symmetric stretches, but the
linewidth of the free OH stretch is too large to observe the lines separately. It could be possible
to observe both the UU and UD dimers as the free OH stretches are separated by ~5 cm’!
according to the calculations. However, no other candidate (H>O>): lines were observed in the
free OH region. To assign the spectrum to a specific structure—either UU or UD—the spectra of

deuterated dimers need to be measured, which will be done as future work.

Table 6.1. Line characteristics and assignments in the OH stretching spectrum of (H,0O»), embedded in
superfluid helium nanodroplets.
Assignment Helium Ar-Matrix (cm™  Lorentzian Calculated  Calculated
droplet (cm™") 1) linewidth frequencies” frequencies’
(cm"inHe Up-Up Up-Down
Bound OH stretch  3485.24(2) 3471.3 4.021(8) 3655 3649
Free OH stretch 3603.60(1) 3581.7,3576.7 1.830(5) 3784 3780
“From ref.3.
®Calculated values are unscaled. See text for calculation details.
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In the matrix isolation study performed by Engdahl ef al.,’ two separate lines were
observed in the free OH stretching region. This is in contrast to the single OH stretch observed in
helium nanodroplets. The authors, however, attribute the two lines to a site splitting due to a
possible asymmetry of the trapping site. Unlike frozen rare gas matrices, helium droplets not
exhibit site splitting effects because the superfluid medium allows for nearly free movement of
dopants inside the droplet.['”) Gas-phase infrared spectra of the hydrogen peroxide dimer have, to
my knowledge, not yet been reported. However, the infrared spectrum of the hydrogen peroxide
dimer in helium nanodroplets is expected to be more similar than those recorded in argon
matrices to the spectrum in the gas phase. The dimer spectrum reported here would therefore be

an excellent aid in the search for the gas-phase dimer.
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6.3.2 Optically Selected Mass Spectra

H,0,"
. i ——3478.9 cm™
H,0 34852 cm”
HOO* H,0,* —— 3603.6 cm™

Depletion / arb. units

I I I I I I I I I I I I I I I
12 16 20 24 28 32 36 40 44 48 52 56 60 64 68

m/z

Figure 6.6. Optically selected mass spectra recorded at 3478.9 cm™' (black), 3485.2 cm™! (red) and 3603.6

cm’! (blue). See text for details.

To examine the fragmentation pattern of the hydrogen peroxide dimer, optically selected
mass spectra (OSMS) were recorded. The spectra are recorded by parking the laser on a line, and
then measuring the depletion for different m/z values. Differences in the strength of the depletion
signal at different m/z values give a fragmentation pattern for the species responsible for the

(18] Not only does this aid in line assignments, but

depletion at that specific laser frequency.
provides an indication of what ions contribute the most to the depletion signal for a particular

line. A mass-selected infrared spectrum can then be recorded by measuring the depletion for only
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a specific ion, which is chosen based on over all depletion intensity. Mass-selected infrared
spectra are employed to eliminate overlapping lines due to different species. I used the same
technique in Chapter 4 of this thesis to clean up the monomer infrared spectrum of the hydrogen
peroxide monomer.

Figure 6.6 shows the optically selected mass spectra recorded with the laser parked on the
assigned (H20.): lines at 3603.5 and 3485.0 cm’!, as well as the suspected H202-H,O dimer line
at 3478 cm’!. All three OSMS show the expected (He)n" cluster peaks every 4 m/z. The two most
significant ion fragments in all three OSMS are H30" (m/z = 19) and H>O>" (m/z = 34). In the
optically selected mass spectrum of the hydrogen peroxide monomer, I determined that the main
ion produced as a result of ion fragmentation was at m/z = 18, which coincides with the H,O"
ion. It is unsurprising then, that the hydrogen peroxide dimer fragments to produce the H3O" ion.
Unlike the monomer OSMS, m/z = 34 showed the largest depletion, indicating that when the
dimer is ionized, the H>O>" is produced, and a direct break-up of the dimer into monomer
fragments is favored somewhat over fragmentation to H3O". Other significant ions for (H>02)>
include HOO" at m/z = 33, and H30," at m/z = 35.

For the suspected H>O»-H>O line at 3478 cm™!, the depletion at m/z = 19 is stronger than
at m/z = 34, which is expected for a dimer that contains both water and hydrogen peroxide. If
some of the hydrogen peroxide ionizes to produce H30", and some of the dimer fragments such
that the water carries one of the hydrogen bonded hydrogens from hydrogen peroxide with it,
both will contribute to the depletion seen at m/z=19. In future studies, spectra of UHP in helium
droplets will be mass selected at m/z=19 to enhance the water containing hydrogen peroxide

clusters relative to other clusters. Doing so will help with the assignment of the H>O>-H>O lines.
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The mass selected spectra of the bound and free OH stretch of the (H>O2), dimer is given
Figure 6.7. In both cases, the mass selection reduced or eliminated the appearance of peaks
resulting from other clusters. The free OH asymmetric stretch in Figure 6.7a, for example,
contains no other obvious lines with the exception of the indicated hydrogen peroxide monomer
lines. This indicates that nearby cluster peaks in the 3595 — 3614 cm™ region are unlikely to
involve water, as the OSMS revealed that such lines should still show up when selecting at
m/z=34, albiet with reduced intensity. This would indicate that nearby lines in the survey
spectrum such as the line observed at 3606 cm™! represent hydrogen peroxide complexes with
other dopants, such as N> or Oa. Pettersson et al.,'”) identified the matrix isolated H>O2-N»
complex OH stretch at 3587.2 and 3582.1 cm™!, which is close to the free OH stretch in argon
matrix at 3581.7 cm™.¥ The close proximity of the (H202)2 and H20»-N; lines in argon matrices
support the possibility of the line at 3606 cm™! as belonging to the H>O>-N» dimer. An

investigation of this line constitutes future work.
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Figure 6.7. (a) The mass-selected (m/z = 34) spectrum of the bound OH stretching region. A
multipeak fit was performed in order to deconvolute the two overlapping lines, using a lorentzian
function. Zsee text for details of data fluctuations. (b) The mass-selected spectrum in the free OH
stretching region of the hydrogen peroxide dimer in helium droplets. The red line indicates the
Lorentzian fit, and the blue lines marked with an asterisk indicate known hydrogen peroxide
monomer lines. Mass selection at m/z = 34 eliminated other nearby cluster peaks.
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In the mass selected scan of the bound OH stretch at 3485.2 cm™, the suspected H20»-
H>O line remains, but with diminished intensity. This is to be expected for the H>O2-H>O dimer,
which likely has a similar fragmentation pattern owing to the similarities it shares with (H202)> —
namely the cyclic structure and double hydrogen bond. It should be pointed out, however, that
the suspected H,O2-H>O line at 3479.8 cm™! does appear to shift significantly to 3478.5 cm™,
when the doping pressure of UHP is reduced to minimize the appearance of the line at 3485.2
cm’!, while codoping with water (see Figure 6.8). It does not appear that the lineshift is a result
of the borrowed intensity from the dimer line at 3485.2 cm™!, as this would have shown up in the

deconvolution of the two lines shown in Figure 6.7a. It is possible that there are actually two

- — H,0,+water
0.6 1 —— Lorentz fit of 3478.5

0.5 1
0.4 1

0.3 4

02 l " M V.L ‘ ‘
" ! m

0.0 4

Depletion / arb. units

-0.1 -

T T T T T T T T T T T T T T T 1
3460 3465 3470 3475 3480 3485 3490 3495
Wavenumber / cm™

Figure 6.8. The Lorentzian line fit to the suspected H>O,-H,O line in the bound OH
stretching region of hydrogen peroxide. The spectrum was recorded by accepting all mass
values above 6 m/z. The hydrogen peroxide doping pressure was intentionally kept low at
about 2.5 x 10”7 Torr. The addition of water increased the total doping pressure to about

4.0 x 107 Torr.
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overlapping cluster lines, both of which contain water. Under the conditions used for the survey
scan in Chapter 4 (high H>O» doping pressures and high water content), a broad feature is
observed at 3479.5 cm™.

Electronic problems with the QMS resulted in the unusual data pattern observed in Figure
6.7a. The dips in intensity are artifacts stemming from the QMS which were artificially enhanced
while smoothing and power correcting the data. I have left these in rather than alter the data.
Further to this, there is a small section of data missing in Figure 67b, which was a result of a
laser hop during scanning. I would typically scan over this area again to obtain the missing data,
however, the electronic issues with the QMS mentioned above became more troublesome
immediately after recording the spectrum. The QMS stopped functioning altogether, and as of
the writing of this thesis, is still not repaired. Nevertheless, the key features including peak
position and linewidths are visible in the presented data, and a fresh scan with a properly

functioning QMS would not affect the assignment of the lines.

6.4 Conclusions

The infrared spectra of hydrogen peroxide in helium nanodroplets was measured using
UHP as the source. The UHP source resulted in a much cleaner spectrum and a substantial
reduction in the water content of the droplets compared to those recorded in Chapter 4. |
assigned two lines to the hydrogen peroxide dimer (3485.2 and 3603.6 cm™). The lines were
assigned using pressure dependence studies, co-doping with water, and comparisons with
literature values for the dimer recorded in an argon matrix.[*! The assigned lines are consisted

with a cyclic structure as reported by Engdahl et al.,[*! but I was not able to determine whether
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the cyclic structure was UU or UD. Lines due to other hydrogen peroxide containing clusters
were also observed, such as H>O»-H>O, but the firm assignments of other cluster peaks

represents future work.
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Chapter 7: Rovibrational Spectroscopy of the Cyclic Formic
Acid Dimer

7.0 Introduction

Formic acid, the smallest carboxylic acid, can form dimers in a variety of single and
double hydrogen bonded structures. It is the most abundant carboxylic acid in the atmosphere,!!]
and its dimer is present in clouds, fogs, and aerosols.>#! The lowest energy cyclic dimer is, like
the hydrogen peroxide dimer, a prototype for molecular complexes with double hydrogen bonds.
Similar binding motifs play crucial roles in multiple-proton transfer processes in chemistry and
biology, such as, for example, the base pair interactions in DNA.[>] Another interesting feature
of the cyclic dimer is the process of hydrogen bond exchange,!”! which can result in hydrogen-
bond tunneling splittings in high resolution spectra.[®-!1]

The cyc-(HCOOH), dimer possesses C>; symmetry as a result of a symmetric double
hydrogen bond and double proton exchange (see figure 7.1). Its structure has been studied using
several techniques such as NMR spectroscopy,!'?! Raman spectroscopy,!!'*!'# and infrared
spectroscopy.[®11:15-201 Several Fourier transform-infrared spectroscopic (FT-IR) studies indicate
the existence of a cyclic structure in the gas phase.['*~1°! Gadermann et al. have employed rapid

scan FT-IR spectroscopy for characterization of the cyclic dimer in aerosols.[*] Recently,
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Mackeprang et al. have used FT-IR difference spectroscopy to extract spectra of the cyclic form

in a complex mixture of monomer and dimers of HCOOH.[!3]

a) cyc-(HCOOH), b) acy-(HCOOH),

SR

Figure 7.1. The cyc-(HCOOH). (a) and acy-(HCOOH): (b) formic acid dimer structures.

Formic acid dimers have also been investigated in rare-gas matrices. Gantenberg et al.
have used pulsed deposition of formic acid into an argon matrix, and their results suggest the
formation of a higher energy acyclic conformer, acy-(HCOOH), upon deposition at 7K, which
rearranges to the cyclic structure up annealing at 40 K.[>!] This has been corroborated by matrix
isolation studies conducted by Itol??] and Marushkevich et al.l>}] More recently, the cyclic
complex was identified, along with products of X-ray irradiated isolated formic acid, in noble
gas maxtrices (Xe, Kr, Ar, and Ne).[?4]

In 2002, the first completely analyzed gas phase high-resolution infrared spectrum of
(DCOOH); was published by Madeja and Havenith.[®! The proton transfer in cyc-(HCOOH), has
also been probed by infrared high-resolution spectroscopy in the region of the antisymmetric
C-O stretch vibration (1221 - 1227 cm™").[25] Recently, Zhang et al. measured rotationally

resolved infrared spectra of (HCOOH),, (HCOOD),, and HCOOH-HCOOD complexes under
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jet-cooled condition in the 7.2 um region and determined the tunneling splitting.!*¢! The formic
acid dimer has also been studied using the technique of helium nanodroplet spectroscopy.?”) The
higher energy acy-(HCOOH), was trapped in helium nanodroplets due to rapid cooling within
the droplets, which prevents rearrangement to lower energy structures. The authors did not
observe cyc-(HCOOH), however, so there remains a lack of high-resolution infrared
spectroscopic information of cyc-(HCOOH): in helium nanodroplets. In addition to these
experimental studies, ab initio studies have been carried out that clearly show that the cyclic
structure corresponds to the global minimum on the potential energy surface.?8-¢]

In this chapter, I report infrared depletion spectra of formic acid dimers, including
deuterated isotopologues, embedded in helium nanodroplets. The results indicate the formation
of the cyc-(HCOOH), dimer with double hydrogen-bonds in addition to the acy-(HCOOH),
dimer, which has been identified in a previous study.!?’! The identification of the cyc-(HCOOH)»
1somer is strongly supported by the observed rotational contour for the vig(C—H) stretching
vibration. The formation mechanism of most stable dimer structure in superfluid helium is

discussed.

7.1 Experiment

The details of the helium nanodroplet apparatus are described in detail in Chapter 2. For
this experiment, ultrapure helium gas at a backing pressure (Py) of 50 bar was expanded through
a pinhole nozzle cooled to 19 — 20 K, producing droplets with an average size of ~3200 atoms
per droplet.*!! Formic acid was introduced into the skimmed droplet beam in a doping cell

downstream of the nozzle chamber. The pressure of formic acid in the doping call was held at



The Formic Acid Dimer | Page 113

2.5x 107 Torr.

Two continuous wave infrared optical parametric oscillator (OPO) systems (Lockheed-
Martin Aculight Argos SF-15) were used to measure the CH and OH stretching modes of the
formic acid dimer. Module B covers the range of 3125 - 4000 cm™! and module C covers the
range of 2560 — 3125 cm™!. Both modules were operated using the automated tuning method!*?!
detailed in Chapter 3 of this thesis. The idler output of the OPO was overlapped with the droplet
beam in a coaxial orientation. A quadrupole mass spectrometer was used to measure the ion
signal of the droplet and dopants, which were ionized through electron impact ionization at 110
eV. When infrared photons are resonant with a dopant transition, the energy absorbed is
quenched by the helium bath, resulting in evaporation of some of the helium atoms. When the
droplets are reduced in size, the ion signal detected by the mass spectrometer is reduced as a
result of the reduction in ionization cross-section of the droplets.

Formic acid (HCOOH, purity 98%, Sigma-Aldrich), formic-d acid (DCOOH, isotopic
purity 98%, Cambridge Isotope Laboratory), and formic acid-d (HCOOD, isotopic purity 95%,
Sigma-Aldrich) were obtained commercially. The sample was degassed using multiple

consecutive freeze-pump-thaw cycles.

7.2 Theoretical calculations

The experimental measurements were complemented by quantum chemical calculations.
I employed the GAUSSIAN 09 program!*3] to calculate the geometries, vibrational
wavenumbers, IR intensities, and molecular constants of HCOOH dimers using density

functional theory with the B3PW91 functional®! and the aug-cc-pVTZ basis set.*>] According
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to the B3PWO91/aug-cc-pVTZ energies, cyc-(HCOOH), is more stable than acy-(HCOOH), by
28.7 kJ mol™!, close to the value of 28 kJ mol~! calculated with the B3LYP/TZ2P(f,d)+diff
method and only slightly different from the CCSD(T)/aug-cc-pVTZ value of 26.3 kJ mol~'.[3%]

The frequencies of the infrared active modes predicted with the B3PW91/aug-cc-pVTZ
method are 3103 cm™! for the asymmetric O—H stretching (vi7) and 3043cm™" for asymmetric
C—H stretching vibrations (vig) in cyc-(HCOOH)s, as listed in Table 7.1. In case of acy-
(HCOOH);, the predicted frequencies are 3739 and 3319 cm™! for free (vi) and bound O-H
stretching (v2), respectively, and 3103 and 3037 cm™! for free (v3) and bound C—H stretching (v4)
vibrations, respectively, as listed in Table 7.2.

The rovibrational assignment, fitting, and simulation of the observed C—H stretching
band of the cyc-(HCOOH), spectrum were performed with the PGOPHER program.*¥ The
rotational constants for ground state (4", B”, C") and upper state (4, B', C") vibrational levels
were obtained by a vibrational-rotational coupling analysis through anharmonic calculations at
the B3PW91/aug-cc-pVTZ level of theory. The calculated rotational constants were scaled by

factor of 2.5 as an initial guess for the fitting procedure.
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Table 7.1 Comparison of observed wavenumbers in helium nanodroplets and B3PW91/aug-cc-
pVTZ predicted O—H and C—H stretching infrared bands of cyc-(HCOOH); and its deuterated
isotopologues and their corresponding lines reported in the gas phase and in argon matrices.

Vi cyc-(HCOOH)2? cyc-(HCOOD),® cyc-(DCOOH)2°
“He Gas Ar- “He Gas Ar- In “Hen Gas Ar-
droplet phase matri droplet  phase matrix phase matr
X ix
Vi7 3082.30/  3081¢ 3072" 2290¢ 2271.8, 3080.11  3078¢ 3069
©- 3081832 30000 3076 2314 22394 3083.4"
H/D)
3102.2f 30988
31108
R 2940.56 2939.7¢ 2957.76  2936.2¢ 2209,
d
Vi Q2940.43 2944 2947 2957.44  2949° 2237 2213
f i
(Pf/i)) P 2940.31 2938.4f 2956.98  2960¢ 2238
g
2957¢ 2951.5% 2231
2210.4%

B3PW91/aug-cc-pVTZ predicted wavenumbers for vi7 and vis modes of cyc-(HCOOH); are 3103.4 and
3042.8 cm™', respectively.

*B3PWO1/aug-cc-pVTZ predicted wavenumbers for vi7 and vis modes of cyc-(HCOOD), are 2247.3 and
3066.7 cm™', respectively.

‘B3PW91/aug-cc-pVTZ predicted wavenumbers for vi7 and vis modes of cyc-(DCOOH), are 3081.0 and
2272.6 cm™, respectively.

Jet-cooled cavity ring-down infrared spectroscopy.!'”’

°Gas phase infrared absorption spectroscopy.’*”)

'Gas phase infrared absorption spectroscopy.*®!

¢Gas phase prism based infrared absorption spectroscopy.’*”)

"Matrix-isolation infrared spectroscopy.™"!

"Rare gas matrix-isolation infrared spectroscopy.?

"Matrix-isolation infrared spectroscopy.”"

kJet-cooled action spectroscopy.[*!!
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Table 7.2 Comparison of observed wavenumbers in helium nanodroplets and the B3PW91/aug-
cc-pVTZ predicted O—H and C—H stretching infrared band of acy-(HCOOH), and its deuterated
1sotopologues and their corresponding lines reported in nanodroplets and in rare gas matrix.

Vi acy-(HCOOH)2 acy-(HCOOD)2 acy-(DCOOH)2
‘He Ar- B3PW9 ‘He Ar- B3PW91 ‘He B3PW91/a
droplet matrix  1/aug- droplet  matrix  /aug-cc- droplet ug-cc-

ce- pVTZ pVTZ
pVTZ

Vi 3560.21 3540.1 3738.9 2626.33  2612.1, 2718.5 3561.4 3738.8

b,c C

(O-H/ 2624.74 2610.0 5

Dfree)

V2 3142.8, 3319.2 2420.0 3318.2

(O-H/ 3101.4

Dbound) b

3184,
3168,
3154,
3142,
3101¢

V3 3103.2 3103.9 2311.3

(C-H/

[)bound)

V4 2931.38 3036.9 2935.77 3038.1 2254.8

(C-H/ 2931.00 2934.79

Dfree)

®Matrix-isolation infrared spectroscopy.*
“Matrix-isolation infrared spectroscopy.!*”’
“Tentative assignment for hydrogen bonded O-H stretching vibration of acy-(HCOOH),
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7.3 Results and Discussion
7.3.1 Survey Scan

A survey spectrum was collected with ~2.5 x 10~ torr formic acid partial pressure in the
doping cell and collecting all mass channels with m/z > 29. A number of lines were observed in
the 3575 — 3548 cm™! and 3085 — 2928 ¢cm™! regions, see Figure 7.2. These lines are categorized
into four different groups based on known lines of the monomer, pressure dependent studies for
the homodimers, and N> doping pressure tests for an N> containing heterodimer. These four
groups of lines are marked with -FA, cyc-FAD, acy-FAD, and FA-N,, respectively, as shown in
Figure 7.2.

Rotationally resolved lines in the higher (3573 — 3566 cm™!) and lower frequency regions
(2947 — 2943.5 cm™") marked with #-FA in Figure 7.1 are attributed to the monomer, consistent
with the reported lines for the trans-HCOOH monomer isolated in helium nanodroplets.?”! The
observed lines at 3550 and 2939 cm™! labeled with FA-N; in Figure 7.2 belong to a complex
involving formic acid and nitrogen. To make sure that these lines are related to the HCOOH-N»
complex, the droplets were intentionally doped with nitrogen. Upon addition of N, the intensity
of lines marked FA-N» goes up. The corresponding infrared absorption features of FA-N> in an
Ar-matrix were previously reported to be at 3531.7 and 2952.5 cm™'.[* Further details of this

complex comprise future work and are not detailed in this chapter.
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Figure 7.2. Survey scan of HCOOH in helium nanodroplets. The infrared depletion spectra were recorded
on mass channels with m/z > 29 with an HCOOH doping cell partial pressure of ~2.5 x 1077 torr. Features

marked with #-FA, cyc-FAD, acy-FAD, and FA-N: correspond to the trans-HCOOH monomer, cyclic and
acyclic dimers of trans-HCOOH, and the HCOOH-N: complex, respectively.

The broad features in Figure 7.2 marked with acy-FAD at 3560 and 2931 cm™! and listed
in Table 7.2 are readily assigned to acy-(HCOOH)., consistent with previously reported lines for
bound O—H and free C—H stretching vibrations of acy-(HCOOH), embedded in helium
nanodroplets.?”) The intensity of the broad features near 3082 and 2940 cm™!, marked with cyc-
FAD in Figure 7.2 and listed in Table 7.1, decreases upon addition of HO. However, upon
addition of Ny, the P-branch at 2940 cm™! slightly increases as shown in Figure 7.3, whereas the
line at 3082 cm™! decreases in intensity, as expected. The intensity increase at 2940 cm™! upon
addition of N> could be due to interference of infrared absorption related to the HCOOH-N»
complex. Based on pressure dependence studies, theoretical calculations, and a rotational contour
analysis, to be discussed in the following sections, I have assigned these lines to the HCOOH

dimer with a cyclic structure.
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Figure 7.3. Infrared depletion spectra recorded with doping cell filled with HCOOH (a), HCOOH + N (b),
and HCOOH + H2O (¢). Features marked with t-FA, cyc-FAD, acy-FAD, FA-N> correspond to monomer,

cyclic and acyclic dimers, and N2 complex of trans-HCOOH, respectively.

7.3.2 Pressure dependence

To assign signals to a specific species, I monitored the change in intensity of the depletion signal
as a function of HCOOH partial pressure. The results for selected features at 3572.30, 3082.30,
and 2940.31 cm™! are displayed in Figure 7.4. The probability, P,, for pick-up of n dopant

molecules by a helium droplet is given by a Poisson distribution,*]

P()_( )

exp(—oalp). (1)

Here, (alp) is the average number of collisions which leads to capture of the particles by the
droplets, in which p, o, and / are the number density of molecules, capture cross section, and
length of the doping cell, respectively.

The data sets plotted in Fig. 7.4 were fitted to a Poisson distribution to yield the following

n-values: n=1 for the line at 3572.30 cm™!, as expected for the monomeric (n = 1) form of
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HCOOH, and n=2 for the signals at 3082.30 and 2940.31 cm™!, consistent with a dimeric form.
From Fig. 7.4, the optimal formic acid doping pressure for the dimer signal is ~ 5 x1077 torr.

However, depletion spectra were measured at pressures of ~2.5x1077 torr to avoid formation of

higher order HCOOH clusters.

0.8

| — (a) 3572.30 cm™ (HCOOH)__,
0.7 - o0 )

1 % —— (b) 2940.31 cm” (HCOOH)__,
0.6 —— (c) 3082.30 cm" (HCOOH) _,

Depletion signal

0 2 4 6 8 10 12 14
= /107 torr

HCOOH

Figure 7.4. Variation of signal intensity for the HCOOH monomer in the O—H stretch and dimer
in the “free” C—H stretch and “hydrogen bonded” O—H stretch regions in dependence of the
pickup pressure. Fitted lines correspond to the expected variation of a monomer (blue) and cyclic

dimer signals (purple and green) if we assumed a Poisson distribution.

7.3.3 Assignment of the (HCOOH); lines to cyc-(HCOOH):
In the region between 3085 and 2928 cm! several bands were observed (see Figure 7.2).

The line at 3082 cm™' and the partially rotationally resolved lines at 2940.56, 2940.43, and
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2940.31 cm! are marked with cyc-FAD in Figure 7.1 and listed in Table 7.1. The pickup
pressure/intensity correlations in Figure 7.4 support the assignment of these lines to the formic
acid dimer. This assignment is further supported by proximity to gas-phase values reported at
3081 and 2939.7 cm’!, which were measured by cavity ring down spectroscopy.!'%20]

To corroborate the frequency shifts of the dimer lines with respect to the monomer
transitions, I plot the experimental spectrum with features of HCOOH monomer and dimers in
helium droplets (Figure 7.5 a) and compare it with B3PW91/aug-cc-pVTZ simulated spectra for
trans-HCOOH, cyc-(HCOOH),, and acy-(HCOOH); in Figure 7.4 b-d. The spectra were
simulated using scaled harmonic vibrational wavenumbers (scaling factors 0.9546 for region
above 3200 cm™ and 0.9427 for that below 3200 cm™!) and IR intensities from the DFT
calculations. The scaling factors were obtained by taking the ratio of measured vibrational
wavenumbers of the HCOOH monomer in helium nanodroplets to the calculated values. The
experimental and calculated frequency shifts in going from monomer to dimer are, in general,
quite consistent. However, a discrepancy is found between the observed red shift (488.37 cm™)
in helium droplets and the DFT value of 574 cm™! for the hydrogen bonded O—H stretching
vibration in cyc-(HCOOH),. I also simulated spectra corresponding to traces (b - d) in Figure 7.4
from MP2/aug-cc-pVTZ calculations. Although the MP2 predicted O—H vibrational band
position is close to the observed value, the intensity of this band is found to be too large, similar
to that of the C—H stretching vibration. Furthermore, the MP2 calculated C—H band is blue

shifted, which is not in agreement with observations from helium nanodroplet or jet experiments.
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Figure 7.5. Comparison of the experimental spectrum with those simulated for possible candidates. (a) The
spectrum of HCOOH doped helium nanodroplets. Infrared spectra of trans-HCOOH (b), cyc-(HCOOH): (¢),
and acy-(HCOOH); (d) were simulated with FWHM = 0.025 cm™' and using scaled harmonic vibrational
wavenumbers (scaling factors 0.9546 for region above 3200 cm™! and 0.9427 for that below 3200 cm™") and
IR intensities predicted with the MP2/aug-cc-pVTZ method.

The line at 3082.30 cm™' is assigned to the bound O—H stretching vibration in cyc-
(HCOOH),, which is red-shifted by 488.37 cm™' relative to the monomer. For the frequency shift
estimation, I used the band origin of 3570.67 cm™' for the free O—H stretching vibration in the
HCOOH monomer isolated in helium droplets.?”) This large shift is due to the strong hydrogen
bonding in the cyclic dimer. The C—H stretch vibration, observed at 2940.402( vo) cm™, is red-
shifted by 4 cm™! relative to monomer at 2944.42 cm™'.127] This small red-shift of the C—H stretch
vibration is a result of the only weak perturbation upon complex formation. The determined red-

shifts for the O—H and C—H stretching vibrations of cyc-(HCOOH); in droplets are close to
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those from an argon matrix-isolation FT-IR study (470 and 3 cm™")??) and the gas phase FT-IR
study of Wachs et al. (468.3 and 3.7 cm™).1*3] According to Maréchal’s gas phase FT-IR study,
the O—H stretch vibrational band is red-shifted by 567 cm™!, whereas C—H stretching vibrational
band is blue-shifted by 3 cm™'.[37] The room temperature gas phase FT-IR spectra are
complicated by the overlap between broad C—H stretch and relatively sharp O—H stretch
vibrational bands of the dimers; as a result finding accurate individual vibrational band position
could be difficult. Recently, Mackeprang et al.['*l used difference FT-IR spectroscopy to extract
the spectra of cyclic formic acid dimer in the gas phase, and found red-shifts for both O—H and

C—H stretching vibrations of 470.5 and 3.1 cm™', respectively, for cyc-(HCOOH)..

7.3.4 Deuterated Isotopologues

Deuterium-substitution experiments can provide additional support for the assignment of
lines in the cyc-FAD and acy-FAD groups to the cyc-(HCOOH), and acy-(HCOOH), dimers,
respectively. Figure 7.6 shows depletion spectra of HCOOD monomer and dimers in the O—D
and C—H stretching region. I observed two sets of rotationally resolved sharp lines in the 2634 —
2630 cm™! and 2942 — 2939 cm™! regions, marked with #-FAd in Figure 7.6. The pattern of these
sharp lines are similar to those of the O—H and C—H stretching vibrations of monomeric trans-
HCOOH in droplets and close to the previously reported lines for trans-HCOOD at 2637 and
2942 cm™! in the gas phase,”! and 2619.5/2618.0 and 2961.2 cm™' in an Ar-matrix.!*?! A line at
2940.1 cm™! for the C—H stretching band of trans-HCOOD under jet-cooled conditions has been
reported by Yoon et al.l*! These observed sharp lines were unambiguously assigned to the O—D

and C—H stretching vibrations of #rans-HCOOD in an earlier report.[*®) A broad band feature
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with satellite peaks (2957.76 and 2956.98 cm™') observed at 2957.44 cm™! is marked with cyc-
FADd in Figure 7.5 and listed in Table 7.1. This transition at 2957.44 cm™' is attributed to the
C—H stretching vibration of cyc-(HCOOD),. The observed isotopic shift of cyc-(HCOOD), is

consistent with the B3PW91/aug-cc-pVTZ predicted shift as listed in Table 7.3. This observed
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Figure 7.6. Survey scan of HCOOD in helium nanodroplets. Infrared depletion spectra were recorded on
mass channels with m/z > 29 with an HCOOD doping cell partial pressure of ~2.5 x10~7 torr. Features
marked with -FAd, cyc-FADd, and acy-FADd corresponds to trans-HCOOD monomer and cyclic and

acyclic dimers, respectively.

line is in a different position than the corresponding line from a jet-cooled cavity ring-down
spectrum (2936.2 cm™) of cyc-(HCOOD),.!"%I However, it does appear between the
corresponding features in a jet-cooled action spectrum (2951.5 cm™")*! and a room temperature
infrared absorption spectrum (2960.0 cm™') in the gas phase.[*’]

In addition, I observed a broad doublet at 2626.33/2624.74 cm™! and a doublet consisting
of a broad and a sharp feature at 2935.77 cm™' and 2934.79 cm™!, respectively, as marked with

acy-FADd in Figure 7.6. Their intensities decrease upon addition of N> in the second doping cell.
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Out of these two sets of lines, those in the first set have been reported at 2612.1/2610.0 cm™ in
Ar-matrix, see Table 7.2.11 The lines at 2626.33/2624.74 cm™" and at 2935.77/2934.79 cm™! are
assigned to the O—D and C—H stretching vibrations of acy-(HCOOD),, respectively, based on

wavenumber shifts with respect to the monomer (trans-HCOOD) and the expected isotopic shifts

for the acyclic dimer, as found in Table 7.4.
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Figure 7.7. Survey scan of DCOOH in helium nanodroplets. Infrared depletion spectra were recorded on
mass channels with m/z > 30 with a DCOOH doping cell partial pressure at ~2.5 x1077 torr. Features
marked with -dFA, cyc-dFAD, and acy-dFAD correspond to the trans-DCOOH monomer, and cyclic and

acyclic dimers, respectively.

The depletion spectra of the DCOOH monomer and its dimers and the results are
presented in Figure 7.7. We observed a set of rotationally resolved sharp lines in the 3572 — 3568
cm™! region, marked with /~dFA in Figure 7.6. These rotationally resolved lines are attributed to
the O—H stretching vibration of monomeric trans-DCOOH, consistent with reported lines for
trans-DCOOH in helium nanodroplets.l*”! A weaker broad band feature observed at 3080.11
cm™! is labeled with cyc-dFAD in Figure 7.7 and listed in Table 7.1. The intensity of this line

decreases upon N addition. This feature is close to the reported line at 3078 cm™' of jet-cooled
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Figure 7.8. (a) An experimental spectrum of the vis band of cyc-(HCOOH). embedded in
helium nanodroplets. (b) A simulated spectrum using the molecular constants given in Table

7.5, a rotational temperature 0.38 K, and Lorentzian linewidths of 0.067 cm™.

cyc-(DCOOH),,"! but slightly blue-shifted compared to the value of 3069 cm™! observed in an
Ar-matrix[??] and red-shifted with respect to the gas phase value of 3098 cm™".[**1 We assign this
line to the O—H stretching vibration of cyc-(DCOOH),. This assignment is consistent with the
direction of the band shift with respect to the monomer, and the expected isotopic shift listed in
Table 7.3. Another broad feature observed at 3561.45 cm™!, is designated with acy-dFAD in
Figure 7.7 and listed in Table 7.2. This broad feature is attributed to the free O—H stretching
vibration of acy-(DCOOH),, consistent with the expected shift with respect to the monomer
peak, and with the isotopic shift listed in Table 7.4.

7.3.5 Rotational contour analysis
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Broad features were observed for the C—H stretch vibrational mode (vig) of cyc-
(HCOOH),, which is attributed to partially resolved rotational fine structure. It consists of three
bands at 2940.56, 2940.43, and 2940.31 cm™!' with FWHMs 0.215, 0.021, and 0.229 cm™!,
respectively. A rotational contour analysis of the vig mode provides further support for the
assignment to cyc-(HCOOH),. Previously, only ground state rotational constants for the cyclic
formic acid dimer in the gas phase have been reported, which are based on electron diffraction(*”]
and fs DFWM measurements under jet-cooled conditions (~60 K).[*8] Both ground state and
excited state rotational constants have been reported of the antisymmetric C—O stretch vibration
at 1221.0 — 1226.7 cm™!, based on an observed gas phase high-resolution spectrum.[?3]

The rotational band contour for the vis(C—H) fundamental band of cyc-(HCOOH): in
helium droplets were fitted using the PGOPHER program.[*3! Scaled B3PW91/aug-cc-pVTZ
calculated rotational constants A/, 4", B/, B", C’, and C" (see Table 7.5, prime and double primes
indicate the vibrationally excited and ground state, respectively), a temperature of 0.38 K, and a
Lorentzian width of 0.067 cm™' were used for the simulation. Figure 7.8 shows the result from
the fitting procedure together with the experimental spectrum. From the fit, I found a band origin
frequency of 2940.402(2) cm™! for the C—H stretch vibration. This frequency is close to the jet-
cooled gas phase value of 2939.7 cm™'.[2% The vi5 band is mostly b-type with a significant P and
R branch; the weighting of types is a: b: ¢ =0.22:0.78:0.0. (The projection of dipole derivatives
for the vig vibrational mode of cyc-(HCOOH), onto the inertial axes a, b, and ¢ is shown in the
inset of Figure 7.7.) The rotational constants 4, B’, and C’, determined in the fitting procedure

are reduced from the gas phase values by 63%, 67%, and 74%, respectively (see Table 7.5),
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which is a result of helium density following the dimer rotation.

Table 7.3 Comparison of observed and B3PW91/aug-cc-pVTZ calculated vibrational wavenumbers
(cm™) and isotopic ratios for cyc-(HCOOH),.

Vi cyc-(HCOOH): cyc-(HCOOD): cyc-(DCOOH):

‘He B3PW91 ‘He B3PW91/a  Isotopi ‘He B3PW91/  Isotopic

droplet  /aug-cc- droplet ug-cc- c ratio® drople aug-cc- ratio®

pVTZ pVTZ t pVTZ

v1(O—H/Dsym 2950.2 2178.1 (0.738 2949.6 (0.9998
) (0.0) (0.0) 3) (0.0) )
v2(C—H/Dsym 3068.5 3068.0 (0.999 2276.4 (0.7419
) (0.0) (0.0) 8) (0.0) )
vi7(0-H/Dss 3082.3  3103.4 2247.3 (0.724 3080.1 3081.0 0.9993
ym) 0 (1293) (1547) 1) 1 (2870) (0.9928

3081.8 )

3?

R 2957.76

2940.5
Vi§(C—H/Das 6 3042.8 2957.44 3066.7 (87) 1.0058 2272.6 (0.7469
ym) (1723) 2956.98 (1.007 (176) )

Q 8)

2940.4

3

P

2940.3

1

*Experimental isotopic ratios are listed; these values are the ratio of vibrational wavenumbers of minor
isotopologues to that of the most abundant one. Calculated ratios are listed in parentheses.
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Table 7.4 Comparison of observed and B3PW91/aug-cc-pVTZ calculated vibrational wavenumbers
(cm™) and isotopic ratios for acy-(HCOOH),.

Vi acy-(HCOOH)2 acy-(HCOOD)2 acy-(DCOOH)2
‘He B3PW91 ‘He B3PW91/ Isotopic ‘He B3PW91 Isotopic
drople  /aug-cc- droplet aug-cc- ratio® dropet /aug-cc-  ratio®
t pVTZ pVTZ pVTZ

vi(O-H/Dgee  3560.2  3738.9 2626.3  2718.5 0.7374 3561.4 3738.8 1.0002

) 1 (70) 3 (42) (0.7271) 5 (70) (0.9999

2624.7 )
4
v2(O—H/Dbou  32257°  3319.2 2420.0 3318.2
nd) (1029) (544) (0.7291) (1059) (0.9997
)
v3(C—H/Dpou  D.0O. 3103.2 3103.9 2311.3
nd) (15) 9.3) (1.0002) (29) (0.7448
)

v4(C-H/Dgee  2931.3  3036.9 29357  3038.1 1.0014 2254.8

) 8 (102) 7 (59) (1.0004) (82) (0.7425
2931.0 2934.7 )

0 9

*Experimental isotopic ratios are listed; these values are the ratio of vibrational wavenumbers of minor
isotopologues to that of the most abundant one. Calculated ratios are listed in parentheses.

°Reported line observed in super-fluid helium nanodroplets; tentatively assigned to the hydrogen bonded
O-H stretching vibration of acy-(HCOOH),.l*”
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Table 7.5 Summary of molecular constants for cyc-(HCOOH); in liquid helium nanodroplets
(“Hen), reported in the gas phase and obtained with the B3PW91/aug-cc-pVTZ method.

Constants vis(C_H)
“He droplet Gas phase  B3PW91/au A
g-cc-pVTZ
Lo (cm™) 2940.402(2) 2939.7¢ 3042.8 +0.70
A”(em™) 0.075(1) 0.2022732°  0.201802 ~0.1278(63%)
B”(cm™) 0.0279(6) 0.0767864°  0.079254 —0.0489(64%)
C”(em™) 0.0128(2) 0.0555384°  0.056916 ~0.0427(77%)
A’ (em™) 0.075(1) n.o. 0.201747 ~0.1267(63%)°
B’(cm™) 0.0261(5) n.o. 0.080395 ~0.0543(67%)°
C’(cm 0.0147(2) n.o. 0.057506 —0.0428(74%)°
T (K) 0.38 ~ 60 298

aJet-cooled cavity ring-down spectroscopy.'**"

"Femtosecond degenerate four-wave mixing (fs DFWM).!¥!
‘B3PW91/aug-cc-pVTZ calculated rotational constants used for estimation of differences.

7.3.6 The formation mechanism of the cyclic formic acid dimer in helium nanodroplets

The formation of the cyclic conformer of the formic acid dimer from the monomers is an
exothermic process, liberating 58 kJ mol'. The exothermicity of the acyclic form is less (27 kJ
mol ™), as predicted with the B3PW91/aug-cc-pVTZ method. Inert gas matrix isolation studies
suggest that the formation of the cyclic dimer occurs in a stepwise fashion; first, the acyclic
dimer is formed, which is subsequently converted to the cyclic dimer.[?!] The barrier for
interconversion from the acyclic to cyclic structure was previously estimated with the
B3LYP/TZ2P(f,d)+diff method to be 11.7 kJ mol".[3¢

I observed both cyclic and acyclic dimers of the formic acid dimer in helium

nanodroplets at 0.38 K, in contrast to a previous study, where only the acyclic form was
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observed.[?’! Structures of clusters formed in helium nanodroplets often differ from those found
in the gas phase, due to the unique growth conditions in liquid helium. In free-jet expansions,
clusters are formed by three-body collisions, which provide the necessary conservation of
momentum and energy. These clusters are formed by collisions between relatively warm
molecules which subsequently cool down to tens of kelvin in the expansion. In contrast, in
superfluid helium the growth occurs by subsequent pickup of monomers, which are cooled by
the helium prior to aggregation.[*”) At long range, both molecular dipoles will be oriented in a
head-tail configuration because of the relatively strong dipole-dipole interactions. This is in
agreement with the previous observation of the acyclic structure of the formic acid dimer in
helium droplets.[?”] There is a barrier of ~12 kJ mol~' between the approach geometry and the
global minimum, cyc-(HCOOH),, which exceeds the small internal energy present at 0.38 K.
Reorientation to the global minimum on the potential energy surface and formation of cyclic
structure through stepwise mechanism is therefore not possible in helium nanodroplets.
However, at closer distances there are, besides the dipole-dipole electrostatic interaction, other
interactions, including dispersion interactions, which may become important and might play a
crucial role in formation of the cyclic structure of the formic acid dimer in droplets through a

barrierless channel.

7.4 Conclusions
This Chapter details the studies done on the cyc-(HCOOH), dimer in helium
nanodroplets. Characteristic lines were observed at 3082.30 cm™' for the O—H stretching (vi7)

and at 2940.56(R), 2940.43(Q), and 2940.31(P) cm™! for C—H stretching (vis) vibrations of cyc-
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(HCOOH).. The assignments are in excellent agreement with the lines observed in jet-cooled
CRD experiments and consistent with ab initio predicted vibrational spectral shifts. The
assignments are also in good agreement with the expected deuterium isotopic shifts. The
assignment to the cyclic dimer is further supported by a rotational contour analysis of the C—H
stretch vibrational band structure of cyc-(HCOOH),. The rotational A’, B, and C' constants for
the cyclic dimer in superfluid helium are found to be reduced by 63%, 67%, and 74%,
respectively, with respect to the gas phase, which indicates dragging of helium density by the
dimer in the helium environment. I observed both local, acy-(HCOOH)., and global minimum
energy structures, cyc-(HCOOH)., in helium nanodroplets and conclude that formation of cyclic
structure occurs through a barrier less channel and is stabilized by short-range interactions. A
comparison of experimental and simulated infrared spectra of cyc-(HCOOH), indicates that the

B3PWI9I1(DFT) method is superior to the MP2 method for frequency calculations.
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Chapter 8: Conclusions

This thesis constitutes the work I have completed on measuring laser infrared spectra of
small molecules and molecular clusters in superfluid helium nanodroplets. With the use of high-
resolution infrared spectroscopy, I have examined the interplay between small molecules and the
superfluid helium bath by extensive comparisons with gas phase and other matrix isolated
spectra. Further, I have made use of the superfluid matrix to examine small hydrogen bonded

clusters to evaluate their spectra and interpret the cluster configurations.

The hydrogen peroxide infrared spectrum in the OH stretching region is presented and
the analysis described in Chapter 4. Both the asymmetric and symmetric OH stretching
fundamentals were observed. Analyses of rovibrational lineshapes indicate an asymmetrical
skewing of the lines, possibly due to the shedding of helium density as the rotor reaches its
terminal velocity.['! Further, the trans-tunneling splitting was deduced to be 7.7 cm™!, a reduction
of 6% relative to gas phase values, indicating that tunneling splitting is affected very little by the

superfluid environment of the droplet. The rovibrational lines were too broad to resolve the



Conclusions | Page 137

expected line splittings due to the rotational-translational coupling in hydrogen peroxide.? In
Chapter 5, I describe measurements of the spectrum of HOOD, but again, linewidths did not
permit any observation of line splittings. For HOOD, only the anymmetric stretching mode was
observed, which prevented an analysis of the trans tunneling splitting. For the asymmetric mode,
however, rotational constants are reduced by a similar amount as in H>O». The B(=C) rotational
constant is reduced by ~40% in both cases, while the 4 constant is relatively unaffected due to

the fast rotations about the ag-axis.

In Chapter 6, I made use of a new source of hydrogen peroxide to help with the
assignment of the many cluster peaks observed in the work described in Chapter 4. The solid
urea-hydrogen peroxide complex provided a much cleaner source of H2O»,1) resulting in
considerably less water in the doped droplets. I was able to assign the free and bound OH
stretching lines for the hydrogen peroxide dimer, using Poisson fits to the line signal intensity
dependence on the doping pressure, as well as by intentionally co-doping with water. An
optically-selected mass spectrum was recorded, and a new mass-selected spectrum was measured
using a m/z = 34, which provided a much cleaner spectrum of the hydrogen peroxide dimer. An
assignment of the hydrogen peroxide water cluster peaks constitutes future work. The hydrogen
peroxide dimer has not been observed in the gas phase, and the reported infrared spectrum could

be used to aid in the search for the hydrogen peroxide dimer in the gas phase.

Continuing with the theme of hydrogen bonded clusters in Chapter 7, I observed the
spectrum of the cyclic formic acid dimer. Previously, only the acyclic dimer has been observed
in helium droplets.[*! Both the OH and CH stretching fundamentals were measured, and the

frequencies are in good agreement with gas phase values. The 4, B, and C constants are reduced
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by 63%, 67%, and 74%, respectively. The renormalization suggests that rotations about all tree
axes fall within the adiabatic following regime.’! An interesting conclusion from this chapter
regards the formation mechanism of dimers in helium nanodroplets. As indicated by the presence
of two different formic acid dimers in helium nanodroplets, the influence of long range attractive
forces is insufficient in describing the presence of high energy dimer conformations in helium
nanodroplets. My experimental work on the formic acid dimer in helium nanodroplets suggests

that a more detailed exploration of dimer formation in helium nanodroplets is required.

The bulk of this thesis focused specifically on the infrared spectra of small molecules and
molecular clusters. Despite a large body of research on the spectra of molecules embedded in
helium nanodroplets, much remains unknown. Many questions surrounding the interaction
between the helium bath and the dopant still remain, as do questions about the structure of
quantum mechanical excitations within droplets, including translational modes and quantized
vortices. This type of fundamental research must continue to be conducted to better inform the

burgeoning area of applied nanodroplet research.
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