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This dissertation focuses on the photodissociation dynamics, thermochemistry,
spectroscopy and structure of important hydroperoxide molecules which influence the
oxidation capacity of the atmosphere. Since hydroperoxides such as CH;0OH,
HOCH,OO0H, HO,NO, and HOOH species serve as reservoir for the HOx (=HO, + OH)
radicals, a thorough examination of excited state and ground state photochemistry of
these species is needed.

In this dissertation, the photodissociation dynamics of vibrationally excited
HO,NO; molecule is examined, and its first OH-stretching state dissociation quantum
yield is assessed in order to quantify its contribution to the HOx budget. An ab initio
study is used to obtain bond dissociation energies, vibrational spectra and absorption

cross-sections.
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The HOONO molecule is an important structural isomer of nitric acid. Studies of
HOONO molecule have primarily focused on the vibrational structure, spectra and
energetics of vibrational states in the vicinity of the first and second OH-stretching
overtones. From these measurements, the heat of formation and vibrational band
assignment of cis-cis HOONO are determined.

Organic hydroperoxides such as CH;00OH and HOCH,OOH are fundamental
systems to explore the flow of energy among different vibrational modes. In
HOCH,0OO0H, the dissociation rates that are extracted from the third OH-stretching
overtone suggest that excitation of the alcohol OH-stretch result in dissociation rates that
are substantially slower than rates resulting from excitation of the peroxide OH-stretch
where IVR is evidently more restricted. Non-statistical behavior is also observed in
CH;00H, where the excitation of HOO-bending mode and CH-stretching modes result in
more complete [IVR due to strong state-mixing compared with excitation of the OH-
stretching modes; as inferred from the quantities of vibrationally excited OH product
formed. Enhanced IVR mixing is also observed in HOOH molecule, suggesting mode-
selective behavior is a common occurrence in hydroperoxide molecules.

Lastly, rotational band analysis of jet-cooled CH3;OO0H facilitates band
assignment and structure of the first and second OH-stretching overtones and their
corresponding torsional states. The analysis also shows that interactions between the
bright OH-state and dark background states lead to inhomogeneous line broadening and
band perturbations. These interactions predominantly arise from interaction between the

symmetric HOOC-torsion/OH-stretching states and the CH-states of the methyl rotor.
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Chapter 1

Introduction

1.1 Photochemical Processes: Reactions Initiated by Absorption of Light

A chemical change that results in the breaking and/or formation of bonds that is
initiated by absorption of light is a common occurrence in many chemical environments.
For example, in the atmosphere, these processes occur naturally in the presence of
sunlight. Since the atmosphere represents an important dynamic environment where the
actinic photon flux from the sun varies with altitude and with angle the sun forms with
respect to the earth’s surface normal, it has captured the attention of many researchers."
The actinic solar flux as a function of altitude is shown in Fig. 1.1 for several altitudes
ranging from 0 to 50 km.* The figure shows that while penetration of longer wavelengths
(A > 320 nm), in particular visible (VIS) and near infrared (IR) radiation is fairly
independent of altitude, penetration of short wavelengths (A <320 nm) are strongly
affected by the air column above it. Conversely, the variation in solar flux with time of
day is shown for a particular altitude (5 km) as function of solar zenith angle (SZA) in
Fig. 1.2.% The subtle differences in the solar flux when the sun is at 0 — 40° which
corresponds to time of day 12:00 through 14:00 compared with 18:00 when the sun is at
~90° SZA, has been thought to affect dramatically atmospheric reactions.””

As the sun goes down, the extended path-length the light travels through the
atmosphere leads to preferential depletion of ultraviolet (UV) radiation through scattering

and absorption relative to the longer wavelengths.'*>” In recent years, a great deal of



effort has been dedicated in order to address several unexplained observations. One of
these phenomena involve the production of HO (= OH + HO,) radicals under low
ultraviolet light conditions occurring at high solar zenith angle (see Fig. 1.2).”® Normally,
at low SZA, where UV radiation is abundant, HOx production is initiated when ozone
molecules (O3) absorb photons to produce O('D) atoms as follows: '

O3 + hv(< 320 nm) — O('D) + O, (1.1)

These highly reactive oxygen atoms can subsequentially react with water (H,O) or
methane (CH,) molecules to form hydroxyl radical (OH):*"

O('D) + H,0 (or CHy) — OH + OH (or CH3) (1.2)
However, under low UV condition, which occur at sunrise and sunset, researchers have
measured HOy concentrations that are unexplained by conventional models and
simulations which predominantly consider HOy production via ultraviolet photolysis of
ozone and other OH containing species.

To appreciate the importance of HOy radicals and the great interest they have
generated, it is important to point out that despite their relatively low concentrations
measuring ~10’ molecule/cm?,’ they are responsible for converting pollutants that lead to
the destruction of 0zone in the stratosphere and formation of smog (ozone) in the
troposphere to more inert species and ultimately to their removal from their atmosphere.
For example, the dissociation of nitrogen dioxide (NO;) leads to major ground-level
urban air pollution:'>'*"?

NO, + hv (< 420 nm) — O(C’P) + NO (1.3)

OCP) + 0, — O3 (smog) (1.4)



However, in the presence of hydroxyl radicals, NO, can be converted to the relatively
more inert nitric acid which eventually gets removed from the atmosphere via rainout:>
OH + NO, — HONO;, (1.5)
Thus, in order to evaluate the oxidation power of the atmosphere, quantifying the sources
and mechanisms leading to the production of HOy radical is essential.
Donaldson and coworkers were first to show that a fraction of the missing HOy
source can be accounted by considering low-lying overtones photolysis of HOy

containing molecules.'*'¢

These photolysis transitions occur at wavelengths 500 <A <
1500 nm that are not significantly attenuated by atmospheric absorption (see Figs 1.1 and
1.2). These so called HO containing molecules to a large extent have been identified as
hydroperoxides. The dissertation chapters focus on such hydroperoxide species and
present new results regarding their energetics, dissociation dynamics and spectroscopy.
1.2 Properties of Hydroperoxides and their Role in the Atmosphere

The various systems that are explored in the dissertation chapters are inorganic
and organic hydroperoxides. Namely, these are peroxynitric acid (HO,NO,, PNA),
peroxynitrous acid (HOONO) hydrogen peroxide (HOOH), methyl hydroperoxide
(CH3;00H, MHP), and hydroxymethyl hydroperoxide (HOCH,OOH, HMHP). With the
exclusion of HOONO, numerous studies, including field campaigns and atmospheric
models have pointed out their atmospheric significance as HOy reservoir species because

of their relatively large concentrations.'”" Presently, experiments are underway to asses

the contribution of the HOONO species.



To fully appreciate the importance of hydroperoxides, one must gain general
knowledge of their properties. Hydroperoxides are mainly formed via the radical-radical

association reaction involving the OH or HO, radical with NO,, HO, or RO,:"**

HO; + NO, — HO;NO, (1.6)
HO + NO, — HOONO (1.7)
HO, + HO, — HOOH + O, (1.8)
HO, + CH30, — CH300H + O, (1.9)

Principally, hydroperoxides are removed by oxidation, photolysis and rainout

20
Processces:

XOOH + OH — products (1.10)
XOOH +hv —- XO+OH (X =CHs, NO,, H, etc.) (1.11)
— X+ HO,

Removal via photolytic processes occurs predominately in the UV region where the
molecules absorb strongly. The absorption cross-section curves of HOOH, CH3;00H, and
HO,NO, are shown in Fig. 1.3.2°*' The figure shows that hydroperoxides have strong
continuous electronic absorption bands in the region of 200 — 300 nm. Thus, photons are
expected absorb strongly over this absorption region. Looking at the solar flux curves
shown in Figs. 1.1, and 1.2 it is clear that under some SZA, a photon absorbed by an
hydroperoxide XOOH molecule (where X = H, NO,, CH3;, HOCH,), may indeed produce
HOx radical.

In the dissertation chapters, the bond dissociation energies ranging from 20 — 43
kcal/mol are determined for all hydroperoxides with the exception of HOOH molecule.

The generally weak peroxide O—O bond dissociation energy associated with



hydroperoxides suggests that it is also possible to photolyze them via overtone excitation.
As discussed below, the relatively anharmonic O-H stretching potential makes excitation
of overtones an efficient process which carries relatively large transition strength. These
facts support the findings of Donaldson and coworkers who have, for example,
demonstrated that overtone initiated photodissociation of HO,NO; leads to significant
enhancement of photolysis rate of PNA and HO, production at high solar zenith angle."

Aside from their atmospheric significance as reservoir species, hydroperoxides
can also provide insight to the flow of vibrational energy in the molecule which can
ultimately provide an additional probe of the unimolecular dissociation dynamics. Much
of the framework to understanding the flow of vibrational energy is based on the
assumption that energy absorbed by molecules is fully randomized and distributed
statistically among the various vibrational degrees of freedom.*” There are however
several known examples where the energy is restricted to a smaller set of vibrational
modes. Mode selective behavior has been observed in molecules such as water,
hypochlorous acid, and stilbene.”*

In recent year it has also been demonstrated that it may be possible to use
vibrational excitation to control the reactivity of a particular reaction site and therefore
affect the outcome of reaction. For example, Crim and coworkers have observed bond-
selective reaction by exciting various vibrational coordinates of HOD and methane-d,;

2627 1 addition,

prior to their reactions with hydrogen and chlorine atoms respectively.
they have compared the resulting product of two-step state selected dissociation from a

vibrationally excited molecule to that resulting from dissociation of HOOH that is not

vibrationally excited but pumped with a single UV photon of equivalent photon energy.*®



Understanding of these state-selected dissociation, aside from their importance in
validating quantum calculations, also reveal non-statistical behavior which can not be
described with RRKM theory.”

Chapters in this dissertation present the experimental and theoretical properties
obtained for the hydroperoxides ranging from thermochemistry to dissociation dynamics
and spectroscopy. Chapter 2 looks at the dissociation dynamics and dissociation quantum
yields of vibrationally excited HO,NO, molecule in the first OH-stretching overtone
region. Chapter 3 complements the experiments with high-level ab initio study which
investigates the structure, thermochemistry and vibrational spectra of PNA. Chapters 4
and 5 present results on the dissociation dynamics, phase-space calculations, and
vibrational spectra resulting from the unimolecular decay of peroxynitrous acid in the
first and second OH-stretching overtones regions respectively. These studies are also
accompanied by an ab initio study of structure and vibrational spectra of HOONO.
Chapter 6 is a first in a series investigating CH;OOH. The chapter focuses on the
unimolecular dissociation of the vibrationally excited molecule in the third (4von) and
fourth (5von) OH-stretching overtones. Chapter 7 presents results of high-level ab initio
calculations simulating the vibrational spectra in the vicinity of the 2vopy — Svon
stretching states and examines the influence of the HOOC-torsion on the OH-stretching
mode in CH300H. The first (2vop) and second (3von) OH-stretching overtones and
second (3vcy) CH-stretching overtones regions of jet-cooled methyl hydroperoxide
molecule are then further investigated and spectroscopic information pertaining to theses
vibrational levels are reported in Chapter 8. Chapter 9 explores the vibrational mode

selective behavior of methyl hydroperoxide and hydrogen peroxide which are excited in



their first and second OH-stretch and second CH-stretch/HOO-bend regions. The data
suggests that enhanced vibrational state mixing associated with HOO bending mode
compared to excitation of zeroth-order pure OH stretching states leads to significantly
less vibrationally excited OH product in CH;OOH and HOOH. Chapter 10 reviews
findings of photolysis rate under atmospheric conditions of MHP and PNA from photon
absorption in the 360 — 640 nm regions which corresponds to electronic excitation of
weak absorption tail as well as overtone excitation. The dissertation chapter also
quantifies the atmospheric contribution to the HOy reservoir of absorption in the near-
UV/VIS spectral region of methyl hydroperoxide by comparing their relative photolysis
rates to known UV photolysis rate. The chapter also invokes similar approach with
peroxynitric acid by comparing its near UV/VIS and IR photolysis rate to UV photolysis.
Lastly, Chapter 11 covers the thermochemistry vibrational spectra of HOCH,OOH
molecule. In addition, the mode-selective dissociation of HOCH,OOH and HOCD,0O0OH
are also examined by measuring their dissociation rates resulting from excitation of
peroxide vs. alcohol OH-stretches in the third OH-stretching overtone region. The
experimental dissociation rates are then compared with predictions of RRKM theory. The
experiments described above utilize several state-select techniques which in conjunction
with complementary ab initio methods has facilitated the current findings. These
experimental techniques are discussed below.
1.3 State Selected Experiments on the Ground and Electronically Excited States
As described above, experiments conducted in the laboratory probe the
spectroscopic, thermochemical and dissociation dynamics associated with hydroperoxide

molecules. The experimental data presented throughout the dissertation chapters are



obtained by employing several laser techniques to obtain the pertaining information. Data
obtained by the experiments are then interpreted with the aid of ab initio methods and/or
data analysis methods which are presented throughout the dissertation chapters and
appendices.

The majority of the experiments are conducted in a photolysis chamber
maintained at room temperature through which the sample is flowed slowly while
maintaining constant sample pressure ranging from 20 to 150 mTorr (6.0 x 10" — 4.5 x
10" molec/cm’). Under these conditions, the spectral congestion that is typically present
due to the thermal energy obstructs the fine rotational structure associated with the
vibrational bands. For experiments where the rotational information is needed,
experiments are conducted under jet-free expansion environment where ~4 Torr sample
seeded in 500 to 2280 Torr of helium is allowed to pass through a pulse valve into a
vacuum chamber. The expansion leads to cooling which allowing to achieve temperatures
ranging from 4 to 20 K.

Perhaps one of the simplest methods for accessing the dissociative part of the
ground state potential is by exciting the molecule to a high vibrational overtone level
which lies near the dissociation threshold:

X-Y +hv - [X-Y]F > X+Y (1.12)

In the above reaction, if the combined photon energy, hv, and the parent’s internal
energy, Eiy, 1s grater than the bond dissociation energy, D, the energized parent
molecule, [X—Y]*, will dissociate and result in fragments that are traveling in opposing
direction, each carrying energy partitioned into internal (rotation, vibration, electronic)

and translational degrees of freedom. Fig. 1.4(a) shows a potential energy diagram where



the molecule is excited to a vibrational level which lies above the dissociation threshold,
resulting in prompt dissociation of the parent molecule. The lower panel in the figure
depicts a situation where the molecule is vibrationally excited to a ro-vibrational state
with photon energy which is less than the dissociation threshold (hv < Dy). In the
presence of thermal energy, where high rotational and/or vibrational hot-band states in
the parent molecule are also populated, the excitation will result in a dissociation
quantum yield of less than unity. This process is referred to as thermally assisted
unimolecular dissociation.

In both examples above, the resulting fragments X and Y carry translational
energy that in the parent molecular reference frame is labeled E;, as well as internal
energy labeled EX;,(Q,v.J) for fragment X and E¥in(Q,v.J). Applying conservation of
energy:

EY i + hv — Do = EXu(Q,v,0) + EVin Q,v,) + E, (1.13)

One can see that by mapping out the internal energy of the fragments and their
translational energy, it is possible to obtain the bond dissociation energy; a parameter
which is of practical significance.

The effectiveness of the experiment is very much depended on the choice of the
vibrational excitation coordinate. The equations governing the harmonic oscillator forbid

130

transitions differing from Av ==+ Thus, to access high vibrational levels of a

harmonic-like oscillator, one may need to produce several sequential Av = +1 transitions.
Alternatively, one will choose to excite vibrational overtones of modes that are more
anharmonic such as C—H, N—H and O—H stretching modes of which one or more are

present in hydroperoxides. What makes these modes relatively simple to excite is the fact
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that their small reduced-mass leads to vibrational levels that have higher frequencies, thus
requiring less quantum units of excitation to access the same region of the potential
compared with low frequency vibrational modes. The basis for overtone excitation can be
understood in term of the mechanical and electrical anharmonicities terms in the general
expression:” '

f=4.072 %107 [em D] Voo |0y | (1.14)
Where the transition strength, f, is proportional to the transition frequency, vy, and the
transition dipole moment, o, For a particular transition, the transition dipole moment,
Ho-v, 18 given by:

Moy = <Py ()| Wo> (1.15)
Equation 1.15 contains both the harmonic and anharmonic (mechanical and electrical)
terms where the wavefunctions, ‘P, of the anharmonic oscillator can be expressed in
terms of a linear combinations of harmonic oscillator basis functions, ¢:*°

|¥> = 2 ci|@i> = co|@o> + ¢1]@1> + colpp> + ... (1.16)

Also, the electrical anharmonicity which arising from the expansion of the electrical
dipole moment can be written as follows:
1(@) = 2 (@G qqo ¢ /! = (1.17)
(qo) + (O(Q)/8Q)lg-g0 4 T (B*ID/BG)|g-q0 4° /2! + ..
Note that in the harmonic oscillator approximation the terms associated with the
mechanical anharmonicity vanish. And, even though the electrical anharmonicity has

non-zero terms even for the harmonic oscillator, those are typically neglected.
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Another commonly occurring excitation scheme involves exciting molecules from
their electronic ground state to another bound or repulsive electronically excited state. In
Fig. 1.5(a), the molecule is excited from its ground vibrational level to a bound electronic
state. This excitation scheme is extensively used throughout the dissertation chapters to
probe the resulting OH(v,J) fragment states using the laser-induced fluorescence
technique (LIF). By contrast, Fig. 1.5(b) depicts a situation where the upper state is
repulsive which means that upon accessing the potential, prompt dissociation will occur.
Unlike the situation depicted in Figs. 1.4(a) and 1.4(b) which correspond to near-
threshold dissociation, electronic excitation typically generates species that carry more
energy (internal + translational) dictated by the characteristics of the electronic state from
which they are dissociated from. Thus, one may obtain information pertaining to the
electronic excited state of the parent molecule, such as product branching ratio, fragment
recoil velocities, fragment alignment and energy distribution by studying such excitation
processes.

A third method that is used to investigate hydroperoxides in several of the
dissertation chapters combines the two methods discussed above. Developed by Crim and

28,33,34
coworkers,”>

the vibrationally mediated photodissociation (ViMP) technique involves
a two-step sequential excitation where the first step involves vibrational exciting of the
molecule to a bound state followed by a subsequent excitation of the vibrationally excited
molecule to an electronically excited state by a second photon at some short time after the
vibrational excitation has occurred. Typically, a UV or VIS photon is chosen to for the

second electronic excitation step. The choice of wavelength for the second step is dictated

by factors that enhance the signal levels by increasing the transition strength and by
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minimizing the interferences from ground state absorption. The stages of the VIMP
process are depicted in Fig. 1.6. In the figure, the molecule is vibrationally excited to a
bound vibrational state and subsequently dissociated on the electronically excited state.
Absorption from the ground state or other low lying states is not possible since each
photon by it self falls short of directly accessing the excited electronic state.

In terms of its applicability, the VIMP method permits for dissociation dynamics
studies of vibrationally excited species with good signal-to-noise and, because of its
selectivity, interferences from impurities can be minimized with proper choice of
excitation wavelengths. In addition, unlike some absorption technique, it can be extended
to molecular beam experiments where the thermal distribution of states is quenched to a
small manifold of rotational states. The ViMP method can also be used in order to study
the differences in dissociation dynamics of vibrationally excited molecule with
electronically prepared molecule having equivalent energy which carries no vibrational
excitation. For example, in Fig. 1.7 the photodissociation dynamic from the electronically
excited state accessed via a single photon is compared with the dissociation dynamics
from the VIMP process. Even though the dissociation process leads to formation of same
fragments X and Y, these products are formed with different distribution of quantum
states due to the fact that in the ViMP process intramolecular vibrational energy
redistribution (IVR) can play an important role in determining the final product states.
Thus, the ViIMP technique can be used to probe the extent of I[VR associated with
excitation of different vibrational modes.

In the excitation and dissociation schemes described above the molecule not only

absorbs a photon(s), but the photon(s) also fragments the parent molecule. In essence, the
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signal from these experiments is proportional to the absorption cross-section, quantum
yields and detection efficiencies of the X and Y fragments. Photoacoustic spectroscopy is
an absorption technique which although less sensitive than LIF has the advantage that
absorption features of molecules can be characterized regardless of whether the states
they are excited to lead to dissociation or not. In photoacoustic spectroscopy, the
absorbed photon is converted to heat and pressure changes which is captured with a
microphone. For example, Fig. 1.8(a) shows the visible absorption spectrum of NO,
generated by exciting the bound states B’B; and 4°B; from the ground X°A state. The
panel below is the reference absorption spectrum obtained from the HITRAN database
(see Fig. 1.8(b)).*° The specific wavelengths used and their power settings, focusing
conditions etc. in the studies of hydroperoxides are described in the experimental section

of each chapter.
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Figure 1.1: Solar flux as a function of wavelength measured during summertime at noon
for 0, 20, 30, 40 and 50 km above sea level obtained from data in Ref. 4.
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Figure 1.2: a) Solar flux as a function of wavelength measured during summertime at 0,
40, 80, 90 and 92° solar zenith angles obtained from data in Ref. 4. b) The solar zenith
angle is defined as angle the sun makes with respect to the earth normal.
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Figure 1.3: The absorption cross-sections of CH;O0OH, HOOH, and HO,NO; in the UV
spectral region obtained from data in Refs. 20-21. [File: F1.3_xsections]
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Figure 1.4: Ground state potential energy diagram depicting a) transition in which the
photon energy exceeds the dissociation threshold and b) transition in which the photon
energy lies below the dissociation threshold. [File: F1.4 gspotential]
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Figure 1.5: Ground and electronically excited states potential energy diagrams depicting
a) transition between two bound states. The squiggly line indicates the emission of
photon occurring when the electron relaxes back to its ground state. b) Transition
between a bound and a repulsive state which results in prompt dissociation.
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Figure 1.6: Potential energy diagrams depicting the ViMP process where initially, the
molecule is vibrationally excited on its ground state (A;). Subsequently, the vibrationally
excited molecule is excited to a repulsive excited state which results in prompt
dissociation (A,). The dissociating photon is chosen such that direct electronic excitation
from the vibrational ground state is not possible. [File: F1.6_vimp]
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Figure 1.7: Potential energy diagrams comparing the ViMP process (A, + A,) with direct
photolysis having equivalent photon energy. [File: F1.7_vimpvssingle]
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Figure 1.8: a) The absorption bands of NO; in the visible spectral region generated using
photoacoustic spectroscopy. b) Absorption bands of NO, obtained from the HITRAN
database.* [File: F1.8 NO2]
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Chapter 2

Photodissociation of Vibrationally Excited Pernitric Acid:
HO,NO; (2v4) + 390 nm

2.1 Introduction

Peroxynitric acid (PNA, HO,NQO,) is formed in the atmosphere via a three-body
recombination reaction involving the HO, and NO, radicals and, hence, provides a
temporary reservoir for these species.' As discussed in Chapter 1, its removal from the
atmosphere occurs predominantly by oxidation with OH radical, and direct
photodissociation by photon absorption. The relatively weak HO,—NO; bond strength
implies that PNA molecules can be dissociated not only via the absorption of UV photons
on a repulsive excited electronic state, but also through unimolecular dissociation
initiated by overtone excitation on its ground electronic surface.”

From thermochemical data,” it is estimated that threshold energies for opening the
lowest energy HO, + NO, product channel from bond fission to be ~8110 cm™ and the
threshold for opening the HO + NOs channel is much higher at ~13 780 cm™. In the next
dissertation chapter, high-level ab initio study using CCSD(T) basis set limit
extrapolation is used to estimate the bond dissociation energies of the HO, + NO; and
HO + NOj channels. The difference between the threshold energy for opening the HO, +
NO, channel (Do[HO, + NO,] = 8110 cm™), and the band center for exciting the first

(2v1) OH stretching overtone of PNA (6910 cm™),’ suggests that unimolecular

dissociation can occur upon excitation to the 2v; level only with the assistance of
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substantial thermal energy. At room temperature, the average internal thermal energy
(vib. + rot.) of PNA is estimated to be 700 cm’’, where Eyip =~ 390 cm™ and B = 310 cm™
! Thus, only states associated with the high-energy tail of the Boltzmann distribution
have sufficient energy to make up the ~1200 cm™ energy deficit required to open the HO,
+ NO, pathway. Appendix D contains the Mathematica code used in evaluating the
average thermal energy associated with PNA sample at room temperature with
parameters given in Ref. 6. Roehl ef al. have investigated the quantum yield for
unimolecular dissociation of PNA upon excitation to several vibrational levels in the
vicinity of the 2v; band as a function of temperature and pressure.” They find that at 295
K, the quantum yield for unimolecular dissociation for the 2v; band is ~27 % and is
independent of pressure over the 2 — 40 Torr range used in the study.’

The UV absorption spectrum of PNA has been investigated by several groups and
consists of a broad absorption feature between 190 and 360 nm (see Fig. 1.3).**° 4b
initio calculations'’ suggest the presence of two excited singlet electronic states in the
near UV region both of which are dissociative along the HO,—NO, and the HO—ONO,
coordinates. The first excited singlet state, 2'A, is located 5.05 eV above the ground state
while the second is at 5.52 eV. Quantum yield measurements from the photodissociation
of PNA have been investigated at 248 nm and indicate that the primary channels are
those associated with the formation of OH and HO, photofragments: "

HO,NO, — OH + NOs (34%) (2.1a)

HO,+ NO, (56%) (2.1b)
The quantum yields for the above two channels were determined respectively by

measuring the total yield of OH and NO; fragments resulting from 248 nm photolysis and
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thus, do not preclude the possibility that some of the fragments shown in the above
equations are formed in excited electronic states. In fact emission from electronically
excited NO, has been reported in the 248 nm photodissociation study of Macleod et al. !

This dissertation chapter presents results of vibrationally mediated
photodissociation (ViMP) experiments used to selectively excite and investigate the
dissociation dynamics and photochemistry of PNA. Figure 2.1 illustrates the approach
used in these VIMP experiments. As discussed below, comparing vibrational band
intensities of PNA appearing in the ViMP action spectra with their known total integrated
infrared absorption cross-sections provides a means for estimating the unimolecular
dissociation quantum yields of the bands in the absence of collisions.
2.2 Experiment
2.2.1 Experimental Apparatus

As shown in Figure 2.1, the experimental excitation-detection pump-pump-probe
scheme requires three laser systems. Infrared light (1)) is used to vibrationally state-select
PNA molecules by excitation in the vicinity of the 2v; band. The vibrationally excited
molecules are subsequently dissociated by promotion to an electronic excited state using
a second photon at ~390 nm (). Finally, the OH fragments resulting from the
photodissociation are probed by laser-induced fluorescence with a third laser (A3). Thus
the effective total energy the PNA molecule is pumped with corresponds to equivalent
single photon excitation energy of ~307 nm.

The experimental apparatus used in the investigation of HO,NO, is shown in

Figure 2.2. Infrared radiation () for exciting the first OH stretching overtone of PNA
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(2v; and 3v)) is generated by the OPO laser system. The idler beam from the OPO laser
provides the required tunable radiation between 6600 — 11 000 cm™ with a bandwidth of
~0.4 cm™ and pulse energies ranging from 4 — 6 mJ and 9 — 12 mJ in the 2v, and 3v,
regions respectively. The 4v; band is examined by generating tunable infrared radiation
from a dye laser operating with LDS-765 dye and pumped by the NY82-20 laser. Typical
pulse energies range from 18 — 22 mlJ. Radiation at ~390 nm for exciting the electronic
transition in the second step of the double resonance (1,) is generated by frequency
mixing the visible output of the same dye laser system operating with R-640 dye and the
fundamental of the Nd:Yag laser. Typical output pulse energies from the mixing process
range between 8 and 10 mJ.

The resulting OH photofragments in the ViMP excitation are probed via the A-X
transition at ~308 nm using laser-induced fluorescence (LIF). The 308 nm radiation,
which has a bandwidth of 0.17 cm™, is generated by frequency doubling the output of the
NY81-20 dye laser system operating with DCM dye. The probe and photolysis laser
beams are combined on a dichroic mirror and directed into the photolysis cell after
passing through a collimating lens system. The vibrational excitation lasers propagates
counter to the other two beams and is focused into the center of the cell using a 400 mm
lens.

For some of the Doppler profile measurements, the probe laser is introduced
orthogonal to the other two beams. The time delay between A; and A, is typically fixed at
20 ns, although for experiments probing the unimolecular dissociative lifetime of the

vibrational states, this delay is varied between 7 and 50 ns. The probe laser pulse (A3)
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typically occur ~ 80 ns after the OPO (1)) and its intensity is greatly attenuated in order
to avoid saturation of the OH transitions as well as prevent photolysis of the PNA. The
OH fluorescence excited by the probe laser is collected using an f/1 lens system and
imaged onto an end-on photomultiplier (EMI 9635QB). The combination of a color glass
filter (Schott UG-11), a 308 nm interference filter, and a 355 nm edge filter located in
front of the photomultiplier provides discrimination against scattered laser light. For
detection of NO, fluorescence the Schott UG-11 color glass filter is replaced with a GG-
420 filter and the 308 nm interference and edge filters are removed. Signal from the PMT
is sent to a gated charge integrator (LeCroy, 2249SG ADC) and subsequently digitized
and passed to a laboratory computer for storage and analysis.
2.2.2 PNA Synthesis

We generate HO,NO; (PNA) in a manner similar to that described in the literature
using the following reaction scheme: *'?

H,0; + BF4NO; — HO,;NO; + HF + BF3 (2.2)
Due to the danger associated with generation of hydroperoxides and their by-products,
extreme caution must be exercised when mixing the reagents. 5 mL of H,O, (~90%) is
kept in a jacketed glass tube maintained at —13°C using a chiller circulating 1:1 ethylene
glycol-water mixture. Since the BF4NO; (Acros, AC17438-0050) solid is highly
hydroscopic, ~2 g of BF4NO; solid is initially transferred to a pre-weighed small, capped
glass container in a glove bag purged with dry nitrogen. The H,0, is slowely added
dropwise to the solid. The resulting bursts of brown and white fumes, by-products of the
reaction are allowed to escape from the synthesis flask before dropping more of the solid.

After adding all the H,O; into the synthesis tube over a period of ~20 minutes, the
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synthesis tube is capped, removed from the glove bag and cooled down further to —17° C.
The sample tube is then pumped-on to remove volatile species such as N,, NO, and
HONO:.. During the experimental runs the chiller maintains temperatures ranging from —
13 to —10° C which regulates the partial pressure of HO,NO, in the sample cell. The
HO,NO,; sample is slowly flowed into the photolysis cell and under normal operating
conditions, although the sample reservoir is kept cold, the photolysis cell is at room
temperature and typically, operating pressures range between 80 and 100 mTorr.

All components coming in contact with the reagent prior to entering the
photolysis cell are made of either glass or Teflon in order to minimize loss of PNA.
Under these operating conditions, the PNA samples last about 7 to 10 days before
requiring replacement. Concentrated H,O, used in the synthesis is prepared by bubbling
N, through a 50% H,0, (Fisher, H341-500) solution over a period of several days in
order to remove the more volatile water component; the final H,O, concentration is
estimated by noting its volume change.

2.3 Results and Discussion
2.3.1 Sample Analysis, HOONO Formation and Action Spectra of HO;NO,

As a first step, prior to using the ViMP technique to investigate the
photochemistry of PNA, the influence of infrared excitation (A;) alone is examined on the
sample. The right side of Figure 2.1 illustrates the bond fission pathways associated with
the dissociation of HO,NO; (PNA) and their corresponding threshold energies. As noted
above, in these room temperature measurements the initial thermal energy associated
with the high energy tail of the Boltzman distribution combined with the 2v; photon

energy, is sufficient for opening the HO, + NO, pathway. By contrast the OH + NO3
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channel is not accessible at these vibrational excitation energies. Thus based on
energetics it is not expected that OH fragments will be generated solely from the infrared
excitation of PNA in the 2v, spectral region.

In actual fact, a freshly prepared PNA samples do give rise to OH signal when
exposed to infrared radiation tuned to the vicinity of the 2v, vibration. Monitoring the
yield of the OH fragments using the Q;(2) transition, for example, while scanning the
wavelength of the infrared excitation laser (A;) at 0.008 nm/s and averaging 20 shots/bin,
generates an action spectrum like the one shown in Figure 2.3(a). This signal is due to
OH fragment generated through the unimolecular dissociation of HOONO impurity
present in the PNA sample. Not only is the thermochemistry for opening the HOONO —
OH + NO, (Dy ~ 19.8 kcal/mol) "> '* consistent with the energy associated with the 2v;
excitation, but also the band centers of the four primary spectral features observed in Fig.
2.3(a) match up with those reported in Ref. 15 for HOONO generated using the three-
body recombination reaction OH + NO, + M — HOONO + M shown in Fig. 2.3(b).

The HOONO signal from the PNA source remains strong only for the first one to
two days of use of a freshly prepared PNA sample, suggesting that it is rather volatile and
disappears following extended pumping. Prior studies have not reported detecting
HOONO impurity in their PNA samples,*>" although it is clear that its presence can
potentially interfere with the study of PNA photochemistry. All experiments on PNA
reported below are conducted after the OH signal from HOONO (2v,) reached negligible
levels.

After eliminating the HOONO interference the influence of infrared excitation on

PNA sample is probed. As expected on the basis of known thermochemistry and also by
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prior measurements, the 0 — 2v; excitation of PNA leads to opening the HO, + NO;
pathway. The production of HO; is verified by conducting the infrared excitation
experiments in the presence of added NO. The addition of NO initiates the following
reaction with the HO, photofragments:

HO,+NO —» OH+NO, (k=8.6x10"?cm’ molecule” s')  (2.3)

To detect the OH fragment, the delay between the overtone excitation laser and probe
laser is increased from 20 to 11 000 ns to allow sufficient reagent reaction time. The OH
fragments are then detected by LIF. Thus, the above reaction provides a convenient,
although indirect, means for monitoring the formation of HO, photofragments. Figure
2.4(a) displays a vibrational overtone action spectrum of HO,NO; over the region of the 0
— 2v transitions obtained by this method where the resulting OH molecules are
monitored using the Q;(2) transition. Comparing Fig. 2.3(a) and Fig. 2.4(a), it is clear that
although the HOONO and HO,NO; spectra are distinct, there are substantial regions of
overlap in the vicinity of their respective 2v; bands. Consequently care must be taken in
order to avoid excitation of the unwanted species.

Using the NO titration reaction, it is also possible to obtain overtone spectra for
the 3v; and 4v; bands shown in Figs. 2.4(b) and 2.4(c) respectively. These spectra are
generated by tuning the infrared light over the region shown and allowing sufficient time
for the HO, to convert in the presence of NO to OH while monitoring the Q;(2)
transition. The bands in the spectra appear to be broad and featureless with small
shoulders lying to the blue of the main band. This shoulder is likely due to the

combination band involving the OH-stretch/HOON-torsion in PNA (av; + vi; with a =
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2, 3 and 4). The bands structure and position are consistent with those reported in Refs. 5
and 7. From the bands position reported here a Birge-Sponer plot associated with
excitation of the OH-stretching modes of PNA is constructed and as shown in figure 2.5.
From the plot, the mechanical frequency, wy, is found to be 3628 cm™ and the mechanical
anharmonicity, we)e, is found to be -88 cm™. The fact that the overtones are aligned on
the diagonal line in Fig. 2.5 suggests that the bands are not strongly perturbed by
interactions with other vibrational modes in PNA although these interactions, if present,
would appear more noticeably under molecular beam conditions.

After examining the overtone spectra from the 2v; — 4v; vibrational levels we
focused on the ViIMP experiments. In these measurements, vibrationally excited PNA
molecules to the 2v; level by the OPO (1) are subsequently promoted to an electronic
excited state using ~390 nm light (A,) (see Fig. 2.1). The choice of wavelength for A, is
dictated by a desire to maximize the ViMP signal from PNA while minimizing
background signal initiated by A, alone. In particular, the absorption cross-section of both
HONO,; and HOOH is weak at 390 nm and NO, is not expected to fluoresce when
excited at this wavelength as it leads to dissociation.

One advantage of this experimental approach is that the excited electronic state of
PNA naturally gives rise to OH fragments,'' and hence it is not necessary to add nitric
oxide in order to record a vibrational action spectrum. Figure 2.6(b) shows a vibrational
overtone action spectrum of HO,NO, (2v,) obtained using the ViMP technique. The
spectrum is generated by scanning A; while monitoring the yield of OH photofragments

using the Q;(4) transition. Action spectra generated by monitoring yields of other OH
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rotational states give similar results. While the feature at 7075 cm™ is due to hydrogen
peroxide (see Chapter 9), the combination of A, and A, effectively prevents HNOj species
from contributing at these wavelengths. Thus, by tuning A, to ~6910 cm™, the peak of
PNA 2v, band, and subsequent photolysis of the vibrationally excited molecules using
390 nm light, the near UV photochemistry of PNA can be investigated without
interferences. Recall that the combination of 2v; + 390 nm corresponds to an effective
single photon excitation of ~307 nm (see Fig. 1.3).
2.3.2 Lifetime of Vibrationally Excited HO,NO; (2v;) Molecule

Another aspect of the PNA vibrationally mediated action spectra that can be
examined is whether they change as the time delay between A and A, is varied. By
varying this time delay the lifetime distribution of those states of the 2vqy vibrational
band that have sufficient energy to undergo unimolecular dissociation on the ground
electronic surface can be probed. For a given time delay (At) between A; and A,, only ro-
vibrational states that do not undergo unimolecular dissociation during At can
subsequently interact with A, and produce OH photofragements through promotion to the
repulsive electronic excited state. Thus, action spectra of these predissociative vibrational
states taken under different time delay settings may exhibit different intensity
distributions. The ViMP action spectrum presented in Figure 2.6(b) corresponds to At =
25 ns, and we find that the spectrum does not change noticeably as At is reduced to ~7 ns,
the temporal resolution limit of our laser system. Thus, these room temperature
measurements suggest that the majority of PNA states that undergo unimolecular

dissociation upon excitation through the 0 — 2v; band, apparently do so on a time scale
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much faster than ~7 ns. This observation is consistent with the lack of pressure
dependence reported in the quantum yield measurements of Roehl ef al. over the 2 — 40
Torr range.7

Also, note that the width of the 2v, band generated by monitoring HO, formation
by the addition of NO (Fig. 2.6(a)) is broader than that obtained using the ViMP
excitation (Fig. 2.6(b)). This is likely due to the fact that action spectra generated by
monitoring unimolecular reaction is biased (due to energy constraint) in favor of states in
the 2v; band with high internal energy while the action spectra generated by state
selected electronic photodissociation are expected to be equally sensitive to all the states
of 2v; that do not undergo unimolecular dissociation.
2.3.3 OH + NOj; Channel Product State Distribution and Translational Energy
Release

Using sub-Doppler resolution, the energy disposal for the OH + NOs channel
resulting from the ViMP photodissociation of PNA are determined. Taking into account
the photon energies associated with A; and A,, the average thermal energy in PNA (700
cm’™') and the bond energy for opening the OH + NO; channel (13 780 cm™), the
available energy associated with this dissociation pathway is estimated to be ~19 500 cm
'. By scanning the probe laser in BURST mode using 5 pstep and 30 shots / bin (see
Appendix 4) over the rotational transitions of the OH fragment’s 4—X(0,0) band and
examining both their intensity and Doppler linewidths, we find that 470 cm™ of the
available energy goes into rotational and 8420 cm™ into translational excitation of the OH
fragment. The nascent OH energy disposal results are shown in Figure 2.7. Within our

detection limit, we do not observe any vibrationally excited OH fragment. Applying
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momentum and energy conservation, we infer that the partner NO; fragment receives
~2310 cm™ of translational and ~8250 cm™ of internal excitation. The amount of internal
energy available for NOs is insufficient to form in its electronic excited state. Product
state distributions and linewidth analysis preformed in this chapter are explained in
further details in Appendix C. Table 2.1 gives summary of the energy partitioning
associated with the OH + NOj; channel.
2.3.4 Direct Detection of the HO; + NO,* Channel: 2v; Quantum Yields Estimates

Obtaining detailed information regarding energy disposal for the HO, + NO,
pathway in is difficult. However, substantial amount of the NO, fragments are generated
in electronic excited states from the ViMP process. This is confirmed by recording an
action spectrum that monitors the total visible fluorescence (400 — 640 nm) as a function
of A; with A, fixed at 390 nm (see Fig. 1.8 for NO, bands in the visible spectral region).
Figure 2.6(c) shows an action spectrum obtained by this method. The signal to noise ratio
in this spectra is considerably better than that obtained by monitoring OH fragments in a
single quantum state. In fact, taking into account the photomultiplier response, filter
transmissions and relative fluorescence signals from NO, versus OH, it is estimated that
the HO, + NO, channel is at least ~10 times more favored over the OH + NOj; channel at
these excitation energies. This is to be compared with the results at 248 nm, where the
yield of the HO, + NO, channel is ~2 times that of the OH + NO; channel.'®

The improved signal to noise associated with monitoring the NO; fluorescence in
these experiments permits detection of relatively weak vibrational bands such as the v, +
2v3 combination band (involving O-H stretch and OOH bend) located at 6250 cm™. By

detecting this lower energy combination band it is relatively simple to compare the
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integrated intensities of the v; + 2v3 and 2v; bands with their known integrated infrared
absorption cross sections and to estimate the quantum yield for unimolecular dissociation
associated with the 2v; state.

As noted above, Roehl et al. have determined the quantum yield for unimolecular
dissociation of several near threshold vibrational levels of PNA as a function of
temperature and pressure by comparing the relative yield of HO, fragments from these
levels with those from the much higher energy 3v; band, whose dissociation quantum
yield they assumed to be unity.” Their experiments relied on using the HO, + NO titration
reaction to convert HO, photofragments to OH for the purposes of monitoring HO,
fragment yields and, thus, were conducted under conditions of high pressure (>2 Torr).

The present experiments provide a complementary method for estimating the
unimolecular dissociation quantum yields at low pressure (70 - 80 mTorr) in the absence
of collisions and without requiring nitric oxide. This is accomplished by noting that the

integrated signal intensity, s', for the i-th vibrational band appearing in the ViMP

spectrum is directly proportional to the product of the following factors:

Si o Ny X GiIR X fis X GiUV X GiEM (2.4)
In the above expression ny is the number density of PNA molecules in the excitation
volume, g is the bands integrated infrared absorption cross section, fs is the fraction of
vibrationally excited molecules that survive and do not undergo unimolecular
dissociation, oyy is the cross-section for absorption of UV light by these vibrationally

excited molecules and ogy is their cross section for producing electronically excited NO,.
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Since excitation to the first excited singlet electronic state of HO,NO, involves an
n — m* transition that is primarily localized on the NO, chromophore, '° the Franck-
Condon factors associated with electronic excitation are likely to be most sensitive to
initial vibrational motion in the parent molecule involving the NO, moiety. Since the 2v;
and v; + 2vs vibrations involve primarily motion on the OH-stretch/HOO-bend portion of
PNA, these states are likely to have comparable Franck-Condon factors. In addition, as
the OH stretching state is the “bright” state in overtone spectroscopy, it is likely that the
intensity of the v; + 2v; combination band arises from mixing of this state with the
“bright” 2v, state.'® This is also consistent with the fact that stretch-bend coupling is very
common in many other molecules.'” Thus, assuming that state mixing is strong in
vibrationally excited PNA, excitation of these vibrational spectral features having
comparable energies are expected, on average, to differ little with regards to either their
ability to absorb A, or in their propensity for producing excited NO, fragments upon
vibrationally mediated photodissociation; hence, they will have similar values for cyy
and GgMm.

Strong state mixing and concomitant statistical behavior also seem reasonable
given that the vibrational state density of PNA at energies corresponding to 2v; is ~ 10°
states/cm” based on Whitten—Rabinovitch density of vibrational states calculations (see
Appendix D)."® Hence, under these conditions taking the ratio of integrated intensities of
two spectral features in the action spectra, S'and S/, gives:

(SUS)) » (6'w/o'r) x (Fs/Ps) 2.5)
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Thus, if the total integrated infrared absorption cross sections are known, then one can
determine the unimolecular dissociation quantum yield of one vibrational level relative to
another. In PNA the v; + 2v; band is lower in energy compared to the 2v; band by about
650 cm™', and its unimolecular dissociation quantum yield is observed to be negligible
due to energy constraints. In fact, the data of Roehl et al. show that the unimolecular
dissociation quantum yield for the v, + 2v; band is ~6 % at room temperature (implying

that 13 s=0.94).7 Consequently we use the v; + 2v; band as our reference state and take fjs

~1 for this combination band. Using the experimentally determined integrated intensity
ratio for the v; + 2v; and 2v, bands (found to be: 0.041 from the action spectra), and their
corresponding integrated infrared absorption cross-sections (2v;: 9.5 x 10™"? and v,+2vs:
2.7%10%° cm molecule), % we estimate f s for the 2v; band to be ~70%. Hence, at room

temperature dissociation quantum yield for the 2v; state is ~30 + 5 %.

The extent to which the relative UV absorption of the two vibrational levels
change with A, is also examined by carrying out separate experiments using A, = 367 nm.
Consistent with the assumption that the two vibrational levels exhibit similar behavior in
the second step of the double resonance excitation, the vibrational band intensity ratio did
not change when A, was changed from 390 to 367 nm. In addition, power dependence
studies involving the A laser, that the vibrational band intensity ratio is not affected by
saturation of the infrared transitions of the stronger 2v; band. Our finding for the 2v,
dissociation quantum yield is consistent with the earlier results of Roehl et al. who report
a unimolecular dissociation quantum yield of ~27% at room temperature.’

24 Summary



40

In summary, the ViMP technique is used to investigate the photochemistry of
HO,NO; free from interference of various impurities that are typically present in PNA
samples. The combination of 2v; + 390 nm is used in providing information on the
energy disposal for the minor OH + NOj channel resulting from electronic
photodissociation of PNA. The primary channel, associated with NO, + HO, pathway, is
detected through monitoring NO,* fluorescence. The NO, fluorescence is sufficiently
intense to allow us to record action spectra of both the 2v; and v; + 2v;3 bands.
Comparing integrated intensities of these bands appearing in the state selected action
spectra with their known infrared absorption cross-section allows determining the
quantum yield for unimolecular dissociation for the predissociative 2v; level.

This parameter is important in assessing the infrared initiated photochemistry of
HO,;NOQO; in the atmosphere. The present measurements indicate that the states associated
with the 2v, level that have sufficient energy to undergo unimolecular dissociate at room
temperature, do so on a time scale faster than ~7 ns. In addition, the quantum yield for
unimolecular dissociation of the HO,NO; 2v; state is determined to be 30 £ 5 % in the
absence of collisions at 298 K. The present results are in good agreement with the earlier
results of Roehl et al. obtained at high pressure using the HO, + NO — OH + NO,
reaction to monitor formation of HO, from excitation of HO,NO; in the region of the 2v;
level.” In Chapter 9 the photolysis rate of PNA is assessed under atmospheric conditions
using the dissociation quantum yield parameter.

2.5 Future Studies on PNA
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The substantial signal levels arising from NO, fluorescence in the ViMP
technique (2v; + 390nm) suggests that it should be possible to investigate the PNA under
molecular beam conditions. To date, only the ground state spectroscopic parameters are
characterized for this important atmospheric molecule.'® By obtaining the overtone
spectra of a jet cooled sample, one may obtain important and relevant information on the
band structure and the extant of the interactions between the 2v; and the v; + 2v; states.
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Table 2.1: HO,NO»(2v; + 390 nm) — OH + NO; Channel Energy Partitioning.”

FraCtion’ f Etranslational Einternal
£ [OH] 43 % 2%
f [NO3] 12 % 43 %
f [Total] 55 % 45 %

? Off the total available excess energy of ~19 600 em’.
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1
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Figure 2.1: Schematic energy level diagram illustrating photodissociation of
vibrationally excited HO,NO,. Laser A; vibrationally excites room temperature PNA
molecules to the 2v; level where A, subsequently further promotes these state-selected
molecules to a dissociative electronic excited state. The resulting OH photofragments are
probed via LIF using A3. PNA molecules excited to states of the 2v, vibrational level
having sufficient initial thermal energy can also undergo unimolecular dissociation on the
ground electronic surface. The threshold energies for opening the various product
channels shown are estimated using the enthalpy data of Refs. 4 and 7.
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Figure 2.2: Experimental diagram for the HO,NO; 2v; + 390 nm experiments. Typical
pulse energies from the MOPO () in the 2v, region range between 4 — 6 mJ. The
photolysis laser (A,) with energies in the range of at 8 — 10 mJ typically fires 20 ns after
the vibrational excitation laser. The firing of the probe beam (A3) is delayed by 40 ns
from the photolysis laser and is greatly attenuated (< 1 uJ) to prevent photolysis of PNA
and saturation of the OH lines. The 400 mm, 1000 mm, 150 mm and 355 mm lenses are
located 207, 77, 13” and 35” from the center of the cell respectively.
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a)
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Figure 2.3: a) HOONO (2v) action spectra arising from the H,O, + BF4sNO; source. The
spectra is generated by scanning the IR laser (1) while monitoring OH fragment yield
through the Q;(2) transition(A;). b) HOONO(2v) action spectra generated from the OH
+ NO; + M three-body recombination reaction. The OH radicals required for the three-
body reaction are generated using the H + NO; reaction with hydrogen atoms being
produced by passing H; through a microwave discharge in a side arm reactor.
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Figure 2.4: Vibrational overtone action spectra of HO,NO, generated by exciting PNA
to the (a) first OH-stretching overtone (2v;), (b) second OH-stretching overtone (3v;) and
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(c) third OH-stretching overtone (4v;) and then converting the HO, photoproduct to OH

through its reaction with NO. [File: F2.4 PNA tit spectra]
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Figure 2.5: Birge-Sponer plot associated with the OH-stretching overtones of PNA. The
closed circles indicate experimental frequencies obtained from Fig. 2.4 and the open
circles indicate the extrapolated band positions. [File: F2.5 BS]
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Figure 2.6: a) Vibrational overtone action spectra of HO,NO; (2v;). This spectrum is
generated by exciting PNA to the 2v, level and then converting the unimolecular
dissociation products, HO,, to OH through its reaction with NO, which is also added to
the reaction cell. In the spectrum the yield of OH radicals is monitored using the Q;(2)
transition as the 0 — 2v; excitation frequency is scanned. b) Vibrational overtone action
spectra of HO,NO; (2v;) from the 2v; + 390 nm photodissociation. This spectrum is
generated by scanning A; while monitoring OH photofragments through the Q;(4)
transition. No nitric oxide is present and the time delay between A, and A, is set at 25 ns.
c¢) Vibrational overtone action spectra of HO,NO; (2v;) generated via the 2v; + 390 nm
photodissociation, but monitoring total NO, fluorescence while scanning A,. The weak v,

+ 2v3; combination band is shown in the inset. The assignment is from Ref. 7.
[File: F2.6 PNA vimp spectra]
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Figure 2.7: Nascent rotational state distribution of the OH (v=0, “I13/,) manifold resulting
from the 2v; + 390 nm excitation of PNA. The inset shows the Doppler width associated
with the Q,(4) transition with the 0.17 cm™ probe laser linewidth convoluted out.
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Chapter 3

Ab Initio Study of Structure, Thermochemistry and
Vibrational Spectra of Peroxynitric Acid

3.1 Introduction

While the photodissociation experiments on peroxynitric acid (HO,NO,, PNA)
presented in Chapter 2 provide with wealth of information on the dissociation dynamics,
vibrational and electronic spectroscopy, ab initio method can provide with supplementary
information regarding its molecular structure, thermochemistry and spectroscopic
parameters which are often difficult to extract from laboratory studies. In essence, ab
initio studies provide experimentalists with additional tools which can be used in making
predictions while probing the various properties of the molecule. For example, the
detection of the signature of PNA in the atmosphere often involves searching for its
vibrational and/or rotational signature in a collected atmospheric sample. Niki ef al. used
Fourier transform infrared spectroscopy to first detect gas-phase pernitric acid under
laboratory conditions.! However, not all the vibrational frequencies have been detected
experimentally. Ab initio studies can, in principle, aid in the assignment of vibrational
bands and aid in locating the missing bands. To that end, using high level ab initio
computational study we investigate the ground state and equilibrium geometry of PNA in
order to obtain vibrational frequencies and rotational constants. We then evaluate and
compare our ab initio structure to that reported by, Suenram et al. who used microwave
spectroscopy to investigate the lowest torsional mode and derive rotational constants for

HO,NO,.” In essence, this dissertation chapter takes advantage of these experimental
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values in order to provide a comparison between our computed ab initio values and
experimental thus providing a benchmark to our high-level ab initio parameters.

This study also presents initial results of the molecule’s conformational
preferences which are otherwise difficult to obtain experimentally. Using the
CCSD(T)/cc-pVDZ level of theory, we perform conformational study associated with the
O’NO”0O and NO”OH torsion dihedral angles shown in Fig. 3.1. From the vibrational
analysis, of the nine available configurations, only the cis-perp and trans-perp where the
H-atom is in out-of-plane configurations correspond to minimum energy structure.
Determining the number of allowed PNA conformers is important since in general,
different molecular configuration correspond to different energies thus giving rise to
different bond dissociation energies and stabilities. As already stated, HO,NO, is formed
in the atmosphere via a three-body recombination reaction involving the HO, and NO;
radicals and, hence, provides a temporary reservoir for these species.’

HO,; + NO; + M < HO,NO, + M (3.1)

As discussed in Chapter 1 and 2, reaction 3.1 is important for evaluating the oxidation
power of HOy in the atmosphere. More importantly, the removal of pollutants such as
nitrogen dioxide (NO,) via this reaction from the atmosphere will depend to a large
extant on the reverse reaction and on the molecule’s binding energies. If for example the
binding energy for HO,NO; is small, it would result in a rapid decomposition to its
constituents and therefore exclude this reaction of becoming an efficient removal
mechanism of atmospheric NO..

In the previous chapter, we recorded predissociation spectra of PNA out of 2v;.

Quantum yields measurements of this band centered at 6905 cm™ suggest that only 30 %



54

of the states undergo photodissociation. Roehl et al. who have also investigated the
vibrational bands in the 2v, region, suggested that the OH-stretch / HOO-bend
combination mode (2v; + v3) with band origin at 8250 cm™ has a unity dissociation
quantum yields (® = 1).? Therefore, one may infer that the bond dissociation energy of
the HO; + NO; channel lies in the range of 6900 < D, < 8250 cm’. In fact, recent
measurements by Ravishankara and coworkers who derived heats of formation from
decomposition rates of PNA pin AH/-298 [HO,NO,] =-12.6 + 1 kcal / mol.” Using the
heats of formation® of HO, and NO, we find that the bond dissociation energy of
Dy[HO,-NO,] = 23.3 kcal /mol = 8149.2 cm™ is indeed consistent with the previous
range estimated for Dy. In this chapter we examine the bond dissociation energy
associated with HO, + NO;, and OH + NOj channels of PNA using ab initio methods. In
order to evaluate the bond energy, we utilize coupled-cluster calculation with single,
double and perturbative triple excitation (CCSD(T)) in conjunction with the Dunning
basis sets cc-pVEZ (§ = D, T, Q) and basis set limit extrapolation to obtain the most
accurate energies to date using the isodesmic reaction scheme. We then compare the ab
initio bond dissociation energies to that reported by Ravishankara and coworkers and
based on this value, estimate the quantum yields of HO,NO, from 2v, excitation.’

Equally important to obtaining thermochemical information on the molecule, this
study aims to also provide with overtones absorption cross-section. Donaldson and
coworkers have shown that the overtone-initiated photolysis of PNA is a significant
source of atmospheric HOx at high solar zenith angle (SZA).” Based on known

absorption cross-sections of PNA, they evaluated the photolysis rates of the overtones
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and compared it to that of UV.*’ The relatively large absorption cross-section associated
with OH-stretching mode of PNA and the difficulties in determining these absorption
cross-sections accurately using experimental techniques, have lead us to re-examination
of said 1v; through 6v; overtones transition frequencies and cross-sections.
3.2  Computational Methods

We use the GAUSSIAN98 and GAUSSIANO3 programs to determine the
optimized geometries, energies, vibrational frequencies, anharmonicities and dipole
moment of HO,NO,.'"" ' For detailed description of running these programs as well as
ACESII program on our workstations refer to Appendix B. All stationary points were
characterized by vibrational frequency calculations. Several ab initio methods are used in
this study. These include the quadratic configuration interaction theory with single and
double excitations (QCISD) as well as the QCISD(T) method where perturbative
correction for triple excitations are also included. In addition, coupled cluster theory with
single and double excitation (CCSD(T) method) is also used. The Pople double and triple
zeta split valance basis sets are used and augmented with high angular momentum
polarization functions. Specifically these are the 6-311++G(2d,2p) and 6-311++G(2df,2p)
basis sets.'? In addition, the Dunning basis sets are also used and these include the cc-
pVDZ, aug-cc-pVDZ, cc-pVTZ and aug-cc-pVTZ basis sets.'® The vibrational
anharmoncities are calculated at the MP2/cc-pVTZ level and the vibrational overtone
intensity and transition frequency calculations are carried out respectively at the QCISD
and CCSD(T) level of theory using the cc-pVTZ and aug-cc-pVTZ basis sets. In order to
evaluate the bonds dissociation energies of HO,NO,, we obtain the equilibrium and zero

points energies of PNA, H,O, H,O,, HONO,, HO,, NO,, OH, NOs. These energy
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evaluations where used in conjunction to CCSD(T)/complete basis set (CBS) limit
(CCSD(T)/cc-pVEZ (¢ =D, T, Q)) and the isodesmic reaction scheme as follows:'*!*

HO,NO; + HO — H,0, + HONO; AH )k (3.2)

In the above reaction, the number and types of bonds breaking and forming are preserved
leading to cancellation of errors associated with solving for the energies due to the
difficulties arising with incorporating electron correlations (electron-electron repulsion
forces) in the Schrodinger equation.

33 Results and Discussion

3.3.1 Rotational Confomers of HO;NO;

To start investigating the structure of the transient PNA molecule we proceed by
probing its equilibrium geometry. In HO,NO,, there are two major dihedral angles that
define the molecule’s conformation; they correspond to the angles formed by the
O’NO”0 and NO”OH group of atoms (see Fig. 3.1). For convenience we refer to the
different rotational conformers by specifying the respective dihedral angles t1(O’NO”O)
and T(NO”OH). Configurations with dihedral angles fixed at 0°, 90° and 180° are
designated as cis, perp and trans respectively. The different conformers of HO,NO, are
shown in Fig. 3.2. Globally optimized structure of HO,NO; has been reported
previously.'> However, these earlier calculations did not investigate the conformational
dependence of the molecule’s energy. In the present study preliminary optimizations of
all the rotational conformers of HO,NO, were carried at the B3LYP and MP2 levels of
theory using the cc-pVDZ basis. These calculations were then used as starting points for
higher electron correlation calculations using the CCSD(T) method. As an example, the

keywords and input Z-matrices used with the cis-cis and cis-perp’ calculations are shown
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in Table 3.1. For explanation on the keywords used in current and subsequent tables as
well as general GAUSSIANO3 operation see Appendix B. Note that in the cis-cis
optimization, both D2 and D3 dihedral are kept fixed at 0° where in the cis-perp’
optimization, only D2 is fixed to 0° while D3 is set to 90° but then unconstrained and
allowed to relax. The optimized structures and relative energies for the different rotomers
obtained using the CCSD(T)/cc-pVDZ method are given in Table 3.2. In the table, the
prime labeling indicates full optimization of that particular dihedral angle starting from
the given position. Thus, the label cis-perp’ indicates that while the ©(O’NO”O) dihedral
angle is kept fixed at 0°, the t(NO”OH) dihedral angle, initially set to 90°, is fully
optimized. Looking at Table 3.2, we find that in HO,NO,, the highest-energy conformers
correspond to the cis-trans and trans-trans structures. Apparently in both of these cases
the energetically unfavorable structure results from the NO”OH dihedral angle being in
the trans position. Interestingly, by contrast in the structurally related molecule,
peroxynitrous acid (HOONO) discussed in Chapter 4, the optimal position for the
NO”OH dihedral angle is in the cis conformation.'® Apparently this difference between
the two molecules arises due to the possibility of intramolecular hydrogen bonding in
HOONO, which stabilizes its cis structure. The vibrational frequencies of the various
conformers, given in Table 3.3, suggest that none of the structures with the NO”OH
dihedral angle in the frans position is a minimum energy structure as they have one
imaginary frequency (vi,) indicated with an 7 suffix. In particular both the cis-trans and
trans-trans structures have imaginary frequencies for the v;; mode indicating that they

are first order saddle points.
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A preliminary examination of the energies in Table 3.2, shows that the barrier for
rotation of the NO”OH angle is only slightly asymmetric with energy difference on the
order of a fraction of a mHartree (~11 cm™). Structures in the cis conformation, i.e. cis-
cis and cis-perp conformations, are first order saddle points despite the fact that they are
lower in energy than the cis-trans and the trans-trans structures. The lower energy
structures are found to be those in which NO”OH dihedral angles are out-of-plane i.e. the
perp position. The cis-perp, trans-perp’, and perp-perp structures all are lower energy
structures with no imaginary frequencies indicating that they are indeed minimum energy
structures. No minimum energy structure with ©(O’NO”O) in the perp position or gauche
(~60°) position could be found. However, as Table 3.2 shows, the global minimum
energy structure at CCSD(T)/cc-pVDZ has the NO”OH dihedral angles of about ~84° out
of the plane. The O’NO”O dihedral angle is close to the cis conformation, but is
approximately ~12° out of the plane as shown in Fig. 3.1(b). A higher level optimization
calculation at the CCSD(T)/cc-pVQZ confirms that indeed the NO”OH dihedral angle is
~84° and the O’NO”O dihedral angle is slightly closer to the cis configuration at ~11°.
3.3.2 Global Minimum Energy Structure of HO,NO,

From the conformational study, we find that the global minimum structure has no
symmetry elements and the plane of the HO, group is roughly perpendicular to the plane
of the NO, group, i.e., 84.0° at the CCSD(T)/cc-pVDZ and cc-pVQZ levels of theory. As
noted by Saxon and Liu, ' this dihedral configuration is similar to the situation in H,O,.
In fact, several hydroperoxides such as the trans-perp peroxynitrous acid (HOONO)'®,
methyl hydroperoxide (CH;O0H)'® and hydroxymethyl hydroperoxide (HOCH,OOH)™

have the respective dihedral angles of 97°, 114° and 75°. The origin for the out of plane



59

configuration adopted by the HO, group in HO,NO, can be rationalized by noticing that
the HO, radical in its ground electronic state has its unpaired electron in the singly
occupied out-of-plane *A” orbital; thus, the bonding interaction of the NO, moiety must
assume an out-of-plane orientation as the two radicals approach one another to form
HO,NO:.. Previous ab initio studies have obtained similar results for the HO,NO,
structure at lower levels of theory. Saxon and Liu preformed Hartree-Fock optimization
with the Pople 6-31G and 6-31G** basis sets, '’ while Chen and Hamilton improved the
basis set quality using 6-31++G** basis with the Hartree-Fock and B3LYP hybrid
density functional method."> The two results showed significant structural variation. For
example, there is an increase of 0.158A in the NO” bond length in going from HF
(Hartree-Fock) to the B3LYP (Becke 3-Parameter, Lee, Yang and Parr) wave functions.
The study of Chen and Hamilton also showed that higher order angular momentum
functions, such as the addition of f~polarization functions were critical and significantly
affected the NO and NO’ bonds."” The general observations from these earlier studies
were that while the Hartree-Fock method tends to predict bond lengths that were too
short, consistent with the fact that HF method lacks the proper treatment of the electron
correlation neglecting the instantaneous coulomb repulsion arising between two electrons
with opposing spins. In contrast, the MP2 method predictions overestimated the bond
length. A comparison of the MP2/6-311++G** results of Jitariu and Hirst with the
MP2/6-311++G(2df,2pd) results of Chen and Hamilton show that there is also a basis set
dependence.'>*!

The highest level of theory reported in the literature prior to the present work is

the QCISD/6-31G* optimization by Chen and Hamilton and a CCSD(T)/cc-pVDZ
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1.'5%2 Neither of these prior calculations, however, has used

optimization by Roehl ef a
basis sets with high angular momentum functions in conjunction with the coupled cluster
methods. As shown in Table 3.4 the present optimizations for HO,NO; have been

preformed with the QCISD, QCISD(T), and CCSD(T) coupled-cluster methods with both

1213 1t is interesting to note that there is very little

Pople and Dunning basis sets.
difference between the optimized QCISD/6-31G** structure of Hamilton and Chen and
the QCISD/cc-pVDZ results shown in Table 3.4. However, when the triple excitations
are included in the QCISD wave function, all the bond lengths are significantly
lengthened. For example, the NO bonds are increased by a ~0.006 A and the NO” bond
increased by ~ 0.037 A. This is also seen when one compares the QCISD and CCSD(T)
results with the aug-cc-pVTZ and cc-pVQZ basis sets. This observation indicates that
inclusion of triple excitation in the coupled-cluster wave functions is also important in
converging the structure. From the QCISD(T) calculations with the Pople triple zeta basis
set, a clear basis set dependence is seen. There is a 0.021A decrease in the OO’ bond
length in going from the 6-31G* to 6-311++G(2df,2p) basis set suggesting that
calculations with the smaller basis set may not provide an accurate representation of the
experimental geometry for HO,NO,. A comparison between the QCISD(T) results using
6-311++G(2d,2p) and 6-311++G(2df,2p) basis sets highlight the importance of f-
polarization in converging the geometry as exemplified by the fact that there is still a
0.011A difference between the results for the OO” bond distance. We find that the
QCISD(T)/6-311++G(2df,2p) and CCSD(T)/aug-cc-pVTZ results are very similar.

However, looking at the CCSD(T)/cc-pVQZ column suggests that the inclusion of an f-

wave function on the H-atom and g-functions on the O- and N- atoms results in an
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additional decrease in the bond lengths and angles. This is likely due to the fact that the
large basis-set increases in the spatial volume the electron is allowed to occupy thus
reducing the electron-electron repulsive interactions and allowing the bond lengths to
decrease. Although there are no reported experimental structural parameters with which
we can directly compare the results of our calculations, experimental rotational constants
from microwave measurements provide some basis for evaluating the quality and
reliabilities of the present calculations. In Table 3.5, the computed equilibrium rotational
constants are listed along with the experimental microwave results of Suenram et al. for
the ground vibrational state.” One can see a clear convergence between the ab initio
results using the CCSD(T)/aug-cc-pVTZ, CCSD(T)/cc-pVQZ wavefunctions and the
microwave experiments. The respective deviation in the 4, B, and C rotational constants
are 0.30 %, 0.04 %, and 0.04 % for the aug-cc-pVTZ and 0.60 %, 1.0 % and 1.0 % for
the cc-pVQZ levels. Moreover, the QCISD(T) results with the 6-311++G(2df, 2p) basis
set are also of comparable agreement with experiments. Even in the computed rotational
constants results, one can see the basis set effects previously discussed. The rotational
constants with the largest deviation are those using smaller basis sets, i.e. 6-31G(d) and
cc-pVDZ basis sets. One can also see the importance in the addition of f-polarization
functions in converging the results toward experiments. Given the nice agreement
between the experimental rotational constants and the CCSD(T) level, it is reasonable to
assume that the geometrical parameters given in Table 3.4 using this basis are close to the
experimental values.

3.3.3 Thermochemistry of Peroxynitric Acid
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Exploring the ground equilibrium geometries of PNA with various ab initio
methods as indicated in the previous sections have allowed us to quantitatively evaluate
the agreement between these methods with experimental PNA structure. It is clear that
the CCSD(T) wave functions in conjunction with the Dunning basis functions give best
agreement with available experimental data for PNA. Therefore, we prefer using this
method to evaluate the thermochemical properties of PNA. The bond dissociation
energies of the OH + NOj; and HO; + NO; channels are important for many atmospheric
models. From an experimental point of view it is difficult to obtain exact value for Dy
from unimolecular photodissociation on the ground state since the detection of nascent
HO; + NO; channel is difficult using direct methods and apparently, the OH + NO3
channel is not accessible from unimolecular on the ground electronic state (See Chapter
2). Thus, ab initio methods can provide aid in the absence of experimental techniques to
determine these bond dissociation energies. Two standard methods are used in evaluating
Dy. In the first, the bond dissociation energy is evaluated by computing the differences in

the equilibrium and ZPE energies of the species in the reactions below using

CCSD(T)/CBS:
HO,NO, — HO, + NO, (3.32)
HO,NO, — OH + NO; (3.3b)

The more accurate method for computing the bond dissociation energies involves the
isodesmic reaction scheme (reaction 3.2) which is discussed in the following section.
3.3.3.1 Dy Evaluation Using the Direct Method

The direct method requires calculating the bottom of the well (equilibrium)

energies for the five species in reactions 3.3(a) and 3.3(b) at the CCSD(T)/cc-pVDZ,
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CCSD(T)/cc-pVTZ and CCSD(T)/cc-pVQZ levels of theory. For efficiency reasons, we
start the series by initially converging the cc-pVDZ structure for each molecule as well as
obtaining the ZPE correction using a frequency calculation. The optimized geometries
from the cc-pVDZ are subsequently used in computing the cc-pVTZ energies. It is not
necessary to obtain the ZPE at the cc-pVTZ or at higher levels since typically, the zero
point energy corrections are relatively small and are not affected as drastically as the
equilibrium energy by the size of the basis sets.'* The input Z-matrices used for
computing the series of equilibrium and ZPE energies are shown in Tables 3.6 — 3.10 for
HO,;NO,, HO,, NO,, OH, NOs. For details on the keywords used and specifics on
running these calculations on the workstations see Appendix B. As shown in the tables,
the keywords used except those controlling the calculation level (basis-sets) for each of
molecules in the series are identical; thus ensuring consistent level of calculation and
convergence criteria. The CCSD(T) energies associated with each of the calculations are
then extracted from the output file. Also extracted are the zero-point energy calculations
from the CCSD(T)/cc-pVDZ calculations. We then apply the ZPE correction associated
with each molecule to each of the cc-pVEZ (§ = D, T, Q) energy calculation. The
CCSD(T) energies and their zero-point energy corrections are shown in Table 3.11. Note
that as outlined in the previous section, the ZPE corrections are relatively small compared
with the total electronic energies. In addition, it can be shown that increasing the level of
theory will have no drastic effect on the ZPE correction. Therefore, using a single ZPE
evaluation for each molecule is sufficiently accurate as well as very efficient method to

employ with molecules consist of more than three atoms.
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Also shown in Table 3.11 are the extrapolated energies values from the
CCSD(T)/CBS. Dunning and coworkers have shown that consistent increase in the basis
set within a family of correlation consistent sets lead to a convergence toward complete
basis set limit of parameters such as equilibrium geometry, harmonic frequencies, and
energies."® The widely used equation which applies to these sets of calculations with the
purpose of achieving convergence to the limit has the functional form:'*"'*"

E(n) = A(w) + B exp[—(n—1)] + C exp[—(n — 1] (3.4)

Where 7 is the cardinal number in the cc-pVEZ basis sets with DZ (=2), TZ ( =3) and
QZ (=4). A(x) is the estimated CBS limit as n — oo and is the parameter of interest.
Since the equation has three unknowns (4, B and C), at least three energies evaluations
(E(n)) as a function of n are required in order to extract the basis set limit parameter,
A(). The Mathematica code used for the basis set limit evaluations is provided in
Appendix D.

With the values obtained in Table 3.11 using equation 3.4 and equations 3.3(a)-
3.3(b), one may readily obtain the dissociation energies associated with each channel. Dy
is simply obtained by summing the CBS energies of the fragments and subtracting from it
the CBS energy of PNA. The energies differences between products and reactant
obtained from the direct method are shown in Table 3.12 in units of kcal/mol. There is a
significant difference in Dy associated with the cc-pVDZ and cc-pVTZ levels as there is
an increase of ~4.5 kcal/mol in of Dy[HOO-NO;] corresponding to basis functions
increase. Going from cc-pVTZ to cc-pVQZ the difference in values is reduced to ~1.1
kcal/mol and at its convergence limit, the difference between CBS—oo and cc-pVQZ is

reduced to ~0.6 kcal/mol which is within the typical uncertainties associated with these
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ab initio methods. Similarly, the differences in Dy associated with the OH + NOj; channel
are reduced from ~3.4 kcal/mol to ~0.16 kcal/mol going from the DZ to CBS—oo limit
suggesting converges in the series.
3.3.3.2 Dy Evaluation Using the Isodesmic Reaction Method

In the isodesmic reaction scheme, generally speaking, the underlying approach in
constructing a valid reaction involving reactants — products is in the conservation of the
types and numbers of bonds breaking and bonds forming. Moreover, in contrast to the
direct method which involves taking energy differences between products and reactants
where typically the products have multiplicity of 2 and the reactant of 1, the isodesmic
reaction scheme invokes computation of Dy using only closed-shell species (2S + 1 =1;
S=0). Thus, eliminating the potential errors associated with spin-contamination of open-
shell species.” In this particular case, the chosen isodesmic reaction involves PNA and
water to form hydrogen peroxide and nitric acid; species of which their heats of
formations are well characterized.® Examining the reactant side of Eq. 3.2 we find that
there are three O—H bonds, a single O—O bond, a single N—O bond and two N=0O bonds.
This is also occurring on the products side of Eq. 3.2. Thus, the net effect of
“decomposing” PNA and water and “reassembling” hydrogen peroxide and nitric acid
results in a zero change to numbers and types of bond. In addition, all the species
participating in this reaction are closed shell molecules with multiplicity of 1 on their
ground electronic state.

As with the direct method, we start off by computing the cc-pVEZ (£ =D, T, Q)
energies and frequencies at the cc-pVDZ for the species in Eq. 3.2. The Z-matrices used

for HO,NO,, H,O, H,0O, and HONO; are given in Tables 3.6 and 3.13-3.15 respectively.
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As before, the CCSD(T) and ZPE are then summed for each specie as shown in Table
3.16. We then use Eq. 3.4 as before to fit the cc-pVEZ (§ = D, T, Q) energies using non-
linear fit (see Appendix D) to obtained the CCSD(T)/CBS energies for each of the
species. These energies are also given for comparison in Table 3.16. Note that as before,
the zero point energies are relatively small compared with the energies associated with
the electrons and are sufficient to be computed at the CCSD(T)/cc-pVDZ level.

Having calculated the relevant energies associated with reaction 3.2, we can
proceed by calculating the heat of reaction A,H° by noting that:

AH'=7% E[products] — Z E[reactants] (3.5)
Where the ¥ E[products] term is the sum of the energies of H,O, and HONO, and the
Y E[reactants] term is the sum of the HO,NO, and H,O energies. The heats of reaction
(AH,®) associated with each calculation level are shown in Table 3.17. As the
experimental heats of formation of all the species but PNA are known in the isodesmic
reaction, the heats of reaction can be readily used to obtain the heat of formation (AHfO)
of PNA at a given level of theory using:

AH/ [HO,NO,] = AH} [H,0,] + AH [HONO,] — AH [H,0] — AH,’ (3.6)
Taking the heats of formation of -31.02, -29.69, and -57.1 kcal/mol for H,O,, HONO,
and H,O respectively, a value of -9.88 kcal/mol is backed out from equation 3.6 kcal/mol
for PNA at the CCSD(T)/CBS level.® At this level of theory, using experimental heats of
formation (AH,’ [HO,] = 3.01 kcal/mol, AH;’ [NO,] = 8.84 kcal/mol, AH;’ [OH] = 8.84
kcal/mol, AHfQ [NO;] = 18.53 kcal/mol)’, the respective bond dissociation energies are

21.74 and 37.26 kcal/mol for the HO, + NO, and OH + NO; channels. The heats of
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formation and bond dissociation energies are also summarized in Table 3.17. Note that
the convergence in the bond energies are occurring faster where, for example the energy
differences between the cc-pVDZ and cc-pVTZ are ~0.35 kcal/mol while the differences
between the cc-pVQZ and CBS are ~0.22 kcal/mol. Recall that with the direct method the
same differences correspond to ~4.5 and ~0.6 kcal/mol respectively. The relatively small
differences in energies between the levels of theory provide us with the confidence in the
series convergence. The difference between the direct and isodesmic method for the HO,
+ NO, and OH + NOj; channel are 1.34 kcal/mol (6% difference) and 3.94 kcal/mol (11%
difference) respectively at the CCSD(T)/CBS level.
3.3.3.3 Ab Initio and Experiment Dy Comparison

The value for AHf298 X [HO,NO,] = -12.6 + 1 kcal/mol from the Ravishankara
group can be compared directly with our CCSD(T)/CSB heat of formation values by
extrapolating AHobtained using the isodesmic reaction to 298 K.’ Using the values of
Ref. 6, at 298 K, we find that AH** [HO,NO,] = -11.25 kcal/mol. This value is slightly
lower than that reported by the Ravishankara. The HO, — NO; bond dissociation energy
inferred from their work corresponds to 23.1 kcal/mol which is 1.36 kcal/mol higher than
our best value. Since both values are above the 2v; band, it is difficult to gauge which
value is more consistent with PNA’s actual D, value. However, using a simple quantum
yield model which combines the initial thermal energy with the photon energy at 2v;, one
can directly compare the experimental quantum yields with our best value:

® = exp[(hv + 3KT/2 — Do)/kT] (3.7)
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In the above equation, k is Boltzmann factor, hv =6950 cm™ correspond to photon energy
used in exciting the 2v; band and is combined with the initial average internal rotational
energy associated with thermal distribution of states, 3kT/2 ~ 310 cm™. At room
temperature (T = 298.15 K) using the D, value inferred from Ref. 5 gives a quantum
yield @, of ~2 % while the ab initio D, value gives ® ~ 19 %. Experimental dissociation
quantum yields measured at the 2v; and discussed in Chapter 2 and by Rohel ef al. have
shown that 30 + 5 % and 27 % respectively of those states undergo photodissociation.* In
essence, this quantum yield value is more consistent with the ab initio D, than that of
Ravishankara and coworkers. In fact, using the experimental quantum yield to back out
D, from equation 3.7, we find a value Dy[HO,NO,] = 21.5 kcal/mol Which is in excellent
agreement with the ab initio Dy of 21.74 kcal/mol.
3.3.4 Vibrational Frequencies, Anharmonicities and OH Stretching Overtones

The first detection of HO,NO; in the stratosphere was achieved by measurements
of Rinsland et al.”> who detected the vibrational mode at 802.7 cm™ in the infrared region
of the solar spectra. Laboratory measurements by May and Friedl refined the
spectroscopic analysis of this band.** Current field measurements on PNA involve
detection using near infrared to excite OH stretching overtone transitions.” Of the twelve
HO,NO, vibrational modes, all are infrared active and have been experimentally
observed except for the v;; band, which corresponds to asymmetric O’'NO” / ONO”
bends (see Fig 3.2(a)). Unlike the Hartree-Fock level of theory, where all the harmonic
vibrational frequencies are significantly too high, the couple-cluster results shown in
Table 3.18 appear to be more consistent with experiments. Note that in Table 3.18 we

make the comparison between the experimental transition frequencies and the theoretical
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harmonic frequencies associated with vi=0 (i =1 —12) of each vibrational mode. It is
interesting to note that for the vibrational frequency calculations on HO,NO,, electron
correlation seem more important than basis set size in obtaining good agreement with
experiment. For example, the RMS error between calculated harmonic frequencies and
experimental fundamental transition frequencies for QCISD(T)/6-31G(d) and
CCSD(T)/aug-cc-pVTZ methods shown in Table 5 is 4.4% and 4.9%, respectively. Our
vibrational mode assignment is consistent with the reassignment of Chen and Hamilton,"
however we note that many of the vibrational modes are considerably mixed. The state
mixing to a large extant will depend on the coupling between the various vibrational
modes and their “efficiencies” in distributing the energy deposited in a particular band
among the rest of the vibrational modes.

We predict the coupling, vibrational frequencies and anharmonicities on the
ground state of PNA at the MP2/cc-pVTZ level by running GAUSSIANO3."' The Z-
matrix for the calculation is given in Table 3.19. The anharmonicites, along with the
harmonic frequencies and coupling matrix calculated at the same level of theory, are
presented in Table 3.20. Using the parameters in Table 3.20 we estimate the position of
the vi + 2vs stretch-bend combination band to occur at 6277 cm™. The strong coupling
between the OH stretch (v;) and the HOO bend (v3), suggests that this band should
exhibit some intensity arising from state mixing. This result is consistent with earlier
assignment of the peak occurring at 6250 cm™ in the experimental action spectrum shown
in Chapter 2 and Ref. 4 to the v, + 2v; band. Figure 3.3 shows the predicted spectra of
PNA in the IR region involving fundamental transitions frequencies as a function of

intensities in units of cm*/molecule obtained from the MP2/cc-pVTZ level. Note that the
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high frequency OH-stretching mode (v;) is not the most intense feature in the spectrum.
In fact, its intensity is ~5 times weaker than the NO’—stretching mode (v;) in the
fundamental region. Even the OOH bending mode (v3) carries more intensity than the
OH stretch. This situation is quickly reversed in the overtones region where the OH
vibrational transitions dominate the absorption spectrum.

As previously stated, the OH-stretching overtones not only play an important role
in the photodissociation of PNA in the atmosphere but also in various detection schemes
involving excitation of the OH overtones. Therefore, determining the bands positions as
well as their absorption cross-sections is key for understanding the vibrational spectrum
of PNA. Our approach to obtaining information about the OH stretching overtone
involves first determining the vibrational frequency (w.) and anharmonicity (weye) by
modeling the OH stretch of HO,NO, as an anharmonic-oscillator and using a Morse
potential to describe motion along this coordinate. We determine the equilibrium
geometry by running GAUSSIANO9S at the CCSD(T)/aug-cc-pVTZ level of theory. We
then determine the force constant and anharmonicity as a function of the OH
displacement coordinate, g=r-r., by carrying out a series of single-point ab initio
calculations which stretch the O-H coordinate over a range of r. £ 0.4 A in increments of
0.1 A while keeping all other coordinates fixed at their equilibrium value. Essentially,
this calculation is carried out on the optimized structure of PNA at the CCSD(T)/aug-cc-
pVTZ level using similar keywords as in Table 3.6 and dropping the OPT=EF keyword
thus, resulting in constrained single point (SP) energy calculation. This procedure then
provides us with a one dimensional grid of discrete points that represents changes in the

potential energy V(q) for motion along the OH stretching coordinate. The choice of step
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size in the above procedure is critical for subsequent accurate evaluation of numerical
derivatives of the potential energy and dipole moment functions, and the value of 0.1 A
for the step size was chosen on the basis of those recommended in Refs. 27 and 28. Since
the OH stretching coordinate is approximated as a Morse oscillator, the Birge-Spooner
expression allows the overtone transition frequencies (v) to be estimated through the
equation:

viem™) = vwe — (VHV)wexe (3.8)
In the above expression v is the vibrational level while w. and wey. are the local-mode
vibrational frequency and anharmonicity respectively. These parameters are extracted
from the ab initio potential energy curve V(q) by noting that for a Morse potential, the
frequency and anharmonicity depend on the reduced mass of the oscillator and on the
second and third order force constants, Fj; and Fj; through the following expressions29

w. (em™) = w21 =(FiiGij)"*/2nc (3.9)

wexe (cm™) = weye/2me =(hGyi/727°¢) (Fii/Fii) (3.10)
In the above equations Gj; is reciprocal of the O-H oscillator’s reduced mass, h is Plank’s
constant and ¢ the velocity of light. We determine the force constants F; and F;;; by fitting
the discrete set of ab initio potential energy points represented by V(q) with a 7-th order
polynomial in the displacement coordinate and then numerically evaluating the second
and third order derivatives about the equilibrium position. From this procedure we obtain
values for w. and weye. The ab initio OH stretching potential V(r) as a function of r
generated at the CCSD(T)/aug-cc-pVTZ is shown in Fig. 3.4 along with the first few
vibrational levels associated with the Morse potential. The Mathematica code used in

obtaining the Morse parameters is provided in Appendix D.
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As it is difficult to carry out ab initio calculation of the frequency and
anharmonicity at the level required to match experimental accuracy, we scale the ab initio

1829 The scaling parameters for a particular level of

values using scaling parameters.
theory are determined by running calculations at that same level on several reference
molecules for which experimental data for w. and wey. are available. We have done this
using nitric acid, methanol, trans HONO, and HOCI. The result from this scaling is that
w=3714 cm’! and WeY =85 cm’! for HO,;NO,. By comparison, the experimental value for
these parameters are w.=3716 cm™! and WeY =88 cm’’. Table 3.21 summarizes the
harmonic frequencies and anharmonicities of PNA as well as the values for the reference
molecules used for the evaluations of the average scaling parameters (<f,>=0.99568 and
<feye>=0.86595). The predicted OH overtone frequencies using these scaled values of w,
and weye and Eq. 3.8 are presented in Table 3.22. The agreement between experimental
and calculated OH overtone frequencies is excellent. The error between the measured and
calculated transition frequencies increase slightly with vibrational level and for the
highest level measured (4vop); the error is ~ 0.39 %. The corresponding vibrational
overtone oscillator strength, £, for transition from the ground state to an excited
vibrational level v is given by the expression: 2"’

f=4.702 x 107 [em D] vooy [ttooy [* (3.11)
In the above equation v_, is the transition frequency in cm™ and pro_, = <O|p(r-re)|v> is
the transition dipole moment matrix element between the ground and excited vibrational
level. The ab initio dipole moment function (p(q= r-r. )) in the above equation is obtained

in a manner similar to V(q) i.e., by stretching the O-H bond by r. + 0.4 A in increments of

0.1 A. However, as neither GAUSSIAN98 nor GAUSSIANO3 calculate dipole moments
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at the CCSD(T) level of theory, we perform the dipole calculations at the QCISD/cc-
pVTZ level using the keyword DENSITY=CURRENT. This allows dipole moments to
be calculated using the generalized density for the specified level of theory and provides
dipole moments that are correct analytical derivatives of the energy.*’ In essence, this
procedure requires to re-optimize the PNA molecule at that level of theory and then
stretch and compress the O-H bond by r. + 0.4 A in order to obtain the X, Y and Z dipole
moment components. In general, GAUSSIAN98/GAUSSIANO3 produces gradients or
post SCF (self-consistent field) densities only for methods which analytic gradients are
available (MP2, MP3, MP4SDQ, CI, CCD, and QCI). The dipole moment values over the
grid of points are shown in Table 3.23. The general trend that emerges from the table
suggests that the three dipole moment components increase with the stretching of the O-
H.

To continue solving for equation 3.11 we use a nonlinear 7™ order polynomial to
fit the dipole moment points and make use of a seventh order Taylor expansion about the

equilibrium position (r.) to obtain the dipole moment function in terms of q:

w(q) =2 (0"W0q"lg=q0 " /n! (3.12)

The appropriate Morse wavefunction®*’

along with each component of the ab initio
dipole moment function is substituted into the Eq. 3.11 and the resulting matrix element
integral evaluated numerically. The expansion coefficients (derivatives) for each
component of the dipole moment are given in Table 3.23 as well. The analytical Morse
oscillator wave functions which are also required in order to evaluate the |-, |* term in

Eq. 3.11 can be expressed in terms of the generalized Laguerre polynomials, L’y(z),

where the eigenfunctions, v, have the generalized form:
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v>=N, e “* 2" L°(2) (3.13)
N, is the normalization constant defined as follows:

N, = (vleasb/T'(k-v))"? (3.14)
The term k in the Gamma function is simply the ratio between the harmonic and
anharmonic frequencies:

k = (we/wexe) (3.15)
and,

z =k exp[-a(r-r¢)] (3.16)
with a and b equal:

a=0.243559 (p* weye)” (3.17)

b =k-2v-1 (3.18)
The full program used in the evaluations of the dipole moment expansion functions and
the Morse wave functions in Eq. 3.11 is provided in Appendix D. Plots for the dipole
moment functions and the first few normalized Morse eigenfunction are shown in Fig.
3.5. Note that the term |uo |* is a geometrical sum of the three components of the
transition dipole moments. Ie., proper evaluation of | |* involves adding the squared
components of p, Wy, |, in the following manner:

0 [* = [<Olusv> + [<O[y[v>[ + <O jv>[? (3.19)
The sum in equation 3.19 is then combined with the appropriate transition frequency in
accords with Eq. 3.11 to provide with the total oscillator strength as given in Table 3.22.
The unitless oscillator strength, £, can readily be transformed to integrated absorption

cross-sections (J o(v)dv) which are also given in Table 3.23 using:34
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f=4em.’e) [o(v)dv=1.1296 x 10" [o(v)dv (3.20)

With e being the charge of the electron, is m, the electron mass, c is the speed of light and
€9 1s the permittivity of vacuum. The results of the calculations match the experimental
values reasonably well with the predicted values for 2voy and 3voy being within ~15% of
the experimental value. Based on the work presented in Chapter 2 in is clear that
HO,NO, samples generated in the lab typically contain other OH molecules which lead
to complication in measuring absolute absorption cross sections. In addition, it is difficult
to estimate accurately the concentration of PNA in a typical sample as the concentrations
of these impurities (such as HOONO) changes with usage and their decomposition
products generate additional complications. Thus, ab initio predictions of absorption
cross-sections can help with validating some of the experimental data which are obtained
in the lab for PNA.
3.4 Conclusions

The study presented in Chapter 3 investigates the structure, thermochemistry and
vibrational spectroscopy of PNA. The best estimates for the structure is PNA presented
here is obtained through a high level ab initio optimization using coupled-cluster and
configuration-interaction methods with high angular momentum basis sets. We have
found that a reasonable structure is obtained with the coupled-cluster methods using triple
excitations and high angular momentum or quadruple excitation basis sets. In a separate
study, an investigation of the torsional potential have confirmed that the global minimum
energy structure of PNA has the NO”OH dihedral angle of t ~ 84° out of the plane and
the O’NO”O dihedral angle is slightly in the cis conformation with T ~ 12° out of the

plane. A comparison with microwave data currently available for HO,NO,, suggests that



76

ab initio equilibrium rotational constants calculated at the CCSD(T)/aug-cc-pVTZ and
CCSD(T)/cc-pVQZ levels of theory are quite accurate and could be used in conjunction
with measured rotational constants of multiple isotopomers to extract an experimentally
determined structure of HO,NO,.

An additional advantage that the ab initio study has over experimental studies is
in determining the bond dissociation energies for the HO, + NO, and OH + NOj; channels
which are difficult to obtain experimentally due to impurities and detection techniques.
The value of -9.88 kcal/mol is extracted for the heat of formation of HO,NO, (AH_,Q)
using basis-set limit extrapolation in conjunction to the isodesmic reaction scheme. At
room temperature, this value corresponds to AHf298 K [HO,NO;] = -11.25 kcal/mol which
differ by 1.35 kcal/mol from that reported in Ref. 5. This AH,’ value suggests that the
bond dissociation energy Do[HO;, + NO,] = 21.74 kcal/mol is consistent with quantum
yield measurements from the first OH stretching overtone.

Vibrational frequencies of the twelve fundamental bands as well as several OH
stretching overtones have also been calculated at the coupled-cluster level of theory and
provide a reliable spectroscopic database to assist atmospheric detection and monitoring
of various vibrational bands of HO,NO,. The present calculations of the OH stretching
overtone oscillator strength corroborate results of previous calculations carried out at
lower level and should be useful for evaluating the importance of HO,NO, overtone
initiated chemistry in the atmosphere.
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Table 3.1: Z-matrices Used 