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INTRODUCTION

Polycyclic aromatic hydrocarbons or “PAHs” are a family of related molecules.
As with many labels in chemistry, the name is descriptive rather than catchy.
This means however, everything that defines a PAH is fortunately right there in
the name. We can work backwards through the name starting with “hydrocarbon”,
which simply refers to any molecule consisting solely of hydrogen and carbon. Next
we have “aromatic”. This word requires a more in depth knowledge of chemical
bonding, but in brief it refers to the delocalization of bonding electrons over the
surface of a planar molecule. So instead of each atom of a molecule holding tightly
onto its and its neighbor’s outer electrons, as in a non—aromatic molecule, these
electrons are shared freely over the whole molecule. This particular arrangement
lends extra stability, and unique chemical properties to these molecules. (In case
the reader was wondering if the term “aromatic” has a connection to smell at all,
it in fact does. When aromatic bond containing chemicals were first isolated they
were found to have quite a strong smell.) Finally, we arrive at the last word
“polycyclic”. Again a simple term, referring to the fact that the carbon atoms of
PAHs are arranged in rings or “cycles” and there are more than two adjoined rings.
Figure 1.1 shows a few examples of various PAH structures.

We are actually very familiar with PAHs in our everyday life, perhaps without
even knowing it. On Earth PAHs are one of the undesirable by—products of
combustion[l, 2]. If you've ever seen black “smoke” pouring out of a car’s ex-
haust, seen residue left behind by candles, or even ate a flame-broiled steak, then
you've come into contact with PAHs (actually, that delicious smokey flavor of a
charred steak is from those aromatic PAHs!). As can be guessed, all of that acrid
smoke cannot be good for your health — PAHs have indeed been linked strongly to
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Figure 1.1 Examples of PAH species. Clockwise from top left: chrysene, coronene,
anthracene, and triphenylene.

Figure 1.2 An example of PAH-like nano—structures. Side and top view of a piece
of a nano—tube.




Figure 1.3 Examples of species that astronomers also consider PAHs.
Clockwise from top left: super—hydrogenated pyrene, fully dehydrogenated
benz[a]anthracene, 20H-naphthalene, and dibenz[ch]acridine.

cancer([3]. Even the PAHs in that delicious steak have been shown to cause certain
types of cancers[4]. While a terrible carcinogen and pollutant, PAHs can actually
benefit society in the right context as well. PAHs have been used as stand—ins
for the study of nano—materials such as graphene or nano-tubes (both polycyclic
carbon containing structures, as shown in figure 1.2). These super strong, su-
per light, wonder—materials may one day replace all of our conventional building
materials[5, 6, 7]. These nano—materials also exhibit interesting electrical proper-
ties, and may someday be used to replace silicon transistors in our cell phones and
computers[8]. While still a fairly new area of research, the study of the structural,
physical and chemical properties of PAHs and nano—carbon materials will likely
lead us into the next technological age.

Now that we have defined firmly what a PAH is from a chemistry standpoint,
the reader should forget all of that, and focus on what astronomers think PAHs
are. Why astronomers would be interested in PAHs in the first place will be ex-
plained later, but lets start by taking a look at the word “polycyclic aromatic
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Introduction

hydrocarbon” again. In order to explain their observations, astronomers have to
relax the definition of PAHs. Sometimes it is necessary to assume a nitrogen atom
has replaced a carbon and hydrogen atom[9], or that an oxygen or hydroxy group
is inserted[9] into the PAH. But this breaks the strict “hydrocarbon” definition!
Sometimes astronomers need to add additional hydrogens to the PAH[10] or strip
all the hydrogens away[11]. But doing so however, completely disrupts the aro-
maticity of the molecule. They are no longer aromatic! Finally we arrive again
at the last word, “polycyclic’. Surely astronomers can’t touch that word, but they
have... This last point is debatable, but some consider a PAH to be containing
more than two rings. Astronomers however, happily accept naphthalene, a non—
poly two ringed molecule to be a PAH without a second thought! Figure 1.3 shows
a few examples of these “astronomer’s PAHs”.

Chemical arguments aside, these loose definitions of what constitutes a PAH
is actually important for astronomers. Space is a very different environment
from Earth. How PAHs form, how they interact with the abundance of hydro-
gen present[10, 12], how they interact chemically on the inside comets[13] or
meteorites[14], how they survive high speed impacts from cosmic rays[15], how
they chemically interact in the extreme environments around massive stars[16, 17],
all of these considerations lead to PAHs that are less PAH-like than what is typ-
ical for a chemist on Earth. However, the behavior of these “PAHs” are similar
enough in astrophysical environments, that from an astronomer’s point of view
calling them all PAHs is acceptable (even to a begrudging chemist) and leads to
some outstanding science.

We have seen how PAHs can be paradoxically both a carcinogen, and a tech-
nological wonder here on Earth, but are they anything but a “pollutant” in space?
In fact they are much more. PAHs are of interest to astronomers for a number of
reasons. For example: they have been shown to control temperature and charge
balance in large gaseous clouds of the interstellar medium (ISM)[18]. They act as
catalysts for bringing hydrogen atoms together to form molecular hydrogen H,[10].
They can act as nuclei for grain formation that could ultimately become planets.
Even life itself could originate from the processing of interstellar PAHs! Evidence
of the formation of nucleobases, the building blocks of DNA, have been found in
comets and meteors[19]. These nucleobases possibly formed from the processing
of PAH and PAH derivatives embedded in icy comets[20].

Unlike on Earth, in space we can’t easily scoop up a sample and test it for
PAHs. Instead all we have to work with is what we can see, or more technically
what our “mechanical eyes”, known as spectrographs, can see. Spectroscopy is a
field of science that uses the unique frequencies of light (or “spectrum”) emitted
or absorbed by atoms and molecules to both detect the species present, and to
examine their physical properties. In order to accomplish this we need an in depth
understanding and high quality models of what frequencies of light we expect
to be emitted from the molecules. In 2019, the James Webb Space Telescope
will be launched. This will be the most powerful telescope ever sent into space,
able to provide superior pictures to the Hubble Space Telescope. Attached to the
telescope of JWST will be a set of spectrographs able to measure infrared light in
higher detail than we havve ever been able to before. Amazingly, this is the exact
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frequency of light in which PAHs emit. The wealth of knowledge we will gain from
JWST about interstellar PAHs will dwarf all we know right now. However, our
current spectra and models of the infrared light emitted from PAHs is not good
enough for us to interpret all of the data we will soon receive from JWST.

Ideally if we could, we would measure in the lab all of the spectra of relevant
PAHs here on Earth and use those to compare to what we observe in space. This
however, is impossible for a number of reasons. The first being a matter of scale.
There are a near infinite number of possible PAH species. For example, limiting
ourselves to just ten rings or less still puts the number of possible species at over
twenty thousand[11]! Add in the number of possible PAH derivatives and this
set grows exponentially. Therefore, small sets of representative PAHs are selected
for experimentation, and extrapolations to the larger family of PAHs are made
based on them. The second issue is the low volatility of PAHs. As the size of
PAH increases it becomes more and more difficult to vaporize the PAHs into the
gas phase in order to measure their spectra accurately. This means that most
of the experimental spectra taken to date is either at high temperatures|[21] or
“cooled” by embedding the PAHs in inert argon matrices using matrix isolation
spectroscopic (MIS) techniques|[77, 79, 80]. Unfortunately, this leaves PAHs in
physical environments that are dissimilar to the interstellar medium of space. The
high temperature and pressures lead to band shifts and broadenings, and the
matrix of the MIS leads to unpredictable band shifts due to interactions with the
matrix itself.

To circumvent these two issues, a heavy reliance is put on theoretical calcu-
lations of the IR spectra of PAHs. The experimental studies can then be used
to validate and improve these theoretical methods, which in turn can be applied
to a vastly wider variety of PAHs and PAH derivatives, under a variety of phys-
ical conditions that cannot be accomplished with experiment. Density functional
theory (DFT) methods using the harmonic approximation (explained below) are
often employed to achieve these goals. However, recent work[22] has shown that
the harmonic approximation reproduces poorly the IR spectra of PAHs, especially
in the C—H stretching region (see the red trace of figure 1.4 compared to the ex-
perimental trace in black). To truly model the interstellar IR spectra of PAHs,
anharmonic calculations are necessary (see the blue trace of figure 1.4 compared
to the experimental trace in black).

As noted, comparisons to experimental spectra are required to develop and
validate theoretical techniques. The theoretical anharmonic IR spectra presented
in this work requires comparisons to state—of-the—art spectra. To make this pos-
sible, Maltseva et al.[22, 23, 24] produced new high-resolution low—temperature
gas—phase infrared spectra of a variety PAHs. As will be shown, the anharmonic
calculations can not only produce spectra that are far superior to the harmonic
spectra (Chapters 3 through 5), but can also be used calculate the spectra of a
molecule at any desired temperature (Chapters 6 and 7); which is key to under-
standing the IR cascade process of interstellar PAHs (Chapter 7).

The aim of this thesis then becomes clear: Improve the theoretical infrared
spectra of polycyclic aromatic hydrocarbons so that we are ready to fully under-
stand what we are looking at when we see interstellar PAHs for the first time again
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Figure 1.4 Three infrared spectra of the C-H stretching region of 9-
methylanthracene: The harmonic spectrum (red, top), anharmonic spectrum
(blue, middle), and the high-resolution experimental spectrum (black, bottom).




Interstellar PAH hypothesis

with the “new eyes” of JWST.

1.1 Interstellar PAH hypothesis

It may be surprising then to learn that these large, complex “pollutants” are found
in space; and not just a trace here and there, they are found everywhere. Every
object that astronomers have observed which contains dust and gas has been found
to contain PAHs. As long as there is enough light (ultraviolet light from stars) to
“excite” the PAHs, they see them. The amount we see is actually staggering; it has
been estimated that 10 — 20% of all of the carbon in the interstellar medium (the
vast space between stars) is locked up in PAHs. These PAHs aren’t small either,
current estimates say each PAH contains between 50 and 200 carbon atoms|[25].

The presence of PAHs in space was first put forward in the 1980’s to explain
the series of IR features referred to at the time as the “unidentified infrared bands”
(UIRs). In 1984, (coincidentally the birth year of the author of this thesis) Léger
and Puget[26] proposed PAHs to be the carriers of the UIR bands based on phys-
ical arguments, such as the stability of PAHs in intense UV fields. Allamandola
et. al[27] in 1985, showed that the observed UIR spectra in Orion Nebula matched
the spectra of PAHs by comparing it to (of all things) car exhaust(!) as well as
the IR fluorescence of a specific PAH called chrysene. However, it wasn’t until the
1990’s that the hypothesis that PAHs are responsible for the UIR bands began to
take hold. As will be explained below in the section 1.2, an infrared spectrum is
not the strongest evidence to prove the presence of a particular molecule. More
concrete spectral evidence, such as an electronic spectrum (in the ultraviolet (UV)
region), was needed. Léger et al.[28] then argued that the observed UV absorption
bump in the interstellar spectra matched the general shape of the UV absorption
of PAHs. Additionally, a set of distinct visible and UV features known as the “dif-
fuse interstellar bands” (DIBs) were put forward to be the spectral fingerprints of
PAHSs[28]. Over the next decades, more evidence of the existence of PAHs in inter-
stellar space began to accumulate: PAHs were found to be contained in meteorite
samples[29], newly launched space telescopes provided better resolution of the UIR
spectra than previously achieved with Earth-based telescopes[30, 31, 32], and the-
oretical models of the IR emission of PAHs were able to explain the variations seen
in the UIRs from interstellar object to interstellar object[33]. Presently, the PAH
hypothesis is the most widely accepted explanation for the appearance of the UIR
bands. In fact these bands are now routinely referred to as the Aromatic Infrared
Bands (AIBs), rather than UIRs.

So where do all of the interstellar PAHs come from? During the majority
a star’s lifetime it is constantly “burning” hydrogen into helium through nuclear
fusion. As an inert helium core builds up eventually fusion of hydrogen in the
core stops, and instead only takes place in a shell around the core. This causes
the star’s outer layers to cool and puff up in size (ten to hundreds of times their
original radius) into what is called a red giant. Eventually enough helium is built
up in the core, and with no hydrogen burning to provide outward pressure, the core
collapses. This increase in pressure ignites the helium, which begins to fuse into
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Figure 1.5 Electron “particles” (white) in orbit around around a nucleus (blue/red).

Figure 1.6 Electron “waves” (black dotted lines) around around nuclei (blue/red).
The solid line represents the division between the mathematically positive and
negative values of the wave.

carbon, nitrogen, and oxygen. Once again the star builds up an inert core, this time
made up of a mixture of carbon, nitrogen, and oxygen. When the helium fuel in the
core has been exhausted, fusion will only occur in shells of hydrogen and helium
surrounding the core. This causes the star to swell once again into a asymptotic
giant branch star or an “AGB star”. During the last stages of this AGB phase, large
convective currents dredge up the newly formed carbon, nitrogen, and oxygen. For
a mid-sized star, at this point it is as good as dead. It is not massive enough to
begin burning carbon, nitrogen, or oxygen, or to go supernova, or become a black
hole. Instead it will begin rapidly losing mass as it can no longer hold onto its own
gases. As this outflow of gas cools it can condense into molecules, mainly carbon
monoxide (CO). If there is more oxygen than carbon left over after the formation of
CO, then the remaining oxygen goes into forming water and oxides, and eventually
silicate grains. If there is more carbon than oxygen left over after the formation
of CO, then the remaining carbon goes into forming acetylene, hydrogen cyanide,
other small organics, and eventually carbonaceous grains and of course PAHs.

8



Spectroscopy

1.2 Spectroscopy

As stated previously, spectroscopy is the study of the interaction of atoms and
molecules with light. These interactions are dictated by quantum mechanics.
Quantum mechanics itself is often seen as a mysterious entity which causes odd
things to happen i.e., entanglement, teleportation, Schrédinger’s cat, etc... but
really at its core quantum mechanics is simple. Picture an atom. At its center are
positively charged protons, and orbiting these protons some distance away are neg-
atively charged electrons (figure 1.5). In our everyday macroscopic world we know
that everything loses energy over time: wheels eventually stop turning, swings
will stop swinging, even the orbits of planets and stars decay over time[34]. The
same should hold true for electrons orbiting protons. Any accelerating (orbiting)
charge, like an electron, should emit a continuous stream of energy in the form of
light. Their orbits should then decay over time and they should eventually crash
into the protons. However, this is not what we see. In fact, if that were true we
would not exist. Our universe would not exist. The reason this does not happen is
quantum mechanics. At the very small scale, all matter, even light, behaves both
as a particle (like a billiard ball) and a wave (like a plucked guitar string). The so—
called wave—particle duality. The most basic explanation of this duality is that the
probability of finding the “particle” portion of matter at a particular point in space
is equal to the square of the absolute value of the “wave” portion of the matter.
You can never exactly pinpoint that location, but you can give probabilities that
it will be in a particular location at a particular time. Since the particle has to be
somewhere the total of this probability has to be equal to one. If we now picture
the “wave” part of the electron in its orbit around the protons, we can see why it
doesn’t crash (figure 1.6). It can’t. The wave itself can oscillate from positive to
negative as many times as it wants as it travels around the protons, but the square
of its absolute value must be equal to one. This means only certain energies of
orbits are allowed. If the electron wants to switch to a higher or lower energy orbit
(say from the left wave to the right wave in figure 1.6), it must emit ezactly the
amount of energy that separates those two allowed orbits. These allowed energies
are limited to particular quantities, and are quantized. This simple principle that
energy only comes in specific quantities gives quantum mechanics its name. While
quantum mechanics can get quite complex and non—intuitive, all of it stems from
this basic idea.

This quantization of energy is the key to spectroscopy. Since only certain
energies are “allowed” for any given atom or molecule, this means that an atom or
molecule can only interact with light of specific colors or “frequencies”. If one were
to separate the light being emitted or absorbed by the molecule using a prism, then
it would produce a “rainbow” of colors with the spectral fingerprint, or spectrum,
of the molecule clearly seen (see figure 1.7). Each spectra is unique to each type
of atom or molecule. So by analyzing the light we see, we can tell exactly which
atoms and molecules are present, just like fingerprints at the scene of a crime.

While the frequency of light emitted from these orbiting electrons tends to be in
the ultraviolet down to the visible region of the spectrum, this notion of quantized
energy also extends to all other behavior of molecules as well. The energies of
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Figure 1.7 The visible light emission spectra of each element, arranged
in the order of the periodic table of elements (available for purchase at
http://www.fieldtestedsystems.com).

Wavelength [m]
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Radio Microwave Infrared Visible Ultraviolet X-ray Gamm Ray

Rotation Vibration Electron lonization Radioactive
excitation decay

Figure 1.8 The regimes of molecular and atomic photon emissions.
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Figure 1.9 The three vibrational modes of water: symmetric stretching, asymmet-
ric stretching, and bending.

allowed rotations are also quantized, meaning molecules can only rotate at specific
rates specific to their structure. The frequency of light emitted from changes in
rotation is in the microwave region of the spectrum. Vibrations of the atoms
contained in molecules are also quantized, meaning the bonds between the atoms
can only oscillate at specific rates, specific to the type of bonded atoms. The
frequency of light emitted by these vibrations are in the infrared (IR) region of
the spectrum. See figure 1.8.

Using the spectra of a molecule in all of these regions allows us to uncover many
properties of molecules such as shape, size, bond lengths, bond strengths, chem-
ical reactivity, ionization energy, etc., as well as uniquely identify the molecules
themselves.

1.2.1 Infrared spectroscopy

The focus of this thesis is on the IR spectrum of PAHs. As stated above, the IR
portion of a spectrum is linked to the vibrations of the atoms inside a molecule. The
atoms in a molecule can oscillate back and forth as if they were attached together
by springs, or groups of atoms can bend back and forth as if a spring loaded door
hinge. These motions can be described in “normal coordinates”, a set of orthogonal
(independent) vibrations (see figure 1.9 for the three vibrational modes of water).
Each normal coordinate motion, or fundamental vibrational mode, has a specific
frequency at which it vibrates. For a vibrational mode to emit or absorb light its
electric dipole must change through the course of the vibration. Simply put, light
needs something to push against to get the molecule moving, without a changing
electric dipole there is nothing to push against. These properties lead to an IR
spectrum with spectral bands at specific frequencies (determined by the types
of normal modes) and specific intensities (determined by how much the dipole
changes through the course of the vibrational motion).

While the electronic spectrum (from the orbits of electrons) is unique for each
and every molecule, the IR spectrum is not as unique. Since the IR spectrum is
determined by the vibrations of bonds, molecules with similar bonds have similar
IR spectra. For example, all molecules containing oxygen bonded to hydrogen will
have a stretching mode that shows up in the spectrum between 3200 and 3400
em™! (3.125 and 2.941 um) (see figure 1.10 for more examples).

11
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Figure 1.10 Typical infrared emission ranges for the vibrational modes of common
function groups.

1.2.2 PAH IR signatures

The AIBs observed by astronomers shows great variation in the IR spectra, not
only from interstellar object to interstellar object, but also spatially within an
object itself[31]. The variation in the IR spectrum of PAHs is used to identify
general properties of the population of PAHs, such as structure, shape, charge,
temperature, and chemical make—up, as well as identify the physical conditions in
which they are found, such as densities, overall charge balance, and temperature.
Additionally, the variation in these observations can be used to explain the evol-
ution of the objects in which they are found, and the evolution of carbon in the
universe itself.

Since all PAHs contain similar bonds to one another their IR spectra are also

Band [cm™T] Band [um] Mode assignment

3030 3.3 aromatic C—H stretching
1920 5.2 combination bands: C—H bend + C—C stretch
1770 5.65 combination bands: C-H bend 4 C-C stretch
1610 6.2 aromatic C—C stretching
1320 7.6 C—C stretching and C—H in—plane bending
1280 7.8 C—-C stretching and C—H in—plane bending
1160 8.6 C-H in-plane bending

940 — 700 10.6 — 14.2 C-H out—of-plane bending
610 16.4 C—C out—of-plane bending

Table 1.1 Typical band positions of PAH IR active vibrational modes
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Figure 1.11 The possible variations in edge structure of a PAH. Hydrogens are
classified by how many are attached to an individual ring: solo (red), duo (green),
trio (purple), and quarto (blue).

Band range [cm™]  Band range [um] Mode assignment
940 — 880 10.6 — 11.4 C-H out—of-plane bending, solo
880 — 780 11.4 - 12.8 C—H out—of-plane bending, duo
800 — 750 12.5 - 13.3 C-H out—of-plane bending, trio
770 — 700 13.0 — 14.2 C-H out—of-plane bending, quarto

Table 1.2 The variation seen in the C—H out—of—plane bending modes due to the
number of neighboring hydrogen atoms. (See figure 1.11 for definitions.)

similar. The approximate band positions of the IR features common to all PAHs
are listed in Table 1.1. Although very similar overall, the IR spectra of PAHs do
differ from one another in subtle ways. The edge structure (as shown in figure
1.11) can affect the position of the C—H out—of-plane bending modes[30] listed in
table 1.2. The relative intensities of these sets of bands can be used to determine
the edge structure of PAHs.

The charge of PAHs has also been correlated with changes in relative strengths
of the 1660 — 1100 cm™! (6.0 — 9.1 um) region, with the intensity of the IR features
of cations increasing ten—fold compared to their neutral counterparts[36]. The
number of carbon atoms contained within a PAH has also been correlated with
shifts and changes in the features[25].

In addition to structural changes, the addition of side groups can alter the
IR spectrum of PAHs. The addition of extra hydrogens[37] or methyl groups|38]
cause the appearance of aliphatic C—H stretching bands around 2940 cm™' (3.4
um), and aliphatic C-H bending modes around 1450 cm™' (6.9 um). If enough
hydrogens are added it will cause the loss of the aromatic C-H stretching features
completely. Hetero-atomic substitutions can also alter the spectrum. For example,
the insertion of a nitrogen atom into a PAH causes a shift of the 1610 cm™" (6.2
um) feature to 1590 cm™' (6.3 um), with a possible correlation of how deep the
nitrogen is inserted into the PAH[9].
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1.2.3 Infrared cascade spectrum of PAHs

The process by which interstellar PAHs emit their IR spectrum differs greatly
from PAHs on Earth. The key difference being due to densities. On Earth dens-
ities of any gas are high enough that collisions between neighboring molecules are
inevitable. These collisions mean that the average energy of the system (i.e., tem-
perature of the PAHs) is uniform. Additionally, on Earth energy flows in and out
of any system from its surroundings. Meaning the temperature is stable and does
not fluctuate wildly. For these reasons, measuring the spectra of PAHs in the lab
produces a spectrum that is at one fixed temperature. Conversely, densities in
space can be low enough that collisions between neighboring molecules are rare.
This means that the PAHs are not in thermal equilibrium, and can therefore take
on different temperatures from their neighbors. In interstellar space energy also
flows in and out of the system stochastically, which is to say energy comes in short
bursts. For PAHs this energy comes in the form of UV photons. A PAH will absorb
a UV photon, become electronically excited, then return to the electronic ground
state through non—adiabatic effects into highly excited (high temperature) vibra-
tional states. Over the next few seconds the PAH will cool down by emitting IR
photons, before eventually absorbing another UV photon and starting this process
over again. This whole process known is known as an “infrared cascade”[39]. This
stochastic process of absorbing a UV photon, becoming very hot suddenly, then
slowly cooling means the IR spectrum is changing constantly. This process leads
to a spectrum that is different from a spectrum recorded at a single temperature
on Earth.

Attempts have been made to replicate the interstellar IR cascade emission
spectrum of PAHs on Earth in the lab with some success[40, 41, 42]. However,
due to the difficulty of reproducing interstellar conditions, a heavy reliance is put
on theoretical models. Due to computational limits, most of these theoretical
models[33, 43, 44] have relied on the harmonic approximation (explained below)
to produce the IR spectrum at one temperature, after which statistical[44] and
empirically[45] derived laws are applied to account for the constant change in
temperature during the cascade process. These methods have also proven to be
successful, but the laboratory data from which these empirical laws are derived is
limited, and a large number of assumptions still need to be made in the models.
What is truly required are full anharmonic calculations (as described throughout
the chapters of this thesis).

1.3 Theoretical spectroscopy

In the previous section we discussed how quantum mechanics is at the heart of
spectroscopy. The equation that describes quantum mechanical systems is simple.
Known as Schrodinger’s equation, it can be written as follows

AY = E¥ (1.1)

where W is the wavefunction that describes your system, H is a Hamiltonian that
corresponds to the how the energy of the system is described and E is the total
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energy contained in the system. The equation simply describes the total ener-
gies contained in your system (i.e., molecule) depending on the specific state or
wavefunction of the system (i.e., electron orbits). For a molecule, setting up the
Hamiltonian itself can look rather complex

_ZZ 4re |R —r,| (1.2)
MDY I oy 47reo|r, ey

i >

ZZ 2
* Z Z 7R — R}

where R are the coordinates of the nuclei, r are the coordinates of the electrons,
M; is the mass of nucleus i, m, is the mass of an electron, but is rather simple
when explained. It simply accounts for all of the interactions going on inside the
molecule. The first term describes the kinetic energy of all of the nuclei, the second
term describes the kinetic energy of all of the electrons, the third term describes
the energy of attraction between each electron and each nucleus, the fourth term
describes the energy of repulsion between different electrons, and finally the fifth
term describes the energy of repulsion between different nuclei.

Applying this Hamiltonian to a molecule and solving it will yield absolutely
everything you could want to know about the molecule. You could even reproduce
every aspect of its spectrum in perfect reproduction of experiments. However,
there is a caveat. As soon as there is more than one electron in your molecule,
solving this equation mathematically exact becomes impossible. And not just hard.
Literally impossible. It is only possible to solve mathematically exact for systems
like the hydrogen atom or the helium™ cation, or numerically exact for very small
systems. All is not lost though, approximations to this equation can be made
to make it much easier (possible) to solve. For example, the Born-Oppenheimer
approximation assumes that the motions of the nuclei are independent from the
motions of the electrons. A fair assumption, since the electrons are so much lighter
than the nucleus and therefore react much faster to stimuli.

Under this assumption a potential energy surface (PES) from the solution of the
electronic part of the Schrédinger equation can be constructed simply as a function
of the position of the stationary nuclei. The nuclei are adjusted in position until
a minimum in total energy is found, representing the equilibrium geometry (or
shape) of the molecule. Although an approximation, these approximate methods
can still predict the structure of molecules fairly accurately. The accuracy is often
limited by how the electron interactions are modelled in the various electronic
structure methods.
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Figure 1.12 The harmonic potential of a diatomic molecule. (Adapted from refer-
ence 47.)

1.3.1 Density functional theory

Density functional theory (DFT) is perhaps the most widely used method for
modeling the electronic structure of molecules due to it being relatively computa-
tionally inexpensive, while still remaining fairly accurate. The main assumption
in DFT is that the electrons can be modeled as an electron density, which depends
only on position (p(r)). With this electron density assumption, the second, third,
and fourth terms of the Hamiltonian (equation 1.2) are replaced with functionals
of p(r), which are computationally much easier for a computer to handle. Errors
do arise in this approximation from neglecting exchange correlation between elec-
trons. Therefore, exchange interaction functionals must also be constructed to
take into account the missing electron—electron interactions in the fourth term of
equation 1.2. The choice of how these functionals are mathematically constructed
impacts both the accuracy and speed of the computations. Since these functionals
can be expressed in a vast number of ways, and no “universal” functional has been
found, functional development is still a very active area of research in computa-
tional chemistry. For a more detail descriptions see reference 46.

1.3.2 Harmonic approximation

Once the electronic Schrodinger equation is solved (using methods such as DFT)
and the equilibrium geometry is found, then the nuclear portion can be solved
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Figure 1.13 The harmonic infrared spectrum of chrysene.

independently. In molecules that contain three or more atoms the vibrations of
the atoms are again too complex to handle in an exact manner. Therefore, approx-
imations to solve the nuclear portion of Schrodinger’s equation is again needed.
The most common approximation to make is the harmonic approximation. In the
harmonic approximation the potential energy (V) between each nuclei are approx-
imated by a quadratic function given as

=3 ZZF,JXX (1.3)

i i<y

where Fj; = ax ax are the quadratic force constants (strength of the bonds) between
atoms i and j and X; and X; are the coordinates of atoms i and j. Figure 7.1 shows
a visualization of a potential between two atoms. The quadratic force constants
can be determined using numerical methods. Once these force constants are de-
termined, they are mass weighted and put into a matrix. Diagonalizing this matrix
gives the energies (frequencies of IR light) of the vibrational modes as the eigenval-
ues, and the descriptions of the vibrational motions (figure 1.9) as the eigenvectors.
The intensities of these vibrational modes can then be determined by taking the
derivative of the dipole moment along each of the vibrational modes.

The resulting harmonic IR spectrum for a typical PAH can be seen in figure
1.13. Databases containing the harmonic spectra of hundreds of PAHs are available
online[33, 48].

1.3.3 Anharmonicities

While successful in getting the big picture correct, the harmonic approximation has
many short comings. The main problem with the harmonic approximation is the
potential itself. Figure 1.14 shows the harmonic potential of a diatomic molecule
next to the true potential of a diatomic molecule. There are some noticeable
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Figure 1.14 The anharmonic potential (solid black) of a diatomic molecule com-
pared to the harmonic potential (dotted). (Adapted from reference 47.)

differences. Most importantly, the shape of the harmonic potential is incorrect.
The harmonic potential is symmetric in shape, and continues to infinite energy on
both sides, while the true, or ?anharmonic” potential, is asymmetric in shape with
a dissociation limit on the right side (long bond distances). Meaning, a molecule
should break apart if it absorbs enough energy. This asymmetry of the anharmonic
potential leads to many consequences. For one, it can be seen that the energy
levels are no longer evenly spaced. This means that the photons emitted from
these higher energy levels are also not evenly spaced in frequency. This uneven
spacing leads to a shift in the spectrum at higher temperatures and excitations.
In contrast to that, in the harmonic approximation all photons emitted from the
excited vibrational levels would fall (incorrectly) at the exact same frequency as
the lowest state.

In addition to the potential being incorrect, the harmonic approximation has
made another fatal error. The mathematics of the eigenvalue/eigenvector solution
to the potential result in a series of orthogonal vibrational modes. This means
the vibrational modes do not interact with one another; exciting one vibrational
mode would have no effect on the other vibrational modes. However, this is not
true in nature due to anharmonicities. When a molecule is excited (such as at
high temperatures) the modes interact with one another and cause thermal shifts
in the band position frequencies, and broadenings of the features themselves, as
shown in figure 1.15. Additionally, resonances can occur between the vibrational
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Figure 1.15 The anharmonic temperature dependent spectrum of the C—H stretch-
ing region of chrysene. Three temperatures are shown 100 K (brown), 1000 K
(red), and 10,000 K (orange).

modes. If two vibrational modes are close to one another in frequency then they
can begin to interact; much like how an opera singer can cause a wine glass to
vibrate (resonate) with their voice making it shatter.

The exact nuclear potential of a molecule could be written as an infinite Taylor
series around the equilibrium geometry

"6 Z Z Z (axax 0X )X"XfX"
Z Z Z Z (ax OX 0X,0%, ) XiX X
120 Z Z Z Z Z (ax 0X; (9Xk(9X1[7‘X )X"Xfx"x’x’”

+ ..

(1.4)

However, in order to account for the deficiencies of the harmonic approximation
listed above, it is enough to retain only the first three non—zero terms of the equa-
tion. Vj can be set to zero because it is arbitrary, and % is zero because the Taylor
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series is expanded about the minimum energy structure which is a stationary point
on the PES. This leaves the terms with the second, third, and fourth partial de-
rivatives. These partial derivatives are referred to as the quadratic, cubic, and
quartic force constants respectively. These set of force constants together make
up what is referred to as the quartic force field (QFF) of a molecule. To calcu-
late the QFF, analytical 2" derivatives are computed along the normal coordinate
displacements to numerically calculate the 3 and semi-diagonal 4" derivatives.

Once calculated, the QFF can then be used to produce the anharmonic IR
spectrum of a molecule. Unfortunately, this is not as easy as the harmonic case.
A simple matrix cannot be constructed and diagonalized. Instead, a second or-
der vibrational perturbation theory (VPT2) approach is necessary. In the VPT2
treatment, the potential is first solved using the quadratic force constants only,
resulting in the harmonic solution. The harmonic solution is then altered with
small corrections, or in other words is perturbed, using the cubic and quartic force
constants.

The energies of the new perturbed states are then given as

1 1
E(V) = Z Wy (I’lk + E) + Z/\/kl (nk + E)
k 1 k<l (1.5)
X (nl + z)

where the wis are the original harmonic frequencies, n; are the number of quanta
in the k™ vibrational mode (or the vibrational quantum numbers), and the yys are
anharmonic constants.

The yy values are calculated from the cubic and quartic force constant as
follows

1 1 ,
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Figure 1.16 Two vibrational modes before resonance interactions (top), and after
resonance interactions (bottom).

where ¢, and @y, are the cubic and quartic force constants respectively, i, are
the Coriolis coupling constants, and I¢ are the moments of inertia.

The energy difference for a given IR transition of mode k (ny — ny + 1) is then
given by

AE®({n) = wi + 2w + % ZXik + 2wk + ZXik”i (1.10)
i%k ik
with the n, values being the number of quanta in the " vibrational mode. It should
be noted that these set of equations hold for asymmetric top molecules. However,
since most PAHs do not have significant symmetry these equations suffice.

Looking closely at the equations for the y values above it can be seen that many
of the terms depend inversely on the difference between harmonic frequencies. If
two harmonic frequencies, or the sum of two harmonic frequencies, are equal to
another harmonic frequency then some of these denominators can end up close to
zero. When this happens these terms become infinitely large. This occurrence is
what is referred to as a resonance in the VPT2 treatment. Four types of resonance
are possible: Coriolis, when two harmonic vibrational modes are approximately
equal to one another; Darling—Dennison, when two harmonic overtones are ap-
proximately equal to one another; type one Fermi, when one harmonic frequency
is approximately equal to a harmonic overtone; and type two Fermi, when one
harmonic frequency is equal to the sum of two other harmonic frequencies. The
VPT?2 treatment as written is unable to handle these resonant terms, so the of-
fending y terms are removed completely, and a variational perturbation treatment
is applied in order to account for these resonances.

In the variational treatment a resonance matrix is constructed, with the diag-
onal terms being the E(v) terms of equation 7.3 with the offending y terms removed,
and the off-diagonal terms are the anharmonic coupling terms (given in reference
49). This matrix is diagonalized and the resulting eigenvalues are the new frequen-
cies, and the square of the eigenvectors give the strength of the resonance between
the modes and can be used to redistribute the intensity appropriately. Typically,
the resonating IR features push each other apart in frequency, and the intensities
are redistributed over both modes. (This will be discussed in more detail in the
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following chapters.) Figure 1.16 shows a toy example of the effect that a resonance
has on two spectral features.

Resonances do not usually occur in isolation, especially in large molecule like
PAHs. A particular band may be involved simultaneously in many separate reson-
ances (and in PAHs this can be hundreds). These simultaneous resonances cannot
be treated separately, but instead must be treated in what is referred to as a polyad.
The polyad is constructed similar to the variational matrix. Each frequency of the
modes involved in the chain of resonances is again inserted into the diagonal of
the matrix and the appropriate coupling terms of reference 49 again make up the
off-diagonals. This polyad matrix is diagonalized, and the resulting eigenvalues
and eigenvectors are handled in the same manner as before. Figure 1.4 shows the
dramatic effect a polyad of resonances can have on an IR spectrum of a PAH. The
appearance of the multitude of features in the blue trace compared to the red trace
is directly due to resonances.

In addition to anharmonic corrections to the frequencies, anharmonic correc-
tions to the intensities can also be made involving the QFF terms. The equations
describing these anharmonic intensities are pages long, so for brevity are not shown
here. See reference 50 for the full set of equations.

1.4 In this thesis

Linear transformation of anharmonic molecular force con-
stants between normal and Cartesian coordinates (Chapter
2)

This particular chapter is a slight outlier from the rest of the thesis, but without it
all of the following chapters would not be possible. As will be explained in the fol-
lowing chapters, resonances play a dominate role in the aromatic C—H stretching re-
gion of PAHs. The software available at the start of this research (Gaussian09[51])
was not adequately able to handle the large number of resonances that occur in
PAHs in its VPT2 treatment. Therefore, it was necessary to bring in a second
piece of software, called SPECTRO[52], which could handle these resonances. Un-
fortunately, the output of Gaussian09 and the input requirements of SPECTRO
were not compatible. Gaussian09 outputted the QFF of the molecules in normal—
coordinates, but SPECTRO required the QFF in Cartesian—coordinates.

A coordinate transformation method from normal-coordinates to Cartesian—
coordinates does exist in the literature[53]. However, this transformation is non—
linear and quite complex. While working through this transformation, we realized
why it was so complex: it was missing the translation and rotation eigenvectors for
the normal modes. If these eigenvectors were reconstructed, then the transforma-
tion is no longer non-linear, and all complex terms (i.e., Coriolis constants) drop
to zero. This transformation then becomes as simple as inverting a matrix. The
exact procedure for reconstructing these missing eigenvectors, and performing the
transformation are described in detail in this chapter. Example applications are
also given.
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The anharmonic quartic force field infrared spectra of three
Polycyclic Aromatic Hydrocarbons: naphthalene, anthracene,
and tetracene (Chapter 3)

With the production of high-resolution gas—phase spectra of PAHs in the aromatic
C—-H stretching region, it was found that current theoretical methods (i.e., the har-
monic approximation) could not reproduce the experimental results. Therefore, it
was proposed that anharmonic corrections were necessary. Here we perform such
theoretical corrections to a set of small linear PAHs: naphthalene, anthracene, and
tetracene. We apply the QFF produced by Gaussian09 and VPT2 treatment of
SPECTRO to test this hypothesis. This paper marks the first proper treatment
of resonances incorporated into polyads for PAHs. Comparisons to experimental
high-resolution gas—phase experimental spectra, low—resolution high—temperature
spectra, and matrix isolation spectra were performed. It was found that anharmon-
icities, and resonances indeed play a major role especially in the C—H stretching re-
gion, particularly type-two Fermi resonances. Additionally, the features from 2000
— 1820 cm!~ (5.0 — 5.5 um) (missing from harmonic calculations) were confirmed
to be combination bands. Superior agreement between theory and experiment was
achieved compared to previous harmonic calculations. All experimentally resolved
IR bands are identified and characterized.

The anharmonic quartic force field infrared spectra of five
non- linear Polycyclic Aromatic Hydrocarbons: benzanthra-
cene, chrysene, phenanthrene, pyrene, and triphenylene (Chapter
4)

This chapter extends the methods applied in Chapter 3, to a larger set of non—linear
PAHs. The effect anharmonicities and resonances have on the edge structure,
symmetry and size are explored. Five PAHs were examined, benz[aJanthracene,
chrysene, phenanthrene, pyrene, and triphenylene. Again, comparisons were made
to experimental high-resolution gas—phase experimental spectra, low—resolution
high—temperature spectra, and matrix isolation spectra. Agreement was found to
within -0.13 + 0.25%, 0.53 +0.95%, and 0.41 +0.63% respectively. A vast improve-
ment over previous techniques. It was found again, that resonances dominate the
C—H stretching region, especially for PAHs with low symmetry. This work solid-
ifies the necessity of performing anharmonic calculations to reproduce accurately
the IR spectra of PAHs. All experimentally resolved IR bands are identified and
characterized.

The anharmonic quartic force field infrared spectra of hydro-
genated and methylated PAHs (Chapter 5)

Aliphatic C—H stretching modes of functional-group additions to PAHs are thought
to be responsible for the IR features observed at 3.40, 3.46, 3.51, and 3.56 um
(2941, 2890, 2850, and 2809 cm™') in interstellar PAH emissions. In our previous
work, we showed how important anharmonic calculations, and proper treatment
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of resonances are for the aromatic features in this region. This work explores
the impact that anharmonic corrections have on these aliphatic features. Two
methylated PAHs: 9-methylanthracene, and 9,10-dimethylanthracene; and four
hydrogenated PAHs: 9,10-dihydroanthracene, 9,10-dihydrophenanthrene, 1,2,3,4—
tetrahydronaphthalene, and 1,2,3,6,7,8-hexahydropyrene are examined. Compar-
isons to high-resolution gas—phase, and matrix isolation spectra are made. Changes
to the basis/functional used are also made, showing great improvement in the
agreement compared to our previous work. The agreement to the high-resolution
data dropped to 0.00 +0.17%, and the agreement to the matrix data dropped to
-0.07 £0.30%. Fermi resonances were found to continue to play a strong role in the
C-H stretching region, even for the aliphatic modes. The changes to the spectra
upon hydrogenation and methylation is also explored. All experimentally resolved
IR bands are identified and characterized.

Accounting for large numbers of resonances in temperature
dependent infrared spectra (Chapter 6)

The QFF used for the anharmonic IR spectra of molecules also allows for ab—
initio calculations of temperature dependent band shifts, profiles, and broaden-
ings. Proper resonance treatment has been shown to be crucial for reproducing
the IR spectra of PAHs. Therefore, in order to reproduce the temperature de-
pendent spectra of PAHs the incorporation of these resonances is necessary. In
this chapter a new method of incorporating these resonances into a Wang—Landau
biased Monte—Carlo walk is presented. It is shown that incorporating a resonance
polyad at each step of the random walk can greatly affect the resulting spectrum,
and is relatively simple. Additionally, an interesting temperature dependent res-
onance effect is shown for tetracene, whereby a combination band gains significant
intensity through resonances at particular internal energies.

Fully anharmonic infrared cascade spectrum of polycyclic
aromatic hydrocarbons (Chapter 7)

The processes involved in the IR emission spectrum of interstellar PAHs are com-
plex. PAHs absorb a UV photon, then undergo an inter-conversion from an excited
electronic state to their electronic ground state but with highly excited vibrational
states, they then cool slowly through the emission of IR photons. To model accur-
ately these IR cascade spectra, the temperature/energy dependent spectra must
be calculated at each temperature visited by the PAHs as they cool. All methods
and results of Chapters 2 through 6 are combined in this chapter to produce the
full anharmonic theoretical IR cascade spectra of the PAHs. Anharmonic temper-
ature dependence including the incorporation of polyads into the Wang—Landau
method are used. The advantage of this random—walk method over more exact
methods is shown and discussed. The effect that initial absorbed UV photon en-
ergies has on the cascade spectra is explored. It was found, contrary to previous
studies, that the cascade features do not shift (as is expected for thermal equilib-
rium spectra). Rather, it is shown that the statistical nature of the cascade results
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in cascade features that begin at their 0 Kelvin temperature, and only extend out
along low energy wings whose length is determined by initial UV energies. The
“pseudo-shifting” observed in the cascade features is found largely to be due to
changes in intensities of lower frequency features as the long wings of their higher
frequency neighbors slip underneath them. This misinterpretation of shifting from
previous experimental and theoretical studies has led astronomers to incorrectly
believe that absorption spectra of PAHs cannot be used to predict the cascade
emission spectra of PAHs because of these shifts. Our results show this to be in
error. Additionally, astronomers have applied shifts of 15 cm™! to their interstellar
PAH models to account for these non—existent shifts. Our study paves the way for
a “simple” transformation from absorption spectra to emission spectra relevant for
modeling observed interstellar PAH spectra.

1.5 Outlook

The James Webb Space Telescope will mark a new era for astronomy. Its pre-
decessor, The Hubble Space Telescope, brought forth beauty and wonder never
imagined before. JWST will continue this legacy with even higher spatial and
spectral resolution. The amount of beauty and science JWST will produce will
be truly astounding. This will also mark a new era for interstellar PAH research.
JWST is specifically designed to peer into the infrared universe; coincidentally,
the exact wavelength range which covers PAHs. The IR spectra returned to us
will show such glorious details of the AIB (PAH) bands that we will be able to
confirm (or refute) all of the previous fantastic science which relied on lower resol-
ution instruments. JWST will also allow for new science too, and answer questions
such as: What is the composition of the interstellar PAH family? Is there a wide
variety of PAHs or just a handful of “grandPAHs”? What are the chemical pro-
cesses that go into forming PAHs? Do fullerenes really form from PAHs? And
perhaps most excitingly, first time we will be able to probe the chemical variations
in regions of star and planet formation; and hence take the organic inventory of
habitable zones. Truly, astronomers will be seeing the universe again through new
rose (PAH) colored glasses.

Yet, without quality data here on Earth, the possibilities that these new ob-
servations would bring would indeed be overly optimistic. This thesis focused on
improving the quality of the infrared spectrum of PAHs through the incorporation
of anharmonicities. The comparisons to available experimental data show that we
have indeed achieved this goal. Anharmonic calculations are shown to dramatic-
ally improve the theoretical IR spectra, as well as being crucial to understanding
the 3.3, 3.4, and 5.5 um astronomical IR features. In addition to this, this thesis
has shown that the incorporation of resonances into temperature dependent spec-
tra is both simple, and important. Lastly, we arrive at the anharmonic IR cascade
models. Paradoxically, the results of this study both showed the complexity in pro-
ducing fully anharmonic cascade spectrum, while at the same time hinted that it
may be unnecessary for astrophysical purposes. However, these conclusions can be
seen as complementary. Chemists and astrochemists who want to know the gritty
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details, can apply these methods in full for a deeper understanding of PAHs, while
the astronomers can happily apply the simplified conclusions to vastly improve
their current models. With the results presented in this thesis, we can be confid-
ent that we ready for the deluge of IR data soon to be arriving from the James
Webb Space Telescope.



LINEAR TRANSFORMATION OF
ANHARMONIC MOLECULAR FORCE
CONSTANTS BETWEEN NORMAL AND
CARTESIAN COORDINATES

A full derivation of the analytic transformation of the quadratic, cubic, and
quartic force constants from normal coordinates to Cartesian coordinates is given.
Previous attempts at this transformation have resulted in non-linear transforma-
tions, however for the first time a simple linear transformation is presented here.
Two different approaches have been formulated and implemented, one of which
does not require prior knowledge of the translation-rotation eigenvectors from di-
agonalization of the Hessian matrix. The validity of this method is tested using
two molecules H,O and c-C3H,D™.
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Linear transformation of molecular force constants

2.1 Introduction

Over the past 25-30 years, quartic force fields (QFFs) have been used extens-
ively to compute fundamental molecular vibrational frequencies, combination and
overtone bands, and rovibrational spectroscopic constants (for example, see Refs.
54, 55, 56, 57, 58, 59, 60, 61 and references therein). QFFs have been used ex-
tensively in both second-order perturbation theory [62, 63, 64, 65] and variational
treatments [66, 67, 68] to solve the bound-state nuclear Schrédinger equation.
QFFs are usually computed in simple- or symmetry-internal coordinates and then
transformed into either normal coordinates for perturbation theory analysis or
some sort of Morse-cosine coordinate system for variational treatments. [69, 70]
This allows one to compute the vibrational frequencies and rovibrational spectro-
scopic constants for all isotopologues. However, it was noted in a 1989 paper by
Schneider and Thiel [71] that since the second-order perturbation theory formula
only uses a subset of the quartic force constants in the normal coordinate basis, if
one were to use central differences of analytical second derivative techniques, that
many fewer displacements would be needed if displacements were made in normal
coordinates, and only those quartic force constants needed were computed. One
disadvantage to this approach is that since normal coordinates are mass-dependent,
the resulting normal coordinate partial QFF will yield vibrational frequencies and
rovibrational spectroscopic constants for only the isotopologue used to define the
normal coordinates used to define the displacements.

Nonetheless, if one has the full or only a partial QFF in normal coordinates,
there are good reasons to transform the QFF into Cartesian coordinates. For
example, also in 1989, Thiel[53] showed how to transform the normal coordin-
ate force constants into Cartesian coordinates in order to represent the QFF in
simple internal or symmetry internal coordinates which may then be used in the
spectroscopic analysis of an isotopologue or they may be transferred to molecular
systems with a similar internal coordinate(s) in the approximate construction of a
quadratic, cubic, or quartic force field of a larger molecule.

It has been shown in the literature that the transformation from Cartesian
coordinate to normal coordinate force constants is a linear transformation [72].
However, the opposite transformation, from normal coordinate to Cartesian co-
ordinate force constants, has until now only been dealt with in the literature as
a non-linear transformation [53, 73]. The reason for the transformation to be
thought as linear one way but non-linear the other way is due to the number of
defined coordinates in the respective coordinate systems. The Cartesian coordin-
ates that define the positions of the atoms in a molecule have 3N unique degrees
of freedom (where N is the number of atoms) whereas normal coordinates that
define the position of the atoms have 3N-6 coordinates (3N-5 in linear molecules).
When moving from Cartesian coordinates to normal coordinates the loss of the six
(five) degrees of freedom occurs because normal coordinates are defined in such a
way that the origin of the coordinate system moves and rotates with the center
of mass of the molecule, effectively eliminating the need for the six rotational and
translational normal modes. This does not affect the transformation of the force
constants from 3N Cartesian coordinates to 3N-6 normal coordinates since the loss
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of the six extra degrees of freedom have no effect on the transformation. However,
when transforming from normal coordinates to Cartesian coordinates the process
involves going up from 3N-6 normal coordinates to 3N Cartesian coordinates. This
increase in the number of coordinates was the reason for the need of the previous
non-linear transformation.

The previously non-linear method, as mentioned above, involves the calcula-
tion of many terms including mixed partial derivatives of the second and third
order (which themselves involve the calculation of another six additional sets of
terms, including Coriolis constants). These terms arise precisely because the ro-
tational and translational normal modes are not included in the transformation.
This highly complicated non-linear transformation can be greatly simplified into
a linear transformation if the rotational and translational normal modes are re-
introduced. In this way all of the Coriolis terms and mixed partial derivatives
become precisely zero, eliminating these non-linear terms in the previously deriv-
ation. This work outlines the method, effectively making the transformation from
normal coordinate force constants to Cartesian coordinate force constants a simple
linear 3N to 3N coordinate conversion. §2.2 shows the normal mode eigenvectors
derivation as well as gives two methods to regenerate the missing translational
and rotational normal mode eigenvectors. §2.3 derives the linear transformation
equations for the conversion of the quadratic, cubic, and quartic force constants
forwards and backwards between Cartesian and normal coordinates. §2.4 derives
the partial derivatives needed in §2.3. §2.5 outlines two separate mathematical
manipulations that can be implemented to speed up calculation time of the trans-
formation. Finally §2.6 applies the transformation method described in this paper
to two example molecules, H,O and ¢-C3H,; D™, to show the validity of the method.

2.2 Derivation of the eigenvectors

The Hamiltonian for a molecule can be written using a Taylor expansion for the
potential energy function as follows

»a P

H = - —+
2 L4 9y2

Vo

| NNy
0Y,0Y),

)Yqu+m
0

where the z,y,z coordinates of the atoms are numbered from 1 to 3N, and Y, =
VMg X, is the mass-weighted Cartesian coordinate of a given atom

The harmonic approximation is made by retaining only the first non-vanishing
term of its Taylor expansion (Vj is arbitrary so it is set to zero and since the Taylor
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expansion is taken at a stationary point any gradients are also zero).

72 3N o2

1 3N 3N
H=-7 Z_ Ezz;;(ayayb) Yol (22)

To solve for the normal mode eigenvalues (frequencies) of the molecule the
mass-weighted Hessian is diagonalized by

Q'FQ=f (2.3)

where F(,p) is the mass-weighted Hessian that consists of the second order deriv-
atives of the potential energy

*v
Fop=|—— 24
u (6Ya6Yb )0 (24)

and f = diag(fi, f>, ..., fin-6,0,0,0,0,0,0) are the frequencies of the normal modes.

The last six zero frequencies correspond to the rotational and translational
modes of the non-linear molecule at its stationary point. The columns that make
up the Q matrix are the normal mode eigenvectors w expressed in mass-weighted
Cartesian coordinates. The last six columns correspond to the translational and
rotational eigenvectors, but in reality can be linear combinations of these six ei-
genvectors and as such may not be easily visualized.

Generally only the non-zero frequency modes of the  matrix and their cor-
responding eigenvectors w are reported in the literature or in the default output
of computational packages. The rotational and translational eigenvectors are nor-
mally dropped, resulting in only the non-zero 3N-6 normal modes (3N-5 for linear
molecules) being reported. However, these six (five) normal mode eigenvectors are
needed to make the transformation from normal coordinate to Cartesian coordinate
force constants linear. In such cases the translational and rotational eigenvectors
can be regenerated by re-diagonalizing the mass-weighted Hessian as in equation
2.3, or by explicitly regenerating the missing mass-weighted eigenvectors as shown
below. Note that when regenerating the six ‘missing’ eigenvectors as shown in this
work, they will represent the pure rotational and translational eigenvectors and
will be easily visualized as such, unlike the linearly combined eigenvectors that
result from the numerical re-diagonalization method. It should be noted that the
resulting individual Cartesian coordinate force constants obtained with these two
methods may differ due to the degenerate nature of Cartesian coordinates, but will
produce Cartesian coordinate force constants that are equivalent when taken as
full sets. There are two sources of degeneracy when it comes to Cartesian force con-
stants: One being the arbitrary orientation and position chosen for the molecule
in the Cartesian plane, the other being the infinite number of linear combinations
of the rotational and translational eigenvectors. One should also be cautious when
re-diagonalizing the Hessian of a molecule with degenerate modes. The eigen-
vectors for degenerate vibrational modes can be arbitrarily rotated amongst each
other which will give different self-consistent cubic and quartic force constants.
Hence, if re-diagonalizing, one needs to ensure degenerate modes are aligned the
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way they were when the normal coordinate force constants were generated. For
this reason it would be advantageous to use the regeneration method for molecules
with degenerate modes.

The missing eigenvectors can be regenerated using the methods extracted from
Ref. 74. The translational eigenvectors can be written as follows

WEN-5) = [\/77,0,0, \/IT,0,0, e, VM ,0,0] (25)

win-4) = [0, Ym1, 0,0, Vmy, 0, ... ,0, \/my, 0] (2.6)

WEN-3) = [0, 0, \/m ,0, 0, \/m s eee ,0, 0, \/mN] (27)

The rotation eigenvectors components can be written as follows

WEN-2), = [(Py)iDj,?a - (Pz)iDj,Z] X Afm; (2.8)
WEN-1),; = [(Pz)iDj,l - (Px)iDj,3] X Afm; (2.9)
WENy, = [(Px)iDj,2 - (Py)iDj,1] X \m; (2.10)

where D is the matrix that diagonalizes the moment of inertial tensor and P,, P,
P, are defined as

P,=[X;-D,X,-D,, ...X, -D,] (2.11)
P, =[X,;-D,, X, D, .., X, D] (2.12)
P,=[X,-D,X,-D, ..,X, D, (2.13)

where X, is the Cartesian coordinate vector of the n atom, and D, is the o/ row
of the D matrix.

All of the eigenvectors are then normalized to produce an orthonormal set of
3N eigenvectors Q. Note that in the linear molecule case one of the rotational
eigenvectors will come out as the zero vector, and should be dropped.
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Linear transformation of molecular force constants

2.3 Derivation of the transformations equations

In the quartic force field approximation the potential energy of the Hamiltonian
takes the form of the first three non-zero terms in its Taylor expansion

. hz 3N 32 1 3N 3N( azv )
=5 av2 A alb
2 Loy 2a:1 £\ 37,57,
3N 3N 3N
RECE (2.14)

3N 3N 3N 3N
( 64

SEESS —)

et 0Y,0Y,0Y.0Y,

Instead of solving this Hamiltonian directly, second-order perturbation theory
is often used. The quadratic force constants are used in the unperturbed harmonic
terms, the cubic force constants are used in the first term of the perturbation,
and the quartic force constants are used in the second term of the perturbation.
Therefore it will be shown how to transform these three orders of force constants
between normal and Cartesian coordinates. It will also be easy to see how the
transformations can be extended to any number of orders. In order to convert the
force constants between the two coordinate systems, the Taylor expansions of the
potential in each coordinate system are considered. The potential energy function
in Cartesian coordinates is given by

3N 3N
cart - Z Z FabX Xb
a=1 b=1
3N 3N 3N
te Z ZZFabCX X, X, (2.15)
a=1 b=1 c=1
3N 3N 3N 3N

Z DD FabeaXaXoXXa

alblcldl

where Fy,, Fape and Fypey the Cartesian quadratic, cubic, and quartic force con-
stants respectively.
Likewise, the potential energy function in normal coordinates is given by

3N 3N
Viorm = Z Z chle Ql
k 1 =1
1 3N 3N 3N
*5 Z Z Z O Ox Q10m (2.16)
k=1 I=1 m=1
3N 3N 3N 3N

i4 Z Z Z O Ok Q19m On

k=1 I=1 m=1 n=1
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where @y, Oy, and Dy, are the normal coordinate quadratic, cubic, and quartic
force constants respectively.

Since the total potential energy of a molecule is independent of the coordinate
system used, it can be written that

Veart = Vaorm (2 1 7)

Subsequently, all derivatives of the total potential energy in any two different
coordinate systems with respect to same coordinate system are also equal.

Taking the second derivatives of equations 2.15 and 2.16 with respect to X,
and X, gives the following:

0*Vear 1 1
(—t) =5sFw+ 5Fpa

0X.0X,] 2“7 2 (2.18)
=lap
and
PVorm | _ M 10000 O I
ZZ [ O 01 L 9% Ok 01
6Xa6Xb 0X, 8Xb 0X, 6X
32Qk &0,
2.19
taxax, 2t ax.ox, Qk] (2.19)
= 0X, 0X,
respectively.

When expressions 2.18 and 2.19 are equated it gives the transformation equa-
tion for going from normal coordinates to Cartesian coordinates for the quadratic
force constant terms. A similar procedure is performed on equations 2.15, and 2.16,
but with a third derivative with respect to X, and a third and forth derivative
with respect to X. and X, respectively, to give the following set of transformations.

3N 3N

00k 3Q1]
Fop = ® 9% 2.2
b kZ‘ IZ M [axa X, (2.20)
3N 3N 3N
00k 00, 00
Fu c = () m 2.21
b ;;; Km| 59X, 69X, 0X, (2.21)
3N 3N 3N 3N
an an an aQn
= 2.92
Fapea Z Z Z Z cD""’”’[ax X, 0X, axd] (2.22)

k=1 I=1 m=1 n=1
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Linear transformation of molecular force constants

Note that the summations are over all of the 3N normal modes, including
translational and rotational modes. If the translational and rotational modes were
neglected then the higher order mixed derivatives (not shown here) would be non-
zero, resulting in the non-linear transformation mentioned above.

The derivation for the opposite transformation, going from Cartesian to normal
coordinate force constants, is the same procedure as above except the derivatives
are taken with respect to Qk, Q;, O, and Q,. This gives

3N 3N

0X, 0X,
® F, 2.23
4 Z; ’ anan] (223)
3N 3N 3N
0X, 5X;, 0X,
q)klm = Fabc[ ] (224)
2,242 150,70, 30

3N 3N 3N 3N

0X, 0X, 0X, 0X
Drimn = ZZZZ ahcd[aQ 6le 90, 0QZ] (2.25)

a=1 b=1 c=1 d=1

2.4 Deriving the partial derivatives

The derivatives in equations 2.20 through 2.25 are generated from the 3N normal
mode eigenvectors. First the mass weighting of the eigenvector matrix, Q, is
removed and each column vector is re-normalized

Q=(M:Q)A (2.26)

where M = diag(m,, m;, ...,my) and A is a diagonal matrix containing the normal-
ization factor for each respective mass-unweighted eigenvector.

Each normal mode vector wy which are the components of Q is then divided
by the square root of its reduced mass uy

Q=0u: (2.27)
where pu = diag(ui, o, ..., ty) with

HMN = Z mN,,»a)]zv,i (228)

where wy; is the i component of eigenvector wy and my; is the corresponding
mass of i component of eigenvector wy

This matrix Q is then a matrix of the values of the partial derivatives in
equations 2.23 through 2.25 that are needed for the transformation from Cartesian
to normal coordinate force constants.

X, ~
9% _ ¢ 2.29
an b,l ( )
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The inverse of this matrix is then a matrix of the values of the partial derivatives
in equations 2.20 through 2.22 that are needed for the transformation from normal
coordinate to Cartesian coordinate force constants.

a0,

—a =) 2.30
ox, = a = (2.30)

To reduce computational demand it is also possible to take advantage of the
fact that the matrix Q is orthonormal, which means Q' = Q. This can be used
to avoid taking the inverse of the potentially large non-orthonormal 3N xX3N matrix
as is stated in equation 2.30. € can instead be expressed as follows

v

Q=0"

iyl
= (@) (2.31)

Both the inverse and transpose methods, equations 2.30 and 2.31 respectively,
have been verified as numerically equivalent.

Furthermore, it can now be seen why the transformation from normal coordin-
ate force constants to Cartesian coordinate force constants had previously been
thought of as a non-linear transformation. Without the six additional rotational
and translational normal modes added back into the Q matrix it is not possible
to perform a standard inverse on the previously non-square 3N X (3N — 6) normal
mode matrix.

2.5 Implementation details

These transformations can be quite computationally demanding, especially with
large molecules, since they are converting (3N)* values for the quartic force terms.
To avoid nested summations the conversion equations can be broken up into a
series of sequential summations. We thus have for the quadratic force constants:

3N
Foj= ) 00i0:; (2.32)
P
3N
Fap= ) jFa; (2.33)
=
for the cubic force constants:
3N
Faje = ) 00101 (2.34)
p
3N
Fapr = ZQb,jFa,j,k (2.35)
=
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3N
Fabc = Z Qc,kFa,h,k (236)
k=1

and for the quartic force constants:

3N

Foju = Z 4,10kl (2.37)
i=1
3N

Fopr = Z Qp Fajii (2.38)
=1
N

Faper = Qc,kFa,b,k,l (239)
=1
3N

Fapea = Y QuiFaper (2.40)

=1

where F, ;. are the intermediate mixed normal-Cartesian coordinate force con-
stants calculated from the previous step.

2.6 Application to H,O and c-C;H,D”

In this section the linear transformation method described in this paper is tested
on two molecules H,O and c¢-C3H,D*. Cartesian coordinate force constants are
not unique for a given molecule (due to the infinite number of valid translational
and rotational eigenvector sets) so direct comparison of the individual Cartesian
force constants is not possible between different references. Instead two tests can
be applied to check the validity of the transformation method. The first test is a
forward transformation of the force constants from normal to Cartesian coordinates
followed by a backwards transformation to obtain the same original values. The
second test would use a set of reference force constants that were numerically
calculated in both normal coordinates and Cartesian coordinates, transform the
normal coordinate force constants to Cartesian coordinates, and then perform a
second-order perturbation treatment using the original Cartesian force constants
and finally comparing the results with a second-order perturbation treatment using
the transformed Cartesian coordinates.

The first test was performed on the H,O molecule. Table 2.1 lists the full non-
zero set of the original normal coordinate force constants of HyO as reported by
Gaussian09[51] (B3LYP/4-31G) and the transformed values for each of the meth-
ods: the explicitly regeneration of the rotational and translational eigenvectors
method (explicit), and the re-diagonalization of the Hessian method (re-diag).
Six significant digits are available for the normal mode eigenvectors calculated by
Gaussian09, and so are the limiting numerical factor in these transformations. It
can therefore be seen that the resulting values from these tests all agree within the
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Normal coordinate quadratic force constants

1,J Gaussian09 Explicit Re-diag

1,1 0.588920 0.5889195204 0.5889195204
2,2 0.556360 0.5563597083 0.5563597083
3,3 0.103107 0.1031073853 0.1031073853
Normal coordinate cubic force constants

I,J,K Gaussian09 Explicit Re-diag

2,1,1 -1.537841 -1.5378412008  -1.5378412008
2,2,2 -1.494314 -1.4943140745  -1.4943140745
3,1,1 0.147698 0.1476983577 0.1476983577
3,2,2 0.041158 0.0411582366 0.0411582366
3,3,2 0.109423 0.1094229743 0.1094229743
3,3,3 -0.061993 -0.0619934648  -0.0619934648
Normal coordinate quartic force constants

ILJLK,.L  Gaussian09  Explicit Re-diag
1,1,1,1 3.743561 3.7435605526 3.7435605526
2,2,1,1 3.604032 3.6040318012 3.6040318012
2,2,2,2 3.484090 3.4840896130 3.4840896130
3,2,1,1 -0.366798 -0.3667977452  -0.3667977452
3,2,2,2 -0.191875 -0.1918745935  -0.1918745935
3,3,1,1 -0.755795 -0.7557945848  -0.7557945848
3,3,2,2 -0.611669 -0.6116693020 -0.6116693020
3,3,3,2 0.201451 0.2014514506 0.2014514506
3,3,3,3 -0.051939 -0.0519393906  -0.0519393906

Table 2.1 Non-zero normal coordinate force constants of H,O before and after
transformation from normal force constants and back to Cartesian coordinate force
constants using the two methods for obtaining the missing eigenvectors, explicitly
regenerating the rotational and translational eigenvectors, and re-diagonalizing the
Hessian.

numerical accuracy available. The ‘explicit’ and ‘re-diag’ values are reported to
ten decimal places to show agreement between the two transformation methods.

For the second test the ¢c-C3H,D™ QFF, as described in reference 75, is used.
They calculated both the Cartesian coordinate and normal coordinate force con-
stants and supplied those values for this paper. Three sets of Cartesian force
constants are used for this test: the original Cartesian force constants from ref-
erence 75 are used as reference, the ‘explicit’ transformation method of this work
using the normal coordinate QFF of reference 75, and finally the Hessian ‘re-diag’
transformation method of this work using the normal coordinate QFF of reference
75. Each of these sets of Cartesian coordinate force constants is used to perform a
second-order perturbation theory (VPT2) analysis using SPECTRO[52]. All val-
ues should agree between the reference of reference 75 and the two VPT2 methods
using the transformation here presented. Table 2.2 shows the resulting band pos-
itions and the resonances obtained by SPECTRO. Again, it can be seen that all
values match within numerical accuracy. The position of the fundamental modes
and spectroscopic constants obtained with the VPT2 implementation also agree,
with numerical accuracy, between the reference and transformation method values.

These two tests show that the transformation has indeed been performed suc-
cessfully from normal coordinate force constants to Cartesian coordinate force
constants.
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Mode Ref. Explicit Re-diag
1 3170.36  3170.354  3170.354
4(2) 3137.34  3137.337  3137.337
2 3131.56  3131.562  3131.562
5(2) 2583.82  2583.820  2583.820
6(2) 2540.87  2540.869  2540.869
3 2388.12 2388.117 2388.117
547 2301.88  2301.874  2301.874
7411 1734.36  1734.364  1734.364
4 1578.66  1578.660  1578.660
11(2) 1433.93  1433.928  1433.928
12(2) 1310.36  1310.360  1310.360
5 1293.31 1293.312 1293.312
6 1274.20 1274.198 1274.198
7 1015.48  1015.475  1015.475
8 1004.66  1004.658  1004.658
9 921.28 921.2834 921.2834
10 916.47 916.4719 916.4719
11 719.23 719.2262 719.2262
12 655.05 655.0473  655.0473

Table 2.2 The wavenumbers [cm™!] of the bands and resonances resulting from the
second-order perturbation theory treatment of c-C3;H,D* calculated using three
different Cartesian force constants: Originally calculated (Ref. 75), converted from
normal coordinate force constants using explicit regeneration method (this work),
and converted from normal coordinate force constants using re-diagonalization
method (this work).

2.7 Conclusions

It has been shown that the transformation from normal coordinates to Cartesian
coordinates (and vice versa) can be made linear through the re-introduction of
the translational and rotational eigenvectors. This method eliminates the need to
calculate mixed derivatives as in the non-linear procedure. Two methods for re-
generating these eigenvectors are presented, one from the re-diagonalization of the
mass-weighted Hessian and one from a series of equations to explicitly reconstruct
the missing rotational and translational eigenvectors. These two methods avoid
the complicated non-linear transformation that that arises if the rotational and
translational normal mode eigenvectors are neglected. Application of the two new
approaches to the H;O and ¢-C3H,;D* molecules has been performed to validate
the equations and implementation.
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THE ANHARMONIC QUARTIC FORCE
FIELD INFRARED SPECTRA OF THREE
PoLycycLic AROMATIC
HYDROCARBONS: NAPHTHALENE,
ANTHRACENE, AND TETRACENE

Current efforts to characterize and study interstellar polycyclic aromatic hy-
drocarbons (PAHs) rely heavily on theoretically predicted infrared (IR) spectra.
Generally, such studies use the scaled harmonic frequencies for band positions
and double harmonic approximation for intensities of species, and then compare
these calculated spectra with experimental spectra obtained under matrix isola-
tion conditions. High-resolution gas-phase experimental spectroscopic studies have
recently revealed that the double harmonic approximation is not sufficient for re-
liable spectra prediction. In this paper, we present the anharmonic theoretical
spectra of three PAHs: naphthalene, anthracene, and tetracene, computed with
a locally modified version of the SPECTRO program using Cartesian derivatives
transformed from Gaussian 09 normal coordinate force constants. Proper treat-
ments of Fermi resonances lead to an impressive improvement on the agreement
between the observed and theoretical spectra, especially in the C-H stretching
region. All major IR absorption features in the full-scale matrix—isolated spectra,
the high—temperature gas—phase spectra, and the most recent high-resolution gas—
phase spectra obtained under supersonically-cooled molecular beam conditions in
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the CH—stretching region, are assigned.
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Introduction

3.1 Introduction

Polycyclic aromatic hydrocarbon (PAH) molecules are a family of molecules con-
sisting of two or more fused benzenoid rings with hydrogen atoms capped around
the free edges. These molecules are very stable and participate in many reac-
tions, which make them an attractive focus for various physics/chemistry research
areas. For example, they serve as model compounds for innovative carbon-based
materials, such as nanotubes and graphene[5, 6, 7]; their carcinogenic properties
make them widely studied pollutants of water, air and even food[3]; and they are
common by—products of both natural and anthropogenic pyrolysis and combustion
[1, 2].

While ubiquitous and abundant on the Earth, PAHs are also of special interest
to astronomers, as they are potentially responsible for the so—called Aromatic In-
frared Bands (AIBs) [26, 27]. These bands have been observed in the IR spectrum
of a variety of astrophysical environments: from young stellar objects, to planetary
and reflection nebulae, to the diffuse interstellar medium, even in the emissions
from entire galaxies[76]. PAHs may be formed in outflows of aging stars and their
ubiquity and abundance lead to an estimate that PAH molecules lock up 10-20%
of the cosmic carbon and are responsible for 30% of the IR emissions found in
galactic observations [76]. Experimentalists and theoreticians have been working
hand in hand to study the PAH IR spectroscopy as a means to identify relevant
molecular structures and to use them as a tool to characterize the physical and
chemical conditions in various astrophysical environments.

Experimental IR spectra have been reported for many PAHs[21, 77, 78, 79,
80, 81, 82, 83]. However due to the involatile nature of PAHs, low—temperature
high-resolution spectra (as needed to understand the molecular physics involved
in order to compare with astronomical observations) are difficult to produce. Most
experimental spectra were acquired using low—temperature matrix—isolation tech-
niques or high—temperature gas—phase spectroscopy. The matrix—isolation spec-
tra suffer from the interaction with the matrix environment and are subject to
hard to predict changes in line positions, intensities, band profiles, and even band
splittings[84]. Likewise, for the high—temperature gas—phase spectra, temperature
effects can mask underlying physics and make extrapolations to low temperatures
difficult. For example, in a 2009 study by Pirali et al[85], the room temperature
high-resolution rovibrational spectrum of naphthalene was presented, and most of
the analysis in which was aimed at understanding the multiple bands in the low
energy spectrum region, i.e., 400-900 cm™', due to temperature effects. Other
issues, including contaminations originating from isotopologues and other PAH
species, may further complicate the acquired spectra and analysis.

The difficulties in obtaining and understanding the IR spectrum of PAHs has
led to an ever—increasing reliance on computational quantum chemistry. Compu-
tational chemistry approaches have been used to explain the IR spectrum of large
(N¢ > 50), astronomically—relevant PAHs. In this context it is important to note
that databases of the theoretical PAH spectra have been created and available
online [33, 48]. Previous computations were typically performed within the frame-
work of Density Functional Theory (DFT), employing the B3LYP functional with
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Figure 3.1 From top to bottom: naphthalene, anthracene, and tetracene. The
rings are designated as either terminal ring (TR), or middle ring (MR). The side
CH groups are designated as either terminal side CH groups (TS) or long side CH
groups (LS). The designations are used for the vibrational mode descriptions in
Appendix 3.6.

a small basis set (e.g. 4-31G). The double harmonic approximation is used for
vibrational IR intensities. A scaling factor is used to down—scale the calculated
harmonic frequencies to match with matrix—isolation experimental features [86].
As a first-order approximation, this approach has been successful enough in re-
producing the overall IR spectrum of certain individual PAHs roughly, but serious
problems persist when comparing it with high-resolution experiments. Specific-
ally, the IR features in the C—H stretching region are poorly modeled using the
harmonic level analysis, which include scaled harmonic frequencies and double har-
monic intensities. This is most likely due to phenomena such as mode couplings
and resonances that are not described at the harmonic level.

The most recent Gaussian 09 [51] release contains an improved module for
second-order vibrational perturbations theory (VPT2) anharmonic analysis of mo-
lecules, thus enabling a VPT2-based IR spectrum simulation of PAHs. In this work
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we make use of this module, and enhance its VPT2 analysis by additional treat-
ments on vibrational state resonances, as will be described below. The anharmonic
IR spectra of the three smallest linear PAHs, naphthalene (CjoHg), anthracene
(C14Hyo) and tetracene (CigHiz) (see Fig. 5.1) are computed and compared with
the currently available low resolution high—temperature gas—phase[21] (NIST), and
argon matrix—isolation spectra[78] (MIS). Moreover, we present low—temperature
high-resolution gas—phase experimental IR absorption spectra of the three PAHs
(first presented in an astrophysical companion paper to this work[22]), which allows
for the most direct comparison with theory possible and thus provides validation
for our approach.

The article is built up in the following way. Section 7.2 briefly describes the
theory behind the anharmonic calculations. Section 6.4 provides a description of
the computational methods and programs that are used to perform the theoret-
ical calculations. Section 3.3.2 describes the experimental methods for producing
the gas—phase IR absorption spectra in the CH-stretching region. The results
are arranged into two subsections: a comparison of the full anharmonic IR spec-
tra with NIST and MIS data (Section 3.4.1), and an in—depth comparison of the
calculated CH-stretching region with low—temperature high-resolution gas—phase
experimental spectra (Section 3.4.2). Three subsections are presented in Discus-
sion: Sections 3.5.1, 5.4.1, for 3.4.1 and 3.4.2, respectively, plus Section 5.4.5 for
astrophysical implications. Conclusions follow at the end.

3.2 Theory

Theoretical predictions of the vibrational IR spectrum of molecules are most often
performed at the harmonic level. If the geometry of a stationary point of a mo-
lecule is known, then the vibrational potential can be approximated as a simple
pairwise interaction between atoms, akin to Hooke’s law (see Ref. 72 for a complete
description).

w
=

V= Finin (31)

=1

N —
I

i

where V is the total vibrational potential, F;; = wg—ng are the quadratic force
constants (spring constant k;; in Hooke’s Law) between atoms i and j, and X; and
X are the Cartesian coordinates of atom i and j relative to the stationary point.

Ab-initio calculations can generate these force constants using various methods
(see Ref. 87 for an overview). Once these force constants are known, a mass—
weighed Hessian matrix H, can be built where each (i, j)” entry of the matrix is
generated by dividing the corresponding force constant F;; by the square root of the
product of the masses of atom i and j (y/mm;). This matrix is then diagonalized
to produce a set of eigenvectors defining the vibrational normal modes at the
stationary point; the corresponding eigenvalues give the harmonic frequencies (or
energies) of the corresponding vibrational normal modes (see Ref. 72 for a full
review). This method, while simple, is not a realistic model for the potential

45



Anharmonic IR spectra of three PAHs

energy surface and overlooks anything beyond harmonic level, e.g. vibrational
anharmonicities, and mode couplings and resonances, which can significantly affect
the spectra, especially true for those systems with many vibrational resonances
such as PAH molecules.

To account for these effects, an improved expression for the vibrational po-
tential energy surface is needed. The harmonic potential (Eq. 7.1) can then be
thought of as the first non—zero term in a Taylor expansion of the vibrational po-
tential energy function. The full vibrational potential surface would be the Taylor
expansion to infinite order around the stationary point (equilibrium geometry) of
the molecule. For the purpose of this work the first three non—zero terms of the
Taylor expansion are considered relevant [87]

i=1 j=1
3N i J 3 (32)
o1 Z( oV ) XXX,
Uil
6 par e s 6X,6X]6Xk v
3N ik 4
1 ( oV )
+— — | XXXX
24 L £ ; £\ 0X,0X,0X,0X, ),

Since Vj is arbitrary and set to zero, and the first derivative terms are zero at
a stationary point, this leaves the terms containing the second, third and fourth
derivatives. These non—zero derivatives are referred to as the quadratic, cubic, and
quartic force constants respectively. Collectively this group of force constants for a
given molecule is referred to as the quartic force field (QFF). Given the equilibrium
geometry, the QFF of a molecule can be calculated analytically or numerically
through small displacements of the atoms along a defined set of coordinates. In
the VPT2 anharmonic vibrational analysis, the quadratic force constants are used
to obtain the harmonic solution (as described above) which is then corrected by a
second—order perturbation using the cubic and quartic force constants. Following
Ref. 88 the energy of the perturbed states (for an asymmetric top) are given by

kel (3.3)
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where the anharmonic constants are given by

Xpk = ¢kkkk T3 Z (Priom)’
} (3.4)
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where @, and ¢, are the cubic and quartic force constants respectively, w are
the harmonic frequencies, v are the fundamental vibrational states, j, are the
Coriolis coupling constants, and I are the moments of inertia.

The VPT2 method still contains caveats such as the singularities, so—called
resonances, that occur when a set of harmonic frequencies or their sums, differ-
ences, or combinations are accidentally nearly equal and of the same symmetry
(see Ref.56 for a detailed explanation). Normally there are two main types of
vibrational resonances considered in a VPT2 anharmonic analysis: a type-one
Fermi resonance, where an overtone state is approximately equal to a vibrational
fundamental state (v; ~ 2v;), and a type-two Fermi resonance, where a combin-
ation state is approximately equal to a fundamental (v; = v; + v¢). There also
exists additional types of resonances that become important when considering ro—
vibrational spectra, e.g. Darling-Dennison resonances, where two overtones are
approximately equal (2v; ~ 2v;), and Coriolis resonances where two fundamentals
are approximately equal (v; = v;) [49]. Typically, the effect of a resonance is that
the higher energy state in the resonance pair tends to be pushed to even higher
energies and the lower energy state to even lower energies, and also intensity can
be transferred from on state to the other. These effects can significantly alter the
band positions, the number of bands, and overall intensities in the IR spectrum.
To properly treat such resonant states, related terms need to be removed from
the VPT2 treatment and handled separately with a method akin to degenerate
second—order perturbation theory as described in Ref. 49, 56. If a given mode
is simultaneously involved in more than one resonance (as happens for PAH mo-
lecules), all the modes (and overtones and combination—bands) involved need to
be treated together as a group referred to as a polyad. (see Ref. 56 for a complete
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description). For a specific vibrational resonance polyad, a matrix is constructed
using the appropriate anharmonic constants (as given in Ref. 49) and diagonalized.
The resulting eigenvalues are then the new line positions of the involved states and
the eigenvectors (squared) represent the complexity of state mixings. While we use
a variational polyad approach to correct for resonant states in VPT2, an alternative
approach is vibrational quasi-degenerate perturbation theory (VQDPT2)[89, 90]
which has shown some success as well.

Vibrational IR intensities can also be either harmonically or anharmonically
computed. So—called double harmonic intensities of vibrational modes are calcu-
lated using the derivative of the dipole moment with respect to a normal coordin-
ate. By definition, at the harmonic level, combination—bands and overtones have
zero IR intensity. However, when considered anharmonically these combination—
bands and overtones can be IR-active and have significant intensity. The anhar-
monic treatment of these intensities has been described previously in Ref. 91, 92.
Perhaps more importantly, IR intensity can be redistributed due to resonances
between fundamentals and combination and overtone bands as well. Intensity re-
distribution due to Fermi resonances and anharmonicity has been addressed by
Vazquez and Stanton within the context of VPT2 [93]. In the present work, we
have adopted a similar but simpler approach. That is we have used the eigenvectors
of the polyad matrix to distribute IR intensity across the polyad in conjunction
with the double harmonic IR intensities of the fundamental vibrational frequencies.

In the present work, we have redistributed the IR intensity across a polyad by
using the eigenvectors of the polyad matrix together with the double harmonic
IR intensities of the fundamentals involved in the polyad. We used the double
harmonic intensities, because it was found that the anharmonic IR intensities for
a fundamental involved in a polyad resonance often blew up, which we surmise
was due to resonant terms that need to be removed, as described by Vazquez and
Stanton[93]. Table 3.1 gives an example for the IR-active by, polyad involving the
naphthalene CH—stretching fundamentals to illustrate how the intensity borrowing
is calculated. The first column list all the states in the polyad, while the remaining
column headers are the eigenvalues (or state energies, in cm™!) diagonalized from
the polyad matrix. The elements of these columns are the squared eigenvectors,
and represent the percentage contribution of each polyad state. Accordingly, the
vibrational intensity of a diagonalized state can be estimated as the dot product
of the related squared eigenvector and a vector of original contributing state in-
tensities. For example: the state at 2946 cm™' borrows 9.0% of the intensity of
the original v3 vibrational state, 3.7% of the intensity of the original v; vibrational
state, 0.3% of the intensity of the original vjy + v{; combination band, etc. See
next section for more details of the intensities adopted for each original states.

3.3 Methods

3.3.1 Theoretical Methods

Quantum chemistry calculations were performed in two stages, with two separ-
ate software packages: Gaussian 09 [51] and SPECTRO [52]. Gaussian 09 was
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Mode 2946 2956 2968 2979 3029 3066 3081 3142 3176

v 9.0 0.7 16 2.4 0.1 813 28 0.0 2.2
7 3.7 8.9 0.2 57 516 1.4 246 38 0.1
vio+vii 0.3 0.0 0.0 0.1 0.2 1.8 0.1 02 974

Vio + Vi3 0.0 1.6 0.1 1.2 26.1 1.3 69.3 0.2 0.1
Via +Via 35.2 0.1 46.6 9.2 2.6 6.1 0.1 0.0 0.0
Vil +Vis 25.8 36.9 20.4 8.4 6.6 1.4 0.4 0.0 0.0
vio + Vie 20.1 38.7 28.7 11.9 0.0 0.6 0.0 0.0 0.0
Vo + V17 5.8 13.0 2.3 61.0 11.2 6.0 0.6 0.0 0.0
Vo + V2 0.1 0.2 0.0 0.1 1.6 0.1 2.0 95.8 0.2

Table 3.1 Percentage of mixing between resonance—affected states in the by, sym-
metry polyad of naphthalene in the CH-stretching region, which was used to es-
timate the IR intensity sharing across the polyad. See text for details.

used to compute the optimized geometries, harmonic vibrational spectra, as well
as the quadratic, cubic and quartic normal coordinate force constants within the
DFT framework, using the B971 functional [94] and the T2ZP basis[95] for each
molecule. In these calculations a tight convergence criterion was used for the geo-
metry optimization and a very fine grid (Int=200974) for numerical integrations,
following the suggestions in Ref.96, 97.

Although the latest release of Gaussian 09 (D.01) can also output the VPT2-
based anharmonic spectrum of a molecule [51], we have found that these spectra
can not reproduce the IR features observed in the CH-stretching region of PAHs
[22]. We believe this is mainly due to polyads not being used to determine intensity
sharing between resonant modes [91] though we do not know for sure since we do
not have access to the source code. Actually, the resonance and intensity borrowing
effect seems to be minor when the computational results are compared with low—
resolution gas—phase spectra [50], but this is not the case for low—temperature
high-resolution gas—phase spectra with significant resonances such as the PAHs
C-H stretches. Therefore, the VPT2 treatment was carried out by the second
program SPECTRO. SPECTRO allows for resonances to be handled in polyads
which then are used to redistribute the intensities across the resonant modes (vide
infra). This approach, while approximate, does avoid the difficulty of dealing
directly with the singularities that occur in resonant calculations of intensities. If
not involved in resonances or polyads, we have found the anharmonic combination
or overtone band intensities computed by Gaussian G09 to be reliable and have
used these.

The optimized molecular minimum structure and the force constants calculated
by Gaussian 09 is used as input for SPECTRO. Since Gaussian evaluates the QFF
along the normal modes of a molecule, the QFF force constants are represented
in a normal coordinate basis. The current version of SPECTRO can take either
Cartesian derivatives or internal coordinate force constants as input, but not a
normal coordinate QFF. As such, a linear transformation method from a normal
coordinate QFF to a Cartesian coordinate QFF was developed and implemented
to mesh the two software packages together [98].

Two SPECTRO threshold parameters control the number of states to be in-
cluded in a resonance: a) the maximum energy separation of the states (A) (i.e.,
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the denominator in resonant terms), and b) the minimum magnitude of the in-
teraction strength between states (W) (i.e., the numerator in resonant terms). In
the present study, the SPECTRO default values of A = 200 cm™ and W = 10
em™! were used, respectively. Testing with larger/smaller thresholds showed no
significant changes in the resulting spectra.

The final anharmonic spectrum of each target molecule is therefore constructed
using: a) all line positions (fundamentals, overtones, combination—bands, reson-
ances, and polyads) as determined using SPECTRO, and b) three types of intens-
ities, i.e., one for vibrational fundamentals, one for combination—bands/overtones
not involved in resonances, and one for those involved in resonances/polyads. It
should be noted that for those states potentially affected by resonances, we found
that the double harmonic intensities were more reliable than Gaussian’s anhar-
monic intensities. Therefore, the anharmonic intensities from Gaussian 09 are only
used for the combination—bands/overtones that have zero intensity in the double
harmonic approximation and cannot borrow intensity from resonances/polyads.
The double harmonic intensities are used for all other states, including non-
resonant fundamentals. For the resonances/polyads the double harmonic intens-
ities are used in the intensity sharing across the modes of the polyad using the
squared eigenvectors from the polyad treatment as described earlier in Section 7.2.

3.3.2 Experimental Methods

A supersonic pulsed source similar to Ref. 99 was used to record the low—temperature
high-resolution gas—phase spectra in the CH stretching region (see also the com-
panion paper Ref. 22). The samples were heated in an oven and then supersonic-
ally cooled with a typical pulse duration of 190 us and argon at a backing pressure
of 2.2 bar as a buffer gas. The molecular beam was then introduced into the ion-
ization chamber through a 2 mm diameter skimmer where they were ionized using
a Resonance Enhanced MultiPhoton Ionization (REMPI) scheme. The ions cre-
ated were accelerated into a reflector time—of-flight tube and detected with a dual
microchannel plate detector (Jordan Co.), yielding mass spectra with a resolution
of M/AM of about 2000.

IR absorption spectra have been recorded using an IR-UV depletion scheme.
In these experiments, a constant ion signal was created using a two—color ionization
scheme in which a frequency-doubled dye laser (Sirah Cobra Stretch) pumped by
a 30 Hz Nd:Ya, laser (Spectra Physics Lab 190) excites molecules to the first
excited state. From this state, the molecules were ionized by an ArF excimer laser
(Neweks PSX-501), which is in temporal overlap with the dye laser output. To
record the IR absorption, these two laser beams were preceded by an IR laser
beam with a line width of 0.07 cm™!, which produces a dip in the ion signal upon
IR absorption of the molecules under investigation. The IR beam was generated
by difference frequency mixing of the fundamental output of a LDS 798 dye laser
(Sirah Precision Scan) pumped by a 30 Hz Nd:Ya, laser (Spectra Physics Lab 190)
with the fundamental of the Nd:Ya, laser.

In these double-resonance experiments overlap of the two laser beams and
matching their size is crucial for obtaining the optimal depletion of the ground
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Figure 3.2 Full IR spectrum of naphthalene calculated using two methods, har-
monic (top) and anharmonic (this work) (middle), compared with gas—phase spec-
tra at 300 K[21] (bottom). A selected region is shown with the relative intensities
increased by a factor of seven (see section 3.5.1 for details).

state. The IR beam has therefore been focused slightly with a long—focus lens
beam with its focus after the molecular beam. Similarly, special care has been
taken to record spectra under non-saturating conditions. Experimentally, it has
been found that in these experiments depletion is optimal for a time delay between
the two laser beams of 200 ns.

3.4 Results

3.4.1 Full infrared range

The full vibrational IR spectra of naphthalene, anthracene and tetracene are
presented in Figures 3.2, 3.3, and 3.4. A comparison is given between the ex-
perimental spectra (NIST cq. MIS, bottom panel) and two theoretical spectra:
anharmonic (this work, middle panel) and harmonic (this work, top panel). The
harmonic spectra were calculated with Gaussian 09 using the same functional
and basis set as in the anharmonic case. The experimental data for naphthalene
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Figure 3.3 Full IR spectrum of anthracene calculated using two methods, harmonic
(top) and anharmonic (this work) (middle), compared with gas—phase spectra
at 300 K[21] (bottom). A selected region is shown with the relative intensities
increased by a factor of five (see section 3.5.1 for details).
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Figure 3.4 Full IR spectrum of tetracene calculated using two methods, harmonic
(top) and anharmonic (this work) (middle), compared with Ar matrix—isolation
spectrum[78] T~10 K (bottom). A selected region is shown with the relative
intensities increased by a factor of four (see section 3.5.1 for details). The greyed
out lines in the matrix—isolation spectrum are water contamination.
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Figure 3.5 Anharmonic QFF IR spectrum of naphthalene (this work) compared
to high-resolution gas—phase IR absorption spectra obtained in a molecular beam

(this work).

54



Results

28.39 3.33 3.28 3.23 3.17

wavelength [um]

—— Theory

R
Experiment -

1.5

rel. intensity
o

0.5

|
O'8950 3000 3050 3100 3150

wavenumber [cm™']

Figure 3.6 Anharmonic QFF IR spectrum of anthracene (this work) compared to
high-resolution gas—phase IR absorption spectra obtained in a molecular beam

(this work).
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Figure 3.7 Anharmonic QFF IR spectrum of tetracene (this work) compared to
high-resolution gas—phase IR absorption spectra obtained in a molecular beam
(this work).
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ID modes sym exp rel. T harm rel. I anharm  rel. I
2 | va b 174 0.2 182 0.2 165.8 0.2
b Vao ba, 620 0.04 630 0.03 625.1 0.03
c V35 b3, 782 1 797 1 782.3 1
d V29 bay 950 0.05 979 0.03 958.0 0.03
e Va6 [ 1011 0.07 1030 0.07 1011.3 0.07
f Vg by 1130 0.04 1147.1 0.04 1130.5 0.05

V47 + V30 b
g vig b1 1269 0.05 1284 0.06 1268.1 0.06
h Vis by 1388 0.04 1416 0.04 1385.3 0.04
i Vi2 [ 1511 0.07 1542 0.07 1505.8 0.07
j Yio b1 1599 0.03 1632 0.03 1594.9 0.03
k See Tab. - 3064 0.5 3176 0.51 3055 0.398
3.5
1 V47 + Vag by 880 0.02 - - 877 0.003
m | v by 1228 0.02 - - 1212 0.007
V43 + V36 by
n V38 + V33 b1 1537 0.02 - - 1544 0.02
o vis + Vi b 1662 0.03 - - 1661 0.02
v3g + V29 b2y
P V33 + V3 by 1719 0.03 - - 1722 0.04
v3s + V3o boy
V36 + Vag bay
q Vi3 + V3 by 1764 0.02 - - 1772 0.02
T V33 + V27 bg,, 1801 0.02 - - 1810 0.02
s V32 + Va9 b1y 1837 0.02 - - 1836 0.03
V32 + vag bay
t V30 + V29 ba, 1899 0.02 - - 1905 0.03
V30 + Vg b,
u Va9 + Va7 b]u 1938 0.04 - - 1944 0.06
vag + Va7 bay
v Va4 + Vv ba, 2302 0.01 - - 2295 0.009
Vs + Vig b
Va3 + v b,
Va4 + Vai by

w Va1 + Voo ba, 2359 0.01 - - 2368 0.003

x Va5 + Vis b1 2422 0.007 - - 2414 0.007
V34 + vy b2y
Va1 +Vvig by

z Vis + Vi3 by 2848 0.009 - - 2835 0.002
vig + Vi1 by

y See Tab. - 2966 0.04 - - 2938 0.05

3.5

Table 3.2 Gas—phase experimental[21], theoretical harmonic, and theoretical an-
harmonic (this work) line positions [cm™!], with the corresponding relative in-
tensities and band assignments of the IR features of naphthalene taken from the
data used to construct figure 3.2. Lines with more than one mode assigned are
unresolved in experiment.
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ID modes sym exp rel. I harm  rel. I anharm  rel. I
a Vsg b3, 463 0.4 474 0.3 476 0.3
b Vs3 ba, 600 0.1 613 0.1 604 0.1
c V50 b3y 726 1 737 1 730 1
d V4o bsy, 874 0.6 899 0.7 885 0.7
e V37 bsy, 952 0.08 976 0.08 961 0.08
f V34 by 991 0.09 1021 0.08 1004 0.08
g V30 b1 1150 0.07 1170 0.08 1154 0.08
h Va5 by 1271 0.06 1287 0.06 1269 0.06
Vvsg + Va6 by

i 23 by 1314 0.06 1334 0.05 1314 0.05

j V2 by 1338 0.04 1372 0.05 1347 0.05
vs7 + Vap bay

k Va1 boy 1394 0.04 1412 0.02 1379 0.02
vsg + V41 by,

1 Vi boy 1448 0.05 1481 0.04 1451 0.040
V17 b

m Vis ba, 1536 0.09 1572 0.08 1529 0.08
Vag + Va6 ba,
Vs9 + V31 by

n Vil b1y 1626 0.06 1661 0.06 1619 0.07
Va7 + Va3 by
V47 + Va2 bay

o See Tab. 3066 0.7 3176 0.8 3055 0.6
3.6

P Vs0 + Va7 by 1473 0.03 - - 1486 0.02

q Vag + Va3 ba, 1670 0.05 - - 1684 0.05
V5o + Vs by

T Va4 + V42 b]u 1702 0.06 - - 1718 0.05
Va7 + V37 bay,
V49 + V35 bay

s Vag + V36 ba, 1731 0.03 - - 1747 0.02
V43 + V41 bay,

t Va2 + V41 by 1766 0.04 - - 1783 0.06
Vag + V37 by

u Vag + V36 by 1787 0.06 - - 1805 0.07
V43 + V38 blu

v V43 + V35 bzl, 1812 0.05 - - 1828 0.05
vay + V38 by

w V41 + V37 by 1848 0.03 - - 1861 0.03

Va1 + V36 by
X V3g + V37 bzu 1904 0.04 - - - -
V3 + V36 b,
V37 +V3s by
y V36 + Vs by 1935 0.07 - - 1949 0.1
z V51 + V12 ba, 2310 0.02 - - 2327 0.02
V31 + Vg bay
vl + vy b,
V30 + V28 by
A Va9 + Va4 b1y 2438 0.008 - - 2438 0.009
Vag + Va5 b,
B Va0 + Vi boy 2537 0.01 - - 2528 0.02
V39 + Vi1 ba,

D Vig + Vig [ 2833 0.01 - - 2835 0.007

E See  Tab. - 2932 0.02 - - 2914 0.05
3.6

Table 3.3 Gas—phase experimental[21], theoretical harmonic, and theoretical an-
harmonic (this work) line positions [cm™'], with the corresponding relative intens-
ities and band assignments of the IR features of anthracene taken from data used
to construct figure 3.3. Lines with more than one mode assigned are unresolved

in experiment.
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1D modes sym exp rel. I harm rel. 1 anharm rel. T
a V68 bou 551.6 0.1 558.7 0.1 554 0.1
b V6 by 607.7 0.02 613.8 0.02 608 0.02
c Ve bay 627.7 0.01 638.6 0.01 628 0.02
d Y60 b3, 742.9 1 755.8 1 736 1
e V61 bau 766.7 0.01 754.3 0.01 747 0.01
f Vag b3y 895.3 0.8 918.3 0.8 911 0.8
g Va7 by 933.4 0.02 942.4 0.02 932 0.02
h Va5 b3, 953.6 0.08 - - 954 0.1
i Va2 bou 997.7 0.07 - - 999 0.1
j V77 + V63 bou 1054.3 0.01 1064 0.005
k V39 b1y 1124.4 0.06 - - 1120 0.07
1 Va0 bau 1128.7 0.06 - - 1129 0.01
m V34 b 1199.3 0.01 - - 1193 0.02
o V29 by 1292.3 0.04 - - 1279 0.09

p* V29 by 1298.8 0.08 - - 1301 0.02

Vi1 +Vs7
V73 + V57

q V69 + Vs5 bay 1322.9 0.02 - - 1323 0.02
T Va7 bou 1337.9 0.05 - - 1339 0.07
s V3 bou 1388.7 0.04 - - 1393 0.04
t V25 by 1416.1 0.02 - - 1399 0.03
u V20 bay 1465.2 0.04 - - 1469 0.03
v - - 1474.1 0.01 - - - -
w vi7 bay 1540.1 0.01 - - 1525 0.05
X Ve2 + V55 by 1546.2 0.02 1575.6 0.05 1549 0.05
y V6o + Vsa by 1573.2 0.03 - - 1572 0.02
z Vi3 by 1685.5 0.03 1666.7 0.07 1645.7 0.06
A Vs2 + Vs by 1712.7 0.05 - - 1726 0.04
B Vs4 + Vag by 1730.9 0.01 - - 1748 0.01
D V54 + V45 by 1786.0 0.08 - - 1791 0.03
E Va9 + Vag by 1800.3 0.03 - - 1818 0.05
F V51 + Va6 b 1819.8 0.01 - - 1830 0.02
G Vs + Va3 bay 1836.3 0.01 - - 1842 0.02
H V46 + Va5 bay 1904.2 0.02 - - 1906 0.04
L Vag + Vas b1y 1917.1 0.02 - - 1918 0.04
M Vag + V43 bay 1933.3 0.05 - - 1931 0.09

Table 3.4 Matrix—isolation experimental[78], theoretical harmonic, and theoretical
anharmonic (this work) line positions [cm™'], with the corresponding relative in-
tensities and band assignments of the IR features of tetracene taken from data used
to construct figure 3.4. Lines with more than one mode assigned are unresolved

in experiment.

%resonance
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ID | sym | exp[22] rel. I[22] | anharm rel. I | components I source
A biu 2963.8 0.20 2934.0 0.12 Vis + Vi1 V3
Via tVi2
B biu 2972.4 0.30 2944.6 0.021 vy V3
Vis + Vi v7
Vie + V10
C bou 2981.3 0.20 2956.4 0.032 V2 V2
6
Vi3 Vi
C by, 2981.3 0.20 2956.6 0.020 Via + Vi V3
Vie + V10
b 2989.0 0.28 2967.5 0.037 V3 V3
v7
vi7 + Vo
E bou 3014.0 0.30 2987.7 0.039 Ve V2
Vis + Vo
F b 3029.5 0.19 3016.6 0.074 V7 V7
Vi3 +vii
G - 3034.5 0.15 - - - -
H - 3039.5 0.19 - - - -
I - 3042.3 0.29 - - - -
J boy 3043.8 0.35 3028.8 0.12 V2 V2
143
V14 +Vio
Vis + Vo
K - 3048.2 0.19 - - - -
L - 3052.2 0.17 - - - -
M bou 3058.1 0.65 3046.5 0.16 V2 V2
V6
V14 +Vio
N - 3060.5 0.54 - - - -
O b1y 3065.2 0.99 3053.4 1 V3 V3
P - 3071.4 0.10 - - - -
Q - 3076.2 0.37 - - - -
R bou 3079.2 1 3061.9 0.28 V2 V2
vi2 Vil
Via +Vio
S - 3092.6 0.21 - - - -
T b 3083.9 0.16 3068.7 0.069 V7 V3
Vi3 +Vio v7
U bou 3100.2 0.45 3088.1 0.24 V2 V2
Vi +Vvii
Vv - 3102.6 0.21 - - - -
W - 3109.4 0.45 - - - -

Table 3.5 Line positions [em™'], relative intensities, dominant resonant compon-
ents, and origin of intensities for the bands of the naphthalene in the high—
resolution gas—phase IR absorption spectra obtained in a molecular beam (this
work) and the theoretical anharmonic spectrum (this work) as shown in figure 3.5.
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ID | sym | exp[22] vrel. I[22] | anharm rel. I | components I source
F by 2973.2 0.10 2956.2 0.036 Va1 + Vi3 V3
v tvi2
biu 2979.6 0.08 2958.6 0.028 Va1 + Vi3 V3
v+ Vi V1o
by 2992.5 0.07 2984.8 0.056 Ve V2
Vig + V4
Va0 + Vi1
I by 3011.8 0.15 2992.4 0.094 V3 V7
Vi7 +Vi4
J b 3022.0 0.30 3004.2 0.050 Vi7 +Via V3
Vig + Vi1
Va1 +Vi2
J by 3022.0 0.30 3005.0 0.027 Vi7 + Via V3
Vig + Vi1
V21 V2
L by 3030.0 0.25 3023.6 0.14 vio vio
vig tvi3
M boyu 3033.7 0.20 3030.6 0.043 Vi7 + Vi3 V2
N bay 3046.7 0.30 3046.3 0.19 V2 V2
V6
P by 3055.4 0.54 3049.1 0.11 V7 V7
vig + Vi3
Q - 3062.3 0.45 - - - -
R by 3065.3 0.72 3054.7 1 V3 V3
S - 3066.9 0.64 - - - -
T bay 3071.9 1 3060.7 0.44 V2 V2
Vis +Vi4
Vi tVvi2
V17 + V13
U bay 3077.8 0.40 3080.5 0.052 vi7 + Vi V2
A\ by 3081.8 0.24 3080.8 0.088 vig + Vi V3
4% - 3095.9 0.24 - - - -
X boy 3109.6 0.32 3093.8 0.29 V2 V2
vis Vi

Table 3.6 Line positions [cm™'], relative intensities, dominant resonant compon-
ents, and origin of intensities for the bands of anthracene in the high-resolution
gas—phase IR absorption spectra obtained in a molecular beam (this work) and
the theoretical anharmonic spectrum (this work) as shown in figure 3.6.
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ID | sym | exp[22] rel. I[22] | anharm rel. I | components I source
N b1y 3008.9 0.39 3000.0 0.16 vy V3
Va1 +Vie V7
V23 +Vi4
bou 3015.3 0.20 3007.7 0.013 Voo + Vig V2
V25 tVi4
Q biu 3023.7 0.44 3009.6 0.17 vy V3
V21 +Vie V7
V23 +Vi4 Y10
R biu 3032.6 0.40 3013.2 0.17 Vio Vio
V23 t+Vi4
S bou 3038.5 0.45 3018.6 0.034 V22 +Vie V2
T b]u 3039.7 0.46 3022.8 0.023 Vig + V17 V2
Y11
T b 3039.7 0.46 3023.4 0.063 Va6 + Vi3 V3
U b 3046.2 0.34 3026.9 0.12 Vo + Vi3 V3
\% - 3050.6 0.18 - - - -
w by 3054.8 0.38 3039.4 0.35 V7 v7
Y10 Y10
V21 +Vie
X boy 3056.8 0.51 3043.9 0.15 Vil V2
Vig +Vvi7
X b, 3056.8 0.51 3044.3 0.31 V2 V2
V6
vVig +Vi7
Y b1y 3061.1 1 3050.0 1 V3 V3
Z - 3066.6 0.20 - - - -
a by 3069.5 0.23 3054.6 0.025 Ve V6
vVig + V17
B boy 3077.6 0.80 3072.3 0.90 V2 V2
b% biu 3080.4 0.27 3085.0 0.041 Vig + Vie V3
vio
6 by 3087.9 0.23 3095.5 0.020 Va0 + Via vy
€ biu 3094.1 0.31 3101.0 0.11 Vig + Vie V3
I'e boy 3098.8 0.38 3103.9 0.048 Vv + Vi3 V2
n biu 3101.5 0.19 3104.9 0.040 vig + Vie vy
V21 Vi3 V10

Table 3.7 Line positions [cm™'], relative intensities, dominant resonant compon-
ents, and origin of intensities for the bands of tetracene in the high-resolution
gas—phase IR absorption spectra obtained in a molecular beam (this work) and
the theoretical anharmonic spectrum (this work) as shown in figure 3.7.
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and anthracene in these plots are taken from the NIST database[21] (gas—phase,
T=300 K). The experimental data for tetracene is an argon matrix—isolation spec-
trum taken from Ref. 78. Some water contamination is present in the tetracene
experimental data, and it has been greyed out in the figure. Each of the three com-
parisons also includes an inset that shows the 1000-3000 cm™' region magnified in
order to show detail. The choice for these three experimental spectra was based
on the availability of data for the widest vibrational IR range. Original gas—phase
or uncontaminated matrix—isolation data are not available for tetracene, so the
spectrum was produced by combining four figures from Ref. 78.

The theoretical overview spectra of naphthalene and anthracene are convolved
with a Gaussian profile (FWHM = 18 cm™!) to approximately match the resolution
of the experimental gas—phase data. Likewise, the theoretical overview spectrum
of tetracene is convolved with a Gaussian profile (FWHM = 3 cm™!) to match the
matrix—isolation data. Theoretical frequencies have not been scaled.

Three tables (3.2, 3.3, and 3.4) are presented along with these overview spectra.
These tables contain the line positions and relative intensities of the experimental
data, the harmonic theoretical data and the anharmonic theoretical data from this
work. Since the full IR experimental spectra contain many unresolved features,
assignments are based on the convolved theoretical spectrum. The underlying
states and combination—bands of the experimental features are determined using
the theoretical results. The symmetries of the corresponding bands are also given.
The spectroscopic features identified for naphthalene and anthracene are based
on the excellent correspondence between experiment and theory. The features
identified for tetracene are based on the line positions given in Ref. 78. Each
feature is identified by a letter that corresponds to the letters appearing in the
corresponding figures 3.2, 3.3, and 3.4. The supplemental material contains the
full IR line list, as well as the corresponding polyads for each of the three PAHs.
Appendix 3.6 also provides vibrational mode descriptions for all the vibrational
modes included in these tables.

3.4.2 CH-stretching region

We focus on the CH-stretching region since harmonic level analysis failed to ex-
plain the features in this region and significant anharmonic effects are expected.
Figures 3.5, 3.6, and 3.7 compare the anharmonic theoretical lines (top panel)
convolved with a FWHM = 1 cm™! Gaussian profile for naphthalene, anthracene,
and tetracene, respectively, with our low—temperature high-resolution gas—phase
IR absorption experimental spectra (bottom panel). Theoretical frequencies have
not been scaled.

Similar to the full IR range, three tables accompany these spectra (tables
3.5, 3.6, and 3.7). The assignments are based upon relative intensities, distance
between neighbouring bands, and general trends in the shape of the spectrum. In
the case of naphthalene, fits of the rotational contours of bands in the experimental
spectrum allowed us to determine their symmetries (refer to companion paper Ref.
22), which provided us with additional means to assign them to specific bands as
predicted by the calculations. For anthracene and tetracene the bands were not
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resolved enough to determine reliably the symmetries. Line positions and relative
intensities of the experimental and theoretical spectra are given as an indication
between the best matches; also listed are the theoretically computed symmetries,
major resonance components and intensity sources for each peak or feature. The
major resonance components are determined as the fundamentals/combination—
bands whose contributions dominate the polyad, as evaluated from the eigenvector
component. The “sources” of IR intensities listed are the vibrational fundamentals
that lend the most intensity through resonance to each band. Note that the major
vibrational resonance components are not necessarily the major intensity sources
and vice versa. In some cases there is more than one dominant resonance com-
ponent, with nearly equal contributions of various fundamentals or combination
modes. Labeling of a given band with a single fundamental or combination state
can thus be ambiguous.

3.5 Discussion

3.5.1 Full infrared range

The theoretical anharmonic spectra of all three molecules for the full IR range
(figures 3.2, 3.3, and 3.4) show good agreement, both in band position and relative
intensities, with the NIST and matrix—isolation data. Inspection of tables 3.5, 3.6,
and 3.7 shows that the bands in the theoretical anharmonic spectrum differ from
experiment by an absolute average deviation for naphthalene of 6.5 cm™ with a
maximum deviation of 28 cm™!, for anthracene by an absolute average deviation of
10.2 ecm™! with a maximum deviation of 18 cm™!, and for tetracene by an absolute
average deviation of 7.4 cm™ with a maximum deviation of 39.8 cm™. These
deviations are not frequency dependent, nor are there any trends present; there is
near even split between being too high in frequency and too low in frequency for
each band. This means that these deviations are most due to the level of electronic
structure theory, and not physical effects i.e., temperature shifts, or emission versus
absorption.

The anharmonic calculations of the CH-stretching region of the full IR spectra
also show fairly good agreement with the NIST experiments. The shape of this
region (the left and right wings of the main feature, as well as the prominent
secondary bumps on the left) can be explained with resonances. However, the
secondary bumps are too low in frequency when compared with the experimental
data, and in fact these are the largest absolute deviations in the full IR comparison
of naphthalene and anthracene. These secondary bumps consist of many lines and
as such the position of the convolved feature is highly dependent on the individual
features. A detailed analysis is therefore postponed until Section 5.4.1. Neglecting
these secondary bumps, the absolute average deviation for the two molecules falls
to 5.6 cm™! for naphthalene with maximum deviation of 13 cm™!, and 9.9 cm™' for
anthracene with a maximum deviation of 18 cm™!

For tetracene, the maximum deviation is due to the line labeled ‘z’. This line
was identified in Ref. 78. However, it is right next to the water contamination so
possibly the feature is overly intense causing confusion in the assignment with our

64



Discussion

theoretical data. If this line is neglected, the absolute average deviation falls to
6.4 cm™!' with a maximum deviation of 20 cm™.

It is important to note that these deviations are significantly smaller than the
large deviations for the harmonic approximation. Harmonic calculations led to
PAH spectra with blue—shifts appearing as a function of state energies (i.e., there
is a systematic percentage error). At lower frequencies the harmonic spectrum
tends to differ by 10 cm™' while at the higher frequencies, the spectrum tends
to differ by 100 cm™'. This trend in the harmonic spectra of the three PAHs
studied is consistent with the frequency scaling factor of 0.958 that is typically
used in the literature [86] to bring the harmonic spectra into closer agreement
with matrix—isolation experiments.

The experimental and theoretical intensities are normalized to each of their
strongest intensities in order to compare their relative intensities. The average
relative intensity ratios for the theoretical spectra to the experimental spectra
for naphthalene, anthracene and tetracene are 0.92, 1.01, and 1.41 respectively.
These are in excellent agreement, but it is unclear if, in the case of tetracene,
matrix interactions are the cause for some of the experimental lines to be lower in
intensity when compared to theory.

The NIST/MIS experimental spectra of the three PAHs show a large number
of bands in the 1200-2600 cm™' range with intensities comparable to the funda-
mental bands in the same region. These have been previously attributed, both
experimentally[100, 101] and theoretically[102], to combination-bands, although
at that time it was only possible to calculate their frequencies and not their intens-
ities. We now can confirm that these bands are indeed pure combination—bands
possessing their own unborrowed (non-resonant) anharmonic intensities. These
combination—bands show good enough agreement with experimental results that
a more detailed set of line assignments would be possible if higher resolution ex-
perimental spectra were to be taken in this region. It was found that the VPT2 is
capable of reliable predictions without the aid of polyad mixings for this wavelength
range. These combination bands are found to be generated by modes of the same
type, i.e., out—of—plane in combination with out—of—plane, and in—plane in combin-
ation with in—plane. The out-of-plane—out-of-plane combination bands range from
1200-1900 cm™! and the in-plane-in-plane combination bands range from 2200
2600 cm™'. The out-of-plane—out-of-plane combination bands are found to have
more intensity than the in-plane—in-plane combination bands by approximately
an order of magnitude. Bands originating between a combination of one in—plane
mode and one out—of—plane mode were not found to have significant intensity, even
in other frequency regions.

3.5.2 CH-stretching region

Our high-resolution gas—phase experiments allow for a closer look at the effect of
resonances in the CH—stretching region of PAH spectra. Indeed the large number
of CH—stretching bands in the experimental spectra shown in figures 3.5, 3.6, 3.7
(naphthalene, anthracene, and tetracene respectively) cannot be explained by the
harmonic approximation.
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Line positions for naphthalene, anthracene, and tetracene differ between our
anharmonic calculations and our experimental spectra by absolute deviations of
19.3 cm™', 10.5 em™!, and 11.7 cm™', with maximum absolute deviations of 29.8
em™, 21.0 em™', and 19.9 cm™! respectively. All theoretical frequencies were left
unscaled.

The three molecules in this study belong to the D,;, point group for which only
type-two Fermi resonances (v; & v; + v) are of importance for the analysis of the
spectrum. Type-one Fermi resonances (v; = 2v;) have no effect since for this point
group all overtones are totally symmetric and hence not IR active. The IR-active
modes belong to by, by,, and bs, symmetries. However, the bs, symmetry modes
are out—of-plane modes and therefore the fundamental and combination bands
do not occur in the CH-stretching region. This means that the CH-stretching
region is mainly controlled by two large vibrational resonance polyads, one for
the by, symmetry bands and the other one for the by, symmetry bands. These
large polyads have a significant effect on the resulting spectrum, and completely
change the band positions and intensities when moving from the harmonic to the
non-polyad VPT2 to the polyad VPT2 anharmonic simulation [22].

It has been shown in this work that the anharmonic QFF treatment can repro-
duce the large number of bands seen in the CH—stretching region for anthracene
and tetracene. Our experiment for naphthalene, however, shows many more lines
than can be explained with the current “VPT2 + resonance polyad” approach. In
previous experiments it could not be ruled out that some (or more) of these bands
were actually due to isotopologues or other contaminations, or associated with
excitation from vibrationally excited levels. The mass-resolved and conformer se-
lectivity nature of our experiments, and the use of supersonically-cooled molecules
ensures that in our experiments we can unambiguously conclude that all of the
measured CH-stretching features concern excitations from the vibrational ground
state of each PAH, even though our current theory cannot explain all of them ad-
equately. One possible explanation for the presence of additional bands is that the
resonance polyads should include second overtones or combination—bands of three
(or more) vibrational quanta or modes to explain all the observed experimental
lines.

Though subtle, there seems to be a slight effect in the spectral range over
which features are observed in the CH-stretching region when comparing the three
experimental spectra (Fig. 3.2, 3.3, and 3.4). The spectral range narrows when
PAH length increases. This may be explained by the linear increase of the number
of CH oscillators with increasing length of the PAH together with the vibrational
state density increasing much more rapidly. Since one can reasonably assume that
the anharmonic coupling strengths are not significantly influenced by the size of
the PAH, the available oscillator strength, increasing roughly linearly with PAH
size, will be distributed over many more background levels. Since the intensity
borrowing is roughly inversely proportional with the distance to the fundamental
band, this effectively leads to a narrowing of the CH-stretching band envelope.
Such a conclusion is further supported by MIS studies on larger PAHs[78], which
indeed show that the spectral band envelope becomes increasingly narrower for
larger PAHs.
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It can be seen that the frequencies of the major CH—stretching fundamental
bands are about the same for all types of PAHs. The frequencies of the CC
stretching modes that are potentially involved in combination—bands, on the other
hand, are much more sensitive to the finer structure details and point group of the
individual PAH. Consequently, from species to species, the minor CH-stretching
region bands vary vastly more than predicted by the harmonic level analysis. This
dramatic effect on the overall CH—stretching region can aid in the identification of
specific species or sub—families of PAHs.

The average relative intensities ratios for the theoretical spectra to the ex-
perimental spectra for naphthalene, anthracene and tetracene are 0.34, 0.48, and
0.36 respectively. The theoretical spectra are normalized to the strongest bands,
which for naphthalene is the band labeled ‘O’ for anthracene is the band labeled
'R’, and for tetracene are the two nearly equal bands ‘Y’ and ‘#’. This however
leaves the remaining intensities under scaled. This is especially obvious for the
second strongest band of naphthalene, ‘R’, and the second strongest band of an-
thracene, ‘T’. If these strongest intensities are ignored and the spectra are instead
normalized to the remaining bands the average ratio between theory to experiment
jumps to 1.01, 0.95, and 0.93 for naphthalene, anthracene, and tetracene respect-
ively. This leads us to believe that there may be either an issue with the double
harmonic intensity calculations of the strongest CH-stretching fundamental bands,
possibly due to the level of electronic structure theory used (as happens with the
overestimation of the C-H stretching intensities for the B3LYP/4-31G case [86])
or the triple-combination—band resonances borrow significant intensity from the
strongest bands. We are presently investigating this issue in more detail.

3.5.3 Astrophysical implications

Our study demonstrates that anharmonicity needs to be taken into account in
order to have a more reliable understanding of astronomical IR, PAH spectra.
Current astronomical observations and modelling of the AIBs rely exclusively on
the harmonic IR spectrum of PAHs, which fail to reproduce the spectra in a number
of ways.

The shape and strength of all of the features falling in the C—H stretching region
are controlled by resonances and anharmonicity, thus the harmonic approximation
utterly fails here. Astronomical spectra of AIBs indeed show a series of secondary
features, such as wings and broad plateaux close to the main 3.29 ym (3030 cm™)
feature, which so far have not been adequately characterized[39]. Anharmonic
studies of PAHs can help shed light on the the origin of these features and possibly
their dependence on the structural properties of PAHs[22]. PAHs of varying shapes
will be investigated in future work.

Current harmonic models do not predict any bands in the 5-5.5 um region
(2000-1820 cm™'), although observations of the AIBs do see emission in this
region[102]. The anharmonic calculations of this work have confirmed that these
observed bands are indeed due to PAHs, specifically combination bands with their
own relatively strong intrinsic intensities.

Astronomical emission models of PAHs rely on the so-called “infrared cascade”[39],
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e.g. the energy of a photon is distributed amongst the harmonic IR active modes of
the absorbing PAH. Since, in a real molecule, many more states are IR active due to
anharmonicity, the energy distribution and therefore the resulting emission spectra
of PAHs will lead to spectral complexity that may actually aid in species identific-
ation and understanding of astronomical PAHs. Inclusion of anharmonicity also
allows for the inclusion of hot bands and overtones into models[85, 103, 104], and
will be investigated in future work.

Lastly, anharmonic calculations eliminate the need for the typical frequency
scaling factor[86] that is used to bring harmonic theoretical spectra into agreement
with experimental matrix—isolation spectra. No frequency scaling factors or shifts
are found in this work, line positions are accurately determined to within 10 cm™',
with no bias towards either a red or blue shifts. Investigation into the possible
causes of this error, i.e., the level of theory, is underway and will be reported in
due course. Bearing this, anharmonic calculations do provide greater confidence in
the theoretical spectra, especially when extrapolating to areas where experimental
data is limited.

3.6 Conclusions

In this work we calculated the anharmonic IR spectrum of naphthalene, anthra-
cene and tetracene, (the last two for the first time) and compare them with
available gas—phase and MIS experiments, as well as our own low—temperature
high-resolution gas—phase spectra in the CH-stretching region. It has been shown
that there are clear differences between a harmonic IR spectrum and an anhar-
monic IR spectrum. Theoretical anharmonic spectra are needed in order to ex-
plain combination—bands, resonances in the C—H stretching region, as well as the
frequency shifting factor normally seen in harmonic spectra simulation. Our an-
harmonic theoretical spectra are in excellent agreement with the experimental
spectra.

All of the fundamental CH-stretching modes for each of the PAHs studied are
in resonance with many combination—bands. This occurs because PAHs have a
large number of CC-stretching modes around 1500 cm™! that can enter into type—
two Fermi resonances (v; = v; + v) with the CH-stretching modes around 3000
cm~'. This type of resonance explains the asymmetric wings and overall shape
observed in the CH region in low resolution experiments, and the large number of
lines found in our high-resolution experiments. However, the comparison between
predicted and experimentally observed spectra also indicates that there are still
lines that cannot be accounted for. It is possible that this is due to potential
interactions that were not accounted for such as combination—bands or higher
order overtone states involving three or more vibrational quanta or modes. We
can conclude that without the intensity borrowing between resonant states the
number of computed features with significant intensity is unable to match the
experiment. Sharing intensities through resonances produce spectra that better
match the general shape and features in the CH stretch region when compared
to harmonic treatments or VPT2 treatments that neglect intensity sharing and
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polyad resonances[22].

The 1700-2500 cm™' spectral region is also unaccounted for in the harmonic
approximation, but shows up in experimental data. Experimental spectra show
bands with noticeable intensity in this region, sometimes as strong as, or even
greater than the surrounding fundamental bands. These bands are found to be
combination-bands and can be predicted very well by the VPT2 anharmonic ana-
lysis both with respect to position and intensity. Since these bands are not involved
in resonances, VPT2 reliably predicts these lines without the aid of polyad mixing.

In this work, deviations in band positions, and intensity problems in the CH—
stretching region have been partially attributed to the level of electronic structure
theory. Due to the size of the molecules studied in this work, current computational
resources limit the level of theory that can be used. However, naphthalene QFF
analysis is just barely feasible for the CCSD(T) approach with cc-pVTZ basis. .
A detailed analysis into the effects of the level of electronic structure theory on
anharmonic calculations of PAHs is currently underway using naphthalene as the
test case.

The spectra comparison among the three PAHs studied in this work suggests
that our anharmonic treatment may perform better as the size of the PAHs in-
creases. Additional experimental and theoretical work on larger PAHs is currently
underway using the same theoretical and experimental approaches as described in
this work. Furthermore, it is hoped that better understanding of the effects that
vibrational anharmonicities have on a typical PAH spectrum can possibly lead
to more general predictions of the PAH family as a whole without the need for
detailed anharmonic analyses on all PAH molecules.
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Appendix

Mode Freq Symm Description

V) 3184.55 ba, asym TS sym str (IP) [Ja =s

V3 3172.85 by sym TS-LS asym str (IP) ||s =a

Ve 3157.92 bay asym TS-LS CH sym IP str ||a =s

v7 3155.20 by sym LS+TS asym str (IP) ||s =a

) 1661.12 bsg sym 2-ring CH rock ||a =a

Yio 1631.73 by sym CC and CH rock/wag (IP) ||s =a

Vi 1542.43 bay asym CC and CH wag, boating (IP) ||a =s
Vi3 1487.71 ag sym 2-ring CH sym wag ||s =s

Vig 1485.75 bag asym 2-ring CH rock ||a =a

Vis 1415.55 b1y sym ring CH rotation (sym rock) (IP) [|s =a
V16 1393.46 ag center CC str ||s =s

vi7 1386.34 bay asym CC and CH wag, (IP) ||a =s

VI8 1283.93 by sym LS rock (IP) ||s =a

V20 1227.77 bou asym TS wag (IP) ||la =s

V23 1163.89 bou asym CH wag (IP) |la =s

N 1147.15 by sym CH rock/wag (IP) ||s =a

V26 1030.13 bay asym 2-ring breath (IP) ||la =s

Va7 996.25 bag sym TS asym OP bend ||s =a

Va8 990.94 a, asym TS asym OP bend ||la =a

V29 979.34 b3, sym LS sym OP bend, |[s =s

V32 894.74 bag sym CH asym OP bend ||s =a

V33 846.53 ay asym CH asym OP bend ||la =a

V34 804.60 by sym TS asym CC IP deform ||s =a

V3s 797.02 ba, sym CH sym OP bend (CH inversion) ||s =s
V36 783.13 bag asym LS sym OP bend [|s =a

Vvig 725.96 big asym CH sym OP bend (CH invers) ||la =s
V40 629.79 bay 2-ring asym str (IP) ||a =s

Va3 482.17 b3, sym MR CH sym OP bend, fly ||s =a

Va6 362.72 b1 2-ring ip bend ||s =a

Va7 183.92 a, 2-ring torsion OP ||a =a

Vag 170.25 b3 2-ring OP bend ||s =s

Table 3.8 Mode descriptions and harmonic frequencies [cm™'] of all IR active modes
with double harmonic intensities > 0.05 km/mol and all modes that are involved
in active combinations identified in this work for naphthalene.

OP — out of plane ; IP — in plane

LS — long side ; TS — terminal side (see Fig. 5.1)

MR — middle ring ; TR — terminal ring (see Fig. 5.1)

|| perpendicular to ring-ring-ring axis

= parallel to ring-ring-ring axis
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Mode Freq Symm Description

V2 3185.13 by asym TR CH sym str (IP) ||a =s

V3 3173.31 b sym TR asym CH str (IP) ||s =a

Ve 3159.62 ba, asym (LS-TR + TS) CH IP sym str ||a =s
vy 3155.52 b sym LS asym str, TS asym str (IP) ||s =a
Yio 3150.78 biu MR CH asym str (IP) ||s =a

Vil 1660.53 by sym 3-ring CC, CH rock/wag (IP) ||s =a
vi2 1658.31 bag sym 3-ring CH rock |[|a =a

Vi3 1614.96 bse asym 3-ring CC, CH rock/wag (IP) ||s =a
Via 1587.51 ag 4-center-CC sym str, CH wag (IP) ||s =s
vis 1571.72 bow asym 3-ring CC, CH wag (IP) ||a =s

vi7 1480.78 by TS ring CH sym rock (rotation) (IP)||s =a
vis 1478.96 by asym TR CH wag (IP) ||la =s

Yig 1422.09 ag 4-center-CC asym str (IP) ||s =s

V20 1411.80 bag asym TR CH rock (rotation) (IP) |la =a
Va1 1410.82 bow MR asym CC + CH wag (IP) ||a =s

v 1371.66 by sym LS wag (boating) (IP) ||a =s

Va3 1333.61 by, sym TR CH rock (IP) ||s =a

Va4 1291.48 bse MR CH rock (IP) [|a =a

Vas 1287.35 biy sym TS ring LS asym CH rock (IP) [|s =a
Va7 1206.72 bag sym LS rock (IP) ||la =a

vag 1186.78 ag sym TR CH asym wag (IP) |la =a

V29 1185.52 by asym TS rock, MR CH rock (IP)

V31 1152.89 bou 3-ring sym CH wag (boating) (IP) ||la =s
N 1020.99 bou asym TR breath (IP) ||la =s

v3s 991.76 bog sym TR CH asym OP bend ||s =a

V36 991.45 ay asym TR CH asym OP bend ||a =a

V37 976.83 b3, sym LS bend - sym TS bend (OP) ||s =s
Vi 971.95 big asym TR CH asym OP bend ||a =s

V39 926.06 bag asym 3-ring deformation (IP) ||la =a

Va0 916.28 biu sym 3-ring distorsion (IP) ||s =a

Va1 911.17 bog MR CH - TR CH asym bend (OP) ||s =a
Vi 898.87 b3, MR CH sym OP bend (inversion) ||s =s
Va3 864.31 ay asym TR CH OP torsional bend ||la =a
Vas 842.26 bog MR CH - TR CH asym bend (OP) ||s =a
V45 817.11 boy 3-ring MR IP swing ||a =s

Vag 781.16 bog sym 3-ring LS asym OP bend ||s =a

Va7 768.17 big asym TR CH sym OP bend ||a =s

Va9 755.09 ay asym 3-ring OP bend ||a =a

V50 738.36 bsu sym TS sym OP bend (inversion) ||s =s
Vs 657.68 b sym 3-ring wag (IP) ||s =a

vs3 612.64 by asym TS ring str (IP) |la =s

vs7 480.17 big asym TR LS sym OP bend ||a =s

Vsg 473.60 b3u LS 3-ring inversion, fly (OP) ||s =s

Vso 395.96 ag sym 3-ring stretch ||s =s

V1 384.15 bs, 3-ring TR OP folding ||s =s

V63 234.35 by 3-ring linear bend (IP) [|s =a

V6 89.25 b3, 3-ring linear bend (OP) ||s =s

Table 3.9 Mode descriptions and harmonic frequencies [cm™!] of all IR active modes
with double harmonic intensities > 0.05 km/mol and all modes that are involved
in active combinations identified in this work for anthracene.

OP — out of plane ; IP — in plane

LS — long side ; TS — terminal side (see Fig. 5.1)
MR - middle ring ; TR - terminal ring (see Fig. 5.1)
|| perpendicular to ring-ring-ring axis

= parallel to ring—ring-ring axis
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Mode Freq Symm Description

V2 3185.35 bay asym TR CH sym str (IP) [Ja =s

V3 3173.56 by sym TR CH asym str (IP) ||s =a

Ve 3160.07 b asym TR CH sym str (IP) ||a =s

vy 3155.71 b sym LS asym str (IP) ||s =a

vio 3153.01 by sym MR CH sym str (IP) ||s =a

Vi1 3152.32 bay asym MR CH sym str (IP) |la =s

Vi3 1666.71 by sym 4-ring CH rock (IP) ||s =a

Vig 1652.99 bag asym TR CH wag/rock (IP) |la =a
Vi6 1598.83 b1, sym 4-ring distorsion (IP) ||s =a

vi7 1575.65 bay asym 4-ring distorsion (IP) ||la =s

VI8 1571.66 a, 5-center-CC sym str, TS wag ||s =s
Vig 1549.92 a, asym center CC str, CH rock/wag ||s =s
V20 1497.03 bou asym TR CH wag (IP) ||a =s

vai 1476.24 ag sym TR CH sym wag (IP) ||s =s

V2 1474.48 bsg asym TR CH sym rock (IP) ||la =a
V23 1426.85 bay asym 4-ring distorsion (IP) |la =s

Va4 1420.27 ag sym MR CH wag (IP) ||s =s

Va5 1415.01 b sym TR rotation (IP) ||s =a

Va7 1363.63 bay sym LS wag (IP) boating mode ||a =s
Va9 1311.03 by sym MR distorsion + CH rock (IP) [|s =a
V30 1310.82 bay asym MR breath (IP) |la =s

V31 1295.33 b sym MR CH rock (IP) ||s =a

Vig 1218.47 b asym LS rock (IP) ||s =a

v3s 1200.03 bse sym LS asym rock (IP) ||la =a

V36 1185.82 bay asym TR CH wag ||a =s

V39 1144.78 by sym TS rock (IP) ||s =a

Va0 1140.55 bou sym LS rock (IP) ||la =s

Vap 1015.03 bou asym TR CH wag (IP) ||a =s

Va3 990.72 bag sym TR CH asym OP bends ||s =a
Vaa 990.64 a, asym TR CH asym OP bends ||a =a
Vas 976.59 by TR CH asym OP bend, fly ||s =s

Va6 975.23 big asym TR CH asym OP bends ||a =s
Va7 942.45 b1 4-ring distorsion (IP) ||s =a

Vag 918.32 b3 sym MR CH sym OP bend ||s =s

V49 914.96 bag sym MR CH asym OP bends |[s =a
Vs 887.84 ay asym 2-ring 2-ring CH OP bend ||a =a
V5o 865.37 big asym MR CH sym OP bends ||la =s
Vs4 851.11 bag sym 4-ring CH asym OP bends ||s =a
Vss 839.45 a, asym 4-ring CH asym OP bends ||a =a
vs7 7T7.54 bag sym 4-ring LS asym OP bends ||s =a
V60 755.83 b3, sym TR CH sym OP bend ||s =a

V61 754.29 boy asym 4-ring breath (IP) |la =s

V62 742.15 big asym TR CH sym OP bend [|a =s

V63 730.33 bag asym 4-ring OP bend ||a =a

Vo4 638.61 bay 4-ring asym str (IP) |la =s

Ve 613.82 b, 4-ring distorsion (IP) ||s =a

Ves 558.68 boy 4-ring asym str (IP) ||a =s

Vi1 478.92 b3 LS asym OP bend, fly ||s =s

V73 467.72 b3y LS sym OP bend ||s =s

V14 443.83 by sym ring-ring IP bending ||s =a

V77 314.06 a, asym 4-ring torsion ||la =a

V79 267.98 b3, 4-ring waving (OP) ||s =s

V81 162.33 by 4-ring linear bend (IP) ||s =a

N 54.32 b3, 4-ring linear bend (OP) ||s =s

Table 3.10 Mode descriptions and harmonic frequencies [em™!] of all IR active
modes with double harmonic intensities > 0.05 km/mol and all modes that are
involved in active combinations identified in this work for tetracene.

OP — out of plane ; IP — in plane

LS — long side ; TS — terminal side (see Fig. 5.1)

MR — middle ring ; TR — terminal ring (see Fig. 5.1)

|| perpendicular to ring-ring-ring axis

= parallel to ring-ring-ring axis
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THE ANHARMONIC QUARTIC FORCE
FIELD INFRARED SPECTRA OF FIVE
NON-LINEAR POLYCYCLIC AROMATIC
HYDROCARBONS: BENZANTHRACENE,
CHRYSENE, PHENANTHRENE, PYRENE,
AND TRIPHENYLENE

The study of interstellar polycyclic aromatic hydrocarbons (PAHs) relies heav-
ily on theoretically predicted infrared (IR) spectra. Most earlier studies use
scaled harmonic frequencies for band positions and the double harmonic approx-
imation for intensities. However, recent high-resolution gas—phase experimental
spectroscopic studies have shown that the harmonic approximation is not suf-
ficient to reproduce experimental results. In our previous work we presented
the anharmonic theoretical spectra of three linear PAHs, showing the import-
ance of including anharmonicities into the theoretical calculations. In this paper,
we continue this work by extending the study to include five non-linear PAHs
(benz[a]anthracene, chrysene, phenanthrene, pyrene, and triphenylene), thereby
allowing us to make a full assessment of how edge structure, symmetry and size
influence the effects of anharmonicities. The theoretical anharmonic spectra are
compared to spectra obtained under matrix isolation low—temperature conditions,
low—resolution high—temperature gas—phase conditions, and high-resolution low—
temperature gas—phase conditions. Overall, excellent agreement is observed between



the theoretical and experimental spectra although the experimental spectra show
subtle but significant differences.
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Timothy J. Lee, Alexander G. G. M. Tielens
The Journal of Chemical Physics Volume 145, Issue 8, (2016)



Introduction

4.1 Introduction

Polycyclic Aromatic Hydrocarbons (PAHs) are a family of molecules characterized
by fused aromatic—benzenoid rings with the free carbon edges capped by hydro-
gens. These molecules are of great interest in a wide variety of scientific fields.
From a material science standpoint they serve as models and precursors for various
carbon-based nano—materials such as nanotubes, graphene, and fullerenes|5, 6, 7].
From an engineering standpoint they are a common, yet undesirable, by—product
of combustion in engines and rockets[1, 2]. From a biological standpoint they are
viewed as a common pollutant and are studied in the context of their carcinogenic
properties[3].

PAHs are also of interest from the astrophysical standpoint. They are the most
likely candidate for a set of infrared (IR) features known as the Aromatic Infrared
Bands (AIBs)[26, 27] observed around a wide variety of astronomical objects. It
has been estimated that up to 20% of the total carbon in the universe is locked
up in PAHs[76]. Their importance has led experimentalists, theoreticians, and
astronomers to work closely in order to characterize the IR emission of PAHs
for use as a probe of the physical and chemical conditions in the astrophysical
environments in which they are observed.

Experimental IR spectra have been reported for a wide variety of PAHs us-
ing various spectroscopic techniques. Due to the involatile nature of PAHs two
dominant techniques are used to obtain the IR spectrum: high-temperature gas—
phase spectroscopy, or low—temperature matrix—isolation spectroscopy[21, 77, 78,
79, 80, 81, 82, 83]. Attempts to extrapolate these experimental data to astrophysic-
ally relevant conditions are complicated by temperature effects in the former, and
matrix—interaction effects in the latter. High-resolution low—temperature gas—
phase spectra have been taken previously, but only for a handful of species and
only in the C—H stretching region (2950-3150 cm™!, 3um)[22, 105].

The limited availability of PAH absorption spectra of the sizes and structures
relevant to astrophysical environments has necessitated the development and use
of computational quantum chemical techniques for PAHs. Databases of the IR
spectra of astrophysically relevant PAHs have been compiled and are available
online[33, 48]. Typically these theoretical IR spectra are constructed using the
harmonic approximation within the Density Functional Theory (DFT) framework
using B3LYP functionals with very small basis sets (e.g., 4-31G). This approach
has been successful in roughly reproducing the overall IR features, but has com-
pared poorly to high-resolution experiments[22]. Specifically the C—H stretching
region and the pure combination band region (1700-2000 cm™') are incorrectly
reproduced since mode couplings, resonances, and combination bands cannot be
modelled at the harmonic level.

It has been shown in our previous work[22, 106] that an anharmonic theoretical
approach is necessary to explain the experimental IR spectra of PAHs. While previ-
ous work concentrated on a set of three linear PAHs, this work expands to include a
set of five non—linear PAHs which complete the series of PAHs containing up to four
benzenoid rings. The reason for this choice is twofold; we want to show that the
anharmonic treatment can be extended successfully to non-linear species, and at
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Anharmonic IR spectra of non-linear PAHs

the same time we want to understand how edge structure and symmetry influence
the anharmonic spectrum. In fact, variations in the IR spectra of PAHs have been
observed experimentally and have been attributed to various hydrogen—-hydrogen
interaction edge effects[107, 108], and to the variation in molecular symmetries
from species to species. To study these edge and symmetry effects non—linear PAHs
must be considered. This work aims to show that the anharmonic treatment can
be extended to non-linear species: benz[a]anthracene (CigHj,), chrysene (CigHi,),
phenanthrene (Ci4Hjg), pyrene (Ci¢Hjp), and triphenylene (C;sHjz) (fig. 5.1).
Moreover, we present low—temperature high-resolution gas—phase experimental IR,
absorption spectra of the five non—linear PAHs (first presented in the astrophys-
ical companion paper[23]), as well as matrix—isolation spectra (MIS) which allows
for direct comparisons with theory providing further validation for our approach.
Although the theoretical spectra produced is in absorption at 0 K, understanding
the fundamental nature of the anharmonicity of PAHs and the importance of res-
onances will allow us to better understand the emission features of astronomical

PAHs.

4.2 Theory

The most commonly applied approximation in predicting the IR absorption char-
acteristics of a molecule is the assumption of harmonic potentials. Given the
equilibrium structure of a molecule, the nuclear potential can be approximated
with just the second-order terms in a Taylor series expansion, referred to as the
quadratic force constants. Solving for the eigenvectors and eigenvalues of this
system of quadratic force constants leads to the normal mode atomic displace-
ment descriptions and the excitation energies of each mode. The IR intensities of
the modes are then calculated by what is called the double-harmonic approxim-
ation, which involves taking the derivative of the dipole of the molecule as it is
displaced along the normal modes. The harmonic (and double-harmonic) approx-
imation only allows the vibrational fundamentals to exhibit any IR intensity, and
can greatly overestimate the energies of the fundamentals due to the neglect of
anharmonicity.

In order to produce a more realistic spectrum, additional terms need to be
included when producing the vibrational potential (and the dipole surface). This is
accomplished through an anharmonic quartic force field (QFF) and consequential
vibrational analysis. In this case, the nuclear potential is expanded to include up
to quartic terms in the Taylor series expansion. Since the potential is no longer
quadratic, an analytic solution for the modes and energies is no longer possible (as
is possible for the harmonic case). As such, second-order vibrational perturbation
theory (VPT2) is required to solve for the energies. The introduction of VPT2,
however, leads to the possibility of singularities (near—zero terms in denominators
if two states are very close in energy). The terms wherein singularities arise are
removed from the VPT2 formula, and instead a matrix is constructed, including
diagonal and coupling terms, that is then diagonalized. Four types of resonances
are considered: Fermi one (a fundamental is approximately equal to an overtone),
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Theory

Figure 4.1 From top to bottom: benz[alanthracene, chrysene, phenanthrene,
pyrene, and triphenylene.
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Anharmonic IR spectra of non-linear PAHs

Fermi two (a fundamental is approximately equal to a combination band), Darling-
Dennison (two overtones or two combination bands or a mixture of these two are
approximately equal), and Coriolis (two fundamentals are approximately equal).
The effect of a resonance is to push one member of the pair of states to a lower
energy and the other to a higher energy. Intensity sharing across a resonance
also occurs, which can result in bands that would normally be of zero or minimal
intensity to gain significant intensity.

Additional complications arise when multiple modes or combination bands are
in simultaneous resonances, respectively. These so—called polyads, need to be con-
sidered together through a resonance matrix (see Ref.56), and is the source of the
vibrational Darling-Dennison and Coriolis resonances. The resulting eigenvectors
(squared) and eigenvalues of the resonance matrix give the percent mixing of indi-
vidual modes and combination bands involved in the polyad, and the new energies
arising from the multiple interactions. The intensities can also be calculated in-
dividually through anharmonic means, as described in Ref. [91]. However, when
there are resonances, the anharmonic IR intensities will also have resonant terms
that need to be removed. In our previous work it was shown that double har-
monic intensities distributed according to the eigenvectors of the polyad matrix
accurately reproduce intensity patterns[106]. For a more detailed description of
the theory involved in this work see ref. 106 and references therein.

4.3 Methods
4.3.1 Theoretical Methods

The quantum chemical calculations in this work were performed with Gaussian
09[51] and the VPT2 calculations were performed with SPECTRO[52]. Gaussian
was used to compute the optimized geometry of the molecules, the harmonic in-
tensities, the anharmonic intensities (no polyad mixings), and the quartic force
fields (quadratic, cubic, and quartic force constants). A DFT framework, with the
B971 functional[94] and a T2ZP basis[95] was used for the Gaussian calculations,
as suggested in refs. 96, 97.

Gaussian09 is able to compute the VPT2 anharmonic spectrum of molecules,
however, it was unable to reproduce accurately the C—H stretching region of PAHs
due to the large number of simultaneous resonances occurring[22]. Therefore, the
SPECTRO program was used to carry out the VPT2 calculations in order to
handle these large resonant groups, or polyads.

The optimized geometry and the normal coordinate QFF of each molecule was
taken from the Gaussian output and input into SPECTRO. Since the current
version of SPECTRO cannot take normal coordinate QFFs as input, a linear
transformation into Cartesian coordinates[98] was performed first.

SPECTRO determines what are considered to be resonant states, and therefore
must be removed from the regular VPT2 treatment, through a set of thresholds.
Two types of threshold are present: the maximum energy separation of the states
considered A (denominator term), and the interaction strength of the states W
(numerator term). In our previous work[106] it was found that the default values
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used by SPECTRO to detect resonances (A = 200 cm™! and W = 10 cm™') were
sufficient, i.e., the spectrum did not change significantly as these thresholds were
further increased. After testing it was determined that the W threshold was al-
lowing singularities (missed resonances) to enter into the VPT2 treatment causing
significant changes to the resulting spectrum. As such, the W threshold was set to
zero and resonances were detected purely on the energy separation of the states.
A side effect of this however, is that it allows for states with incorrect symmetry
to enter into resonance unnecessarily. A separate subroutine was therefore writ-
ten to ensure symmetry constraints were obeyed. In passing by, we notice that if
these symmetry constraints are broken, it will not cause changes to the computed
spectrum, but it would increase significantly the number of resonant states and
thus polyad sizes. This results in an unnecessary increase in computational time
by adding many zero—valued entries to the resonance matrices.

The final QFF anharmonic spectra were constructed using the line positions
from SPECTRO, the anharmonic intensities from Gaussian (for modes not in poly-
ads), and the harmonic intensities from Gaussian distributed across the polyads
(for modes in polyads), as described in Ref. [106].

Special theoretical consideration is necessary for triphenylene since it is a sym-
metric top with Ds;, symmetry; additional discussion is given in the appendix.

4.3.2 Experimental Methods (MIS)

The MIS IR spectroscopic techniques employed for these samples have been de-
scribed in detail elsewhere [78, 109, 110] and will only be briefly summarized here.
All samples were isolated in an inert argon matrix prepared by vapor co—deposition
of the PAH of interest with an over abundance of argon (Ar) onto a 15K CsI win-
dow suspended in a high-vacuum chamber (p <1078 Torr). The sample being
investigated was vaporized from a heated Pyrex tube while the argon (Matheson
prepurified, 99.998%) was admitted through an adjacent length of liquid nitrogen
cooled copper tubing, to minimize water and other contaminates. The conditions
were optimized to produce an Ar/PAH ratio in excess of #1000:1. An FTIR spec-
trum of the sample was recorded once a sufficient amount of neutral material was
accumulated, as indicated by the strength of the weakest bands.

Samples of chrysene (CigHi,, 98% purity), pyrene (CisH;s, 99% purity), phen-
anthrene (Ci14Hyo, 98% purity), and triphenylene (CigHj2, 98% nominal purity)
were obtained from the Aldrich Chemical Company. Significant impurities were
noticed, initially, in the samples of triphenylene. These less volatile impurities
were removed by baking out the sample, under vacuum, just below the sublim-
ation temperature of the sample. The benz[a]anthracene (1,2-benzanthracene)
sample was obtained from Resolutions Systems, the U.S. supplier for Chiron
Chemical Company and was 99% or greater purity. Deposition temperatures
for the PAHs discussed here were phenanthrene, 13°C (cooled); pyrene, 65°C;
benz[a]anthracene, 85°C; chrysene, 95°C; and triphenylene, 85°C. The mid-IR
spectra for chrysene, pyrene, phenanthrene, and triphenylene were recorded on a
Nicolet Analytical Instruments, Model 740 FTIR spectrometer using an MCT—
B detector/KBr beam splitter combination while the benz[a]anthracene data was
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collected on a Bio—Rad/Digilab Excalibur FTS—4000 IR spectrometer using an
MCT-B detector/KBR broadband beam splitter combination. All spectra were
recorded as a co-addition of either 250 or 500 scans at a resolution of 0.5 cm™!.
For presentation purposes, the reported spectra have been baseline-corrected with
several bands resulting from impurities (such as water and purge air) either sub-
tracted or truncated using the Win—IR Pro 3.4 Software package.

4.3.3 Experimental Methods (High-resolution Gas—phase)

The experimental setup used to perform laser spectroscopy on a supersonic mo-
lecular jet has been described previously[99] as well. A given sample was kept at
a temperature higher than its melting point to create enough vapor pressure for
detection. Mixed with 2 bars of a carrier gas (argon), the sample was expanded
into the vacuum through a pulsed valve (General Valve) with a typical opening
time of 200 us.

Detection of the molecules after the expansion was achieved through resonance
enhanced multiphoton ionization followed by mass-selective ion detection. A dye
laser (Sirah Cobra Stretch) was fixed on a specific electronic transition of the
molecule under investigation (see ref. 23 for more details) while an ArF excimer
laser beam (Neweks PSX-501) in temporal overlap with the dye laser was used to
ionize the molecules from the electronically excited state.

To probe the ground state vibrational levels an IR laser beam with a line width
of 0.07 cm™! was introduced 200 ns before the excitation and ionization beams. The
3 um pulse was a product of difference frequency mixing of the fundamental outputs
of the dye laser (Sirah Precision Scan with LDS798 dye) and the Nd:YAG laser
(Spectra Physics Lab 190) in a LiNbOj crystal. Resonant excitation of vibrational
levels resulted in depletion of ground state population of the probed molecules and
thus led to a dip in the ion signal.

4.4 Results

In the following we will compare the theoretical anharmonic spectra with exper-
imental spectra obtained under three different experimental conditions. To allow
for a proper comparison, we have convolved the theoretical stick spectra with
Lorentzian profiles with appropriate full-width half-maximums (FWHM) (2 cm™
for the MIS spectra , 18 cm™' for the high-temperature gas-phase spectra and 2
cm™! for the high-resolution low-temperature gas-phase data). Figures 4.7 and
4.12 show visual comparisons between the convolved theoretical spectrum and
the MIS experiment, high—temperature experiment, and the high-resolution low—
temperature gas—phase experiment for benz[a]anthracene. See the supplemental
material for similar comparisons of each PAH.

These sets of convolved theoretical spectra are then used to assign the best
match between experimental and theoretical bands based on position, intensities,
and overall feature trends. The values given for the experimental and convolved
theoretical band positions and intensities were determined by fitting Lorentzian
profiles to the spectra using the software package Fityk[111]. Experimental bands
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with relative peak intensities under 1% of the maximum intensity bands have been
excluded.

For the high-temperature gas—phase spectra, as well as the MIS, line position
and intensity comparisons between experiment and theory are given in the supple-
mental material. Similar spectral features (i.e., position, intensities, and profiles)
between the five species are aligned across the rows of the tables. The MIS spec-
tra are of high enough resolution to warrant direct comparison of the vibrational
modes types. It is important to note that vibrational mode descriptions become
vague when describing modes that are in resonance; as such the spectral bands
are organized by their dominant resonant component. Two strong water bands
at 1608 cm™! and 1624 cm™! are observed in the MIS spectra for each PAH (and
have been truncated), as well as a continuum-like feature under these water bands
for chrysene and phenanthrene. Seven MIS bands could not be assigned with
theoretical bands.

Individual bands are not resolved in the C-H stretching region of the high—
temperature and MIS experiments due to temperature effects for the former, and
steric hindrance of the hydrogens for the latter. Therefore, analysis of the C-H
stretching region is performed only for the high-resolution gas—phase spectra. A
detailed line assignment and comparison between theory and the high-resolution
experiment is given for benz[ajanthracene in table 4.7 and mode descriptions in
table , similar comparisons are available for each of the molecules in the supple-
mental material. Since resonance mixing between modes is so strong in this region
assignment of each band to a fundamental or combination band is impossible.
Instead only the dominant resonant components (typically components that are
over 10% mixed) and dominant intensity sources can be identified (note that these
intensity sources are not necessarily the dominant resonant sources). Along with
these identifications, an ID letter is given for each band which corresponds with
the identification letters in the respective spectra shown.

4.5 Discussion

4.5.1 MIS

Excellent agreement between the MIS spectra and the convolved anharmonic spec-
tra was achieved. See the supplemental material for figures of the theoretical spec-
tra compared to experiment, as well as tables listing the band positions, relative
intensities, and mode descriptions. Broadening of the C—H stretching modes due
to solid state interactions between the PAH and the matrix prevents meaningful
comparison in this region. Comparison between theory and experiment for the
C—H modes is therefore reserved for the high-resolution gas—phase experiments.
The average absolute percent differences in line positions between the MIS
spectra and the convolved theoretical spectra are given in table 4.3 for each mo-
lecule. Figure 5.5 shows a histogram of the percent differences between the line
positions of the theory and MIS for all five species combined. This leads to a Gaus-
sian distribution with the average deviation being 0.41% +0.63%. Previous work
[112] has shown that argon matrix interaction effects lead to an average deviation
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Figure 4.2 Comparison of the IR spectrum of benz[aJanthracene between the
matrix—isolation experimental at 15 K (green, bottom spectrum of each panel),
the theoretical anharmonic (this work) convolved with a FWHM of 2 cm™ (blue,
bottom middle spectrum of each panel), the gas—phase experimental at 300 K[21]
(red, top middle spectrum of each panel), and the theoretical anharmonic (this
work) convolved with a FWHM of 18 cm™! (blue, top spectrum of each panel).
Three spectral ranges are shown. Each range has its intensities normalized to the
local maximum to enhance details. Water contaminant line intensities have been
truncated.
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Figure 4.3 Anharmonic QFF IR spectrum of benz[a]anthracene (this work) com-
pared to high-resolution gas—phase IR absorption spectra obtained in a molecular
beam (this work).
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ID sym

exp[23]

rel. 1[23]

anharm rel. T components

I source

3087.8

3079.0

3063.8

3047.8

3036.8

3017.1

0.37

0.73

0.57

3078.6 0.38 V2
vy
Vi3 + v
Vig + v
3071.7 0.59 Vi
V3
Vis + Va1
3059.0 0.70 V2
V4
Vs
V7
Vis + Va1
V15 + Va0
Vig + v
3050.2 1 Vs
Vi4 + V24
3030.7 0.48 Vi3 + Vo
V17 + V20

3012.0 0.14 Vi7 + Va1
Vi4 + V25
Vis + vy

Vi
V2
V3

Vi
V2
V3
Vs
V2

Vs

v3
V4
Vs
V6
v3

Table 4.1 Line positions [em™'], relative intensities, dominant resonant compon-
ents, and origin of intensities for the bands of the benz[a]anthracene in the high—
resolution gas—phase IR absorption spectra obtained in a molecular beam (this
work) and the theoretical anharmonic spectrum (this work) as shown in figure

4.12.

Mode Freq Symm Description

Vi 3194.66 a bay symm CH stretch

V2 3185.43 a non-bay quartet symm CH stretch

V3 3183.64 a bay symm CH stretch

V4 3174.57 a’ bay asymm CH stretch

Vs 3173.06 a/ non-bay quartet asymm CH stretch/duo
CH stretch

Y6 3172.62 a duo CH stretch/non-bay quartet asymm
CH stretch/bay asymm CH stretch

V7 3166.93 a’ bay quartet CH stretch/bay asymm CH
stretch

vi2 3151.39 a’ non-bay singlet/non-bay duo asymm CH
stretch

Vi3 1659.10 a “anthracene” edge CC stretch

Via 1651.83 a’ outer corner CC stretch

Vis 1640.63 a/ “benzene” edge CC stretch

vi7 1591.75 a’ ring fusing carbons CC stretch

V20 1508.64 a’ duo/non-bay quartet CH bend

V21 1482.50 a’ duo/bay quartet CH bend

v 1467.65 a’ quartet/quartet CH bend

Vo4 1438.95 a’ duo CH bend

V25 1410.64 a’ singlet CH bend

Table 4.2 Mode

descriptions and harmonic frequencies [cm™'] of the IR active
modes and modes involved in IR active combination bands/resonances identified
in the CH-stretching region of benz[a]anthracene.
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Figure 4.4 Histogram showing the percent differences between the line positions of
the anharmonic theory (this work) and (from top to bottom) the MIS experiments
for all five PAH species combined.

Molecule MIS I NIST I C-H I
benz[aJanthracene | 0.67  66.5 1.02 38.3 0.19 21.7
chrysene 0.72 75.2 0.74 43.2 0.12 40.9
phenanthrene 0.47 53.9 0.55 68.5 0.21 39.7
pyrene 0.73 128 0.97 83.1 0.14 37.8
triphenylene 0.67 44.4 0.85 126 0.15 44.5

Table 4.3 Average absolute percent difference in line positions and relative in-
tensities between the MIS, low-resolution high-temperature gas—phase (NIST),
and the high-resolution low-temperature gas—phase (C-H) and the corresponding
convolved theoretical anharmonic spectra of this work.
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Figure 4.5 Histogram showing the percent differences between the line positions of
the anharmonic theory (this work) and (from top to bottom) the NIST gas—phase
experiments for all five PAH species combined.
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Figure 4.6 Histogram showing the percent differences between the line positions of
the anharmonic theory (this work) and (from top to bottom) the low—temperature
high-resolution gas—phase experiments for all five PAH species combined.
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from the gas phase by 0.21% +0.87%. The theoretical line positions in this work
can therefore be determined accurately to within experimental limitations of MIS
spectroscopy.

The average absolute percent differences in relative band intensities (relative
to the peak intensity of the strongest out—of-plane C-H mode) between the MIS
spectra and the convolved theoretical spectra are given in table 4.3 for each mo-
lecule. Matrix interaction effects on band intensities are not as well known as
are line positions. However, since the largest deviations are seen for the weakest
bands it is plausible that matrix effects are indeed occurring. Nevertheless, over-
all intensity features match well enough between theory and experiment that line
assignment is generally unambiguous.

With the inclusion of anharmonicity the theoretical spectra now can reproduce
the large number of combination bands with significant intensities that appear
in the experimental spectra. From ~1200 — 1600 cm™! there are a number of
combination bands interspersed with the fundamental bands. These include in—
plane ring deformations + in—plane ring deformations, out—of-plane C—H bends +
out—of-plane drumheads, and out—of—plane C—H bends + out—of-plane C—C bends.
The region from ~1600 — 2000 cm™! is dominated by out-of plane C-H bend +
out—of-plane C-H bend combination bands; no fundamentals, and no other types
of combination bands have appreciable intensity in this region.

4.5.2 High—temperature gas—phase

Excellent agreement between the low-resolution gas—phase spectra and the con-
volved anharmonic spectra was also achieved. See the supplemental material for
figures of the theoretical spectra compared to experiment, as well as tables listing
the band positions, and relative intensities.

The average absolute percent differences in line positions between the high—
temperature gas—phase experimental spectra are given in table 4.3 for each mo-
lecule. Figure 4.5 shows a histogram of the percent differences between the line
positions of the anharmonic theory and the high—temperature gas—phase for all five
species combined. This leads to a Gaussian distribution with the average deviation
being 0.53% +0.95%. Using the temperature dependance linear fit equations of ref.
45 (using the pyrene and coronene data in this region) the expected average devi-
ation due to temperature is calculated to be 0.52%. The theoretical line positions
in this work can therefore be considered accurate to within temperature dependent
shifts.

The average absolute percent differences in relative band intensities (relative
to the peak intensity of the strongest out—of-plane C-H mode) between the high—
temperature gas—phase experimental spectra and the convolved theoretical spectra
is given in table 4.3 for each molecule. Temperature effects and line widths make
intensity comparison unreliable. Nevertheless, as in the MIS case overall intensity
features match well enough between theory and experiment that spectral feature
assignment is unambiguous.
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4.5.3 C-H stretching region (low—temperature gas—phase)

A high level of qualitative and quantitative agreement between theory and exper-
iment was achieved for the low—temperature gas—phase experiments. See the sup-
plemental material for figures of the theoretical spectra compared to experiment,
as well as tables listing the band positions and assignments, relative intensities,
and dominant resonances with mode descriptions.

The average absolute percent difference in line positions between the low—
temperature high-resolution gas—phase experimental spectra in the C—H stretching
region and the convolved theoretical spectra is given in table 4.3 for each molecule.
Figure 5.4 shows a histogram of the percent differences between the line positions of
the anharmonic theory and the high-resolution low—temperature gas—phase spectra
for all five species combined. The number of bands observed for the five species
in the C-H stretching region are limited, as such the statistics on this region
are less rigorous. With this in consideration, this leads to a tentative Gaussian
distribution with the average deviation being -0.13% +0.25%. Agreement is best for
the low—temperature high-resolution gas—phase data where physical perturbations
are minimized.

The average absolute percent differences in relative band intensities (relative
to the peak intensity of the strongest band in the C—H stretching region of each
molecule) between the low—temperature high-resolution gas-phase experimental
spectra and the convolved theoretical spectra is given in table 4.3 for each molecule.
Again, agreement is best for the low—temperature high-resolution gas—phase data
where physical perturbations are minimized.

This level of agreement in the C—H stretching region provides validation for
the theoretical approach used in this work. It is possible that the remaining small
deviations in line position and intensities between theory and experiment could
be explained by the level of theory used. We therefore performed an MP2 with
a cc-pVDZ basis set anharmonic analysis on naphthalene. After performing these
calculations a slight improvement in some line positions was seen, but many exper-
imental bands were still unexplained (possible triple combination bands[22]) or not
improved at all. This leads to the conclusion that it may be more beneficial to in-
clude additional anharmonic terms (quintic, sextic, etc.), than to increase the level
of theory. It should be noted that due to the size of PAHs, both raising the level
of theory or including additional anharmonic terms is currently computationally
not yet feasible.

The anharmonic analysis shows that resonances play a dominant role in de-
scribing the C—H stretching region of PAHs. Harmonic calculations predict only a
handful of active modes in this region, while the experimental results show many.
These additional modes were found to occur due to mainly type two Fermi res-
onances. It was also found that the strong resonances in this region always occur
between one C—H stretching fundamental in resonance with an in—plane C—H bend-
ing mode in combination with an in—plane C—C stretching mode (see appendix for
mode descriptions). Combinations between two in—plane C-H bends or two in—
plane C—C stretches do not show strong coupling to the C—H stretching modes,
even though the sum of their energies would put them in range to resonate in a
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type two Fermi resonance.

4.5.4 Astrophysical implications

This study, in conjunction with our previous work[106] demonstrates the need for
anharmonicities to be taken into account when studying astronomical IR PAH
spectra. Again, we see how the current modelling of the AIBs can fall short due
to the poor reliability of harmonic IR spectra.

The C—H stretching region is especially problematic as the shape and strength
of the bands are controlled by resonances. This region can therefore only be under-
stood properly by introducing anharmonicities to models and using an appropriate
treatment of resonant states. This conclusion is even more important in the context
of the upcoming launch of the James Webb Space Telescope, which will provide
high-resolution spectra of this spectral region. Up until now harmonic IR models
have sufficed due to the lack of high-resolution astronomical observations of this
region, but it is clear that these will not suffice when high-resolution data will
become available. This short-coming, in turn, will also be of major impact on the
usefulness of astronomical models.

The pure combination band region is controlled by C—H out—of—plane + C—
H out—of-plane combination bands. This region can also only be explained by
introducing anharmonicities to models. These features have been observed in
astronomical observations[102] and since this region is controlled by only C-H
out—of—plane modes it may provide an additional means of characterizing the edge
structure of astronomical PAHs. Investigations are currently underway.

Temperature effects, emission models, and PAH destruction models are also
greatly affected by including anharmonicities. All of these properties are affected
by the density of states of excited PAHs. Introducing anharmonicities dramatically
changes the complexity of the available states. Investigations on these effects on
the theoretical spectra are currently underway.

4.6 Conclusions

Five non—linear PAHs were considered in this work: benz[a]anthracene, chrysene,
phenanthrene, pyrene, and triphenylene. All theoretical spectra show excellent
agreement in band positions with the three types of experiments shown. The the-
oretical band positions have been shown to be in agreement with the MIS data
to within an average of 0.41% with a standard deviation of 0.63%, with high—
temperature gas—phase to within an average of 0.53% with a standard deviation
of 0.95%, and with low—temperature gas—phase in the C-H stretching region to
within an average of -0.13% with a standard deviation of 0.25%. The good compar-
ison with the high-resolution, low—temperature gas—phase spectra is particularly
gratifying as these spectra provide “ground truth”. Further, this is the region that
is theoretically the most challenging due to the dominance of Fermi resonances,
and hence we take it that this good comparison implies that in the absence of gas—
phase data anharmonic calculations are the instrument of choice when analyzing
astronomical observations.
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Intensity comparison between the anharmonic IR spectra and experiments
shows moderate agreement for the MIS and high-temperature gas-phase data.
Temperature effects and matrix interaction effects could be responsible for the
larger discrepancies in intensities. High-resolution data where these effects are
absent show better agreement. This underlines the need for experimental low—
temperature gas—phase spectra in the complete IR range. Triphenylene (see sec-
tion 4.6) shows intensity problems, both due to a poorly estimated QFF and
erroneously calculated anharmonic intensities.

The reduction of symmetry to handle a symmetric top molecule, such as tri-
phenylene, with the anharmonic approach presented in this work has been shown
to have limitations, but the results are surprisingly good in the C-H stretching re-
gion. Further investigation into other highly symmetric molecules as well as other
techniques for dealing with symmetric tops are warranted. SPECTRO is able to
handle symmetric top molecules, but there is a potential issue for non—degenerate,
non—totally symmetric modes which must be handled carefully[113]. Symmetric
top molecules are of special importance since many current astronomical models,
both theoretical and experimental, use coronene (Dg;, symmetry) as a typical PAH
stand—in. Efforts are currently underway to apply the methods described in this
work to coronene in order to better understand the issues that arise.

Compared to harmonic calculations (see ref. 23 for a comparison in the C-
H stretching region) the anharmonic calculations provide a vast improvement.
Harmonic frequencies are off by typically over 4%, whereas the anharmonic fre-
quencies are off by less than 1%. This level of agreement eliminates the need for
an empirical scaling factor to bring harmonic calculations in line with experiment.
Harmonic calculations can also not explain the large number of bands seen in the
C-H stretching region (type two Fermi resonances), or reproduce any of the large
number of bands seen in the 1600-2000 cm™! region (combination bands), while
anharmonic calculations can. These conclusions are important as they imply that
also for compounds for which it so far has not been possible to record experimental
IR spectra it is possible to use theoretically predicted spectra as a reliable proxy.
This, in turn, paves the way for a full in—silico screening of PAH models.

Patterns are beginning to arise with the anharmonic effects on the spectra
of PAHs, especially in the resonance structure of the C-H stretching region and
pure combination band region. All strong bands occurring in the C-H stretch-
ing region involve type two Fermi resonances (v, + v, ~ v.) consisting of C-C
stretching modes in combination with in—plane C-H bending modes resonating
with in—plane C—H stretching fundamentals. Likewise, all strong bands occurring
in the pure combination band region are combinations of two out—of-plane C-H
bends. This, along with symmetry considerations, greatly simplifies the number
of interacting modes to consider, and accounts for most of the anharmonic effects
observed. This holds promise for generalizing anharmonic effects in order to avoid
full anharmonic QFF analysis for many individual PAH species. However, a larger
set of test cases, including larger PAHs sizes and various molecular symmetries, is
necessary in order to further develop these generalizations and techniques. Efforts
are currently underway. PAH derivatives (methylated, hydrogenated, dehydro-
genated, nitrogen—substituted, cations, anions, etc.) are also of great interest to
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astronomers. For that reason this work is also being extended into investigating
anharmonic effects on these species.
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Appendix
Triphenylene

Triphenylene is a symmetric top, with Dj3;, symmetry. Gaussian09 cannot handle
symmetric tops at the anharmonic level. Therefore, to circumvent this triphenylene
was approximated as an asymmetric top by slightly perturbing the masses of two
opposing carbon atoms of the central ring from 12 au to 12.01 au, consequently
lowering the symmetry to Cy,.

By perturbing the masses slightly the symmetry of a molecule breaks, while
preserving the symmetry of the potential energy surface as much as possible. Per-
turbing the masses resulted in the degenerate harmonic modes splitting by ~0.01%,
leaving the potential with nearly the same symmetry at the harmonic level. The
symmetry of the potential at the anharmonic level can be estimated by comparing
the cubic force constants [114]. For degenerate modes of a symmetric top, the
normal coordinate cubic force constants are related by

Faau = _Fahh (41)

where a and b are components of a degenerate normal mode, and a is symmetric
with respect to the operations of the point group while b is antisymmetric with
respect to one operation.

For triphenylene the comparisons between the non—zero cubic force constants
of the degenerate modes (14 pairs) shows a percent difference of 28% on average.
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The sign of the cubic force constants are all found to be correct between pairs.
This result shows that the symmetry of the QFF of triphenylene is more broken
than ideal, most likely due to the level of theory used.

Performing the VPT2 anharmonic analysis with SPECTRO with this slightly
broken symmetry QFF, it was found that there is moderate agreement in the 1600
~ 2000 cm™! region. Major deviations however, can be seen in between 1400 and
1550 cm™! (see the supplemental material). The appearance of additional strong
bands in this region (and a few minor bands in the 1600 — 2000 cm™' region) are
a result of the over—estimation of resonance strengths between modes caused by
the breakdown of the QFF. For bands <1400 cm™' major deviations are found
with the anharmonic intensities reported by Gaussian09. Some anharmonic bands
were found to have intensities two, or even sometimes three, orders of magnitude
too high (not shown). For the <1400 cm™! region we therefore reverted to using
the harmonic intensities in our analysis. The extremely large intensities are likely
due to “resonances” between modes that are actually different components of a
degenerate vibration and are a byproduct of using an asymmetric top formulation
for a symmetric top molecule.

The C—H stretching region, on the other hand, shows excellent agreement with
experiment. This agreement is due to the fact that the parts of the QFF affect-
ing resonances between C—H in—plane modes appear to largely unaffected by the
symmetry lowering. Harmonic intensities are being utilized in this region for all
molecules, so spurious anharmonic intensities are already excluded. The lower-
ing of the symmetry of the molecule also led to changes in the symmetries of the
individual bands, complicating assigning symmetries to individual bands, espe-
cially combination bands. Therefore, no symmetries are listed in the supplemental
material.
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4.7 Supplemental Material
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Figure 4.7 Comparison of the IR spectrum of benz[aJanthracene between the
matrix—isolation experimental at 15 K (green, bottom spectrum of each panel),
the theoretical anharmonic (this work) convolved with a FWHM of 2 cm™! (blue,
bottom middle spectrum of each panel), the gas—phase experimental at 300 K[21]
(red, top middle spectrum of each panel), and the theoretical anharmonic (this
work) convolved with a FWHM of 18 cm™ (blue, top spectrum of each panel).
Three spectral ranges are shown. Each range has its intensities normalized to the
local maximum to enhance details. Water contaminant line intensities have been
truncated.
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Figure 4.8 Comparison of the IR spectrum of chrysene between the matrix—
isolation experimental at 15 K (green, bottom spectrum of each panel), the theor-
etical anharmonic (this work) convolved with a FWHM of 2 em™! (blue, bottom
middle spectrum of each panel), the gas—phase experimental at 300 K[21] (red,
top middle spectrum of each panel), and the theoretical anharmonic (this work)
convolved with a FWHM of 18 cm™! (blue, top spectrum of each panel). Three
spectral ranges are shown. Each range has its intensities normalized to the local
maximum to enhance details; see table 4.4 for true relative intensities. Water
contaminant line intensities have been truncated.
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Figure 4.9 Comparison of the IR spectrum of phenanthrene between the matrix—
isolation experimental at 15 K (green, bottom spectrum of each panel), the theor-
etical anharmonic (this work) convolved with a FWHM of 2 cm™! (blue, bottom
middle spectrum of each panel), the gas—phase experimental at 300 K[21] (red,
top middle spectrum of each panel), and the theoretical anharmonic (this work)
convolved with a FWHM of 18 cm™! (blue, top spectrum of each panel). Three
spectral ranges are shown. Each range has its intensities normalized to the local

maximum to enhance details; see table 4.4 for true relative intensities.
contaminant line intensities have been truncated.
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spectrum of each panel), the gas—phase experimental at 300 K[21] (red, top middle
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Figure 4.11 Comparison of the IR spectrum of triphenylene between the matrix—
isolation experimental at 15 K (green, bottom spectrum of each panel), the theor-
etical anharmonic (this work) convolved with a FWHM of 2 cm™! (blue, bottom
middle spectrum of each panel), the gas—phase experimental at 300 K[21] (red,
top middle spectrum of each panel), and the theoretical anharmonic (this work)
convolved with a FWHM of 18 cm™! (blue, top spectrum of each panel). Three
spectral ranges are shown. Each range has its intensities normalized to the local
maximum to enhance details; see table 4.4 for true relative intensities.
contaminant line intensities have been truncated.
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Figure 4.12 Anharmonic QFF IR spectrum of benz[aJanthracene (this work) com-
pared to high-resolution gas—phase IR absorption spectra obtained in a molecular
beam (this work).
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Anharmonic IR spectra of non-linear PAHs

Mode Freq Symm Description

Vi 3194.66 a bay symm CH stretch

va 3185.43 a’ non-bay quartet symm CH stretch

V3 3183.64 a’ bay symm CH stretch

V4 3174.57 a’ bay asymm CH stretch

Vs 3173.06 a non-bay quartet asymm CH stretch/duo
CH stretch

173 3172.62 a’ duo CH stretch/non-bay quartet asymm
CH stretch/bay asymm CH stretch

1 3166.93 a bay quartet CH stretch/bay asymm CH
stretch

Via 3151.39 a’ non-bay singlet/non-bay duo asymm CH
stretch

Vi3 1659.10 a’ “anthracene” edge CC stretch

Vig 1651.83 a outer corner CC stretch

Vis 1640.63 a “benzene” edge CC stretch

vi7 1591.75 a’ ring fusing carbons CC stretch

V20 1508.64 a duo/non-bay quartet CH bend

Va1 1482.50 a’ duo/bay quartet CH bend

%% 1467.65 a quartet/quartet CH bend

Vo4 1438.95 a/ duo CH bend

Va5 1410.64 a singlet CH bend

Table 4.6 Mode descriptions and harmonic frequencies [cm™!] of the IR active
modes and modes involved in IR active combination bands/resonances identified
in the CH-stretching region of benz[aJanthracene.

ID | sym | exp[23] rel. I[23] | anharm rel. I | components I sources
a a 3087.8 0.37 3078.6 0.38 V2 Vi
V4 V2
Vi3 + v V3
Vig +vn
b a 3079.0 0.69 3071.7 0.59 Vi Vi
V3 V2
Vis + V21 V3
c a’ 3063.8 1 3059.0 0.70 V2 Vs
V4 V2
Vs
V7
Vis + V21
Vis V20
Vig +vn
d a 3047.8 0.73 3050.2 1 Vs Vs
Vig + v
e a’ 3036.8 0.57 3030.7 0.48 Vi3 + Vv V3
V17 + V20 V4
Vs
V6
f a 3017.1 0.20 3012.0 0.14 vi7 + V2 V3
Vi4 + V25 Vi2
Vis + Vo4

Table 4.7 Line positions [em™!], relative intensities, dominant resonant compon-
ents, and origin of intensities for the bands of the benz[a]anthracene in the high—
resolution gas—phase IR absorption spectra obtained in a molecular beam (this
work) and the theoretical anharmonic spectrum (this work) as shown in figure

4.12.
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Figure 4.13 Anharmonic QFF IR spectrum of chrysene (this work) compared to
high-resolution gas—phase IR absorption spectra obtained in a molecular beam
(this work).

Mode Freq Symm Description

V) 3207.21 b, bays symm CH stretch

V3 3191.81 by bays asymm CH stretch

Ve 3182.58 by quartets asymm CH stretch

V7 3168.10 by quartets asymm CH stretch

Y10 3160.65 b, duos asymm CH stretch

Vi1 3156.72 b, non-bay edges asymm CH stretch
Vi3 1650.92 ag edge symm CC stretch

Vig 1648.71 b, terminal rings CC stretch

Vis 1638.32 a, edge asymm CC stretch

Yie 1629.01 by, outer “naphthalene” edge symm CC stretch
vi7 1599.42 ag ring fusing carbons CC stretch

vig 1553.44 ag duos/quartets asymm bay CH bend
Vig 1549.78 b, terminal edge CC stretch

V20 1514.52 by, duos/quartets symm bay CH bend
Va1 1480.80 ag duos/quartets symm bay CH bend
V22 1458.74 ag duos/quartets asymm bay CH bend
V3 1458.58 b, duos/quartets asymm bay CH bend
V24 1451.54 by quartets asymm CH bend

Table 4.8 Mode descriptions and harmonic frequencies [cm™!] of the IR active
modes and modes involved in IR active combination bands/resonances identified
in the CH-stretching region of chrysene.
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Anharmonic IR spectra of non-linear PAHs

1D sym | exp[23] rel. 1[23] anharm  rel. I components I sources
a by 3110.7 0.29 - - -
b by 3107.4 0.54 3120.9 0.49 V2 V2
Vie + V18
Vi3 + V20
c by 3102.3 0.40 3106.2 0.74 V2 V2
Vi3 + V20
d by 3095.7 0.65 3098.7 1 Ve V2
Vis + V20 Ve
e by 3091.0 0.23 3092.9 0.51 vi7 + V19 V2
V3
v
f by 3078.4 0.78 3084.3 0.70 Vi + Vo1 V2
3
g by 3073.8 0.93 3069.7 0.78 Ve Ve
Via + 21
h by 3070.5 0.71 3067.0 0.57 Vil Ve
Vi3 + V23 V7
Vig + v
i by 3063.0 1 3063.6 0.66 Vie + V21 Ve
v
j by 3058.8 0.56 3058.7 0.59 Vis + V23 V3, V7
k by 3053.7 0.75 3057.0 0.63 vio V7
V17 + V20 V10
Via + Va2
by Vis + V23 v
1 by 3049.0 0.45 3050.6 0.44 Vig + v v
Vi3 + V23
vig + V19
V17 + V20
by V17 + V20 V2
Ve
vio
m by 3043.5 0.32 3044.9 0.53 Vi3 + v V2
Y6
n by 3035.1 0.50 3039.7 0.69 V7 V7
Vis + Va4
o by 3020.3 0.50 3024.4 0.86 Ve Ve
Vi
vig + v
Vis + Va4
P by 3010.1 0.20 3012.8 0.33 vio vio
Vil
V17 +v23
Vi3 + v

Table 4.9 Line positions [em™'], relative intensities, dominant resonant compon-
ents, and origin of intensities for the bands of the chrysene in the high-resolution
gas—phase IR absorption spectra obtained in a molecular beam (this work) and
the theoretical anharmonic spectrum (this work) as shown in figure 4.13.
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Figure 4.14 Anharmonic QFF IR spectrum of phenanthrene (this work) compared
to high-resolution gas—phase IR absorption spectra obtained in a molecular beam
(this work).

Mode Freq Symm Description

Vi 3199.53 aj bay symm CH stretch

V2 3189.22 b, quartets/bay asymm CH stretch
Va4 3179.79 b, quartets/bay asymm CH stretch
Vs 3172.54 aj duo symm CH stretch

Ve 3168.11 aj quartets/duo symm CH stretch

v 3157.11 b, quartets/duo asymm CH stretch
) 3156.72 a quartets (no bay) asymm stretch
Vi1 1651.44 a corner edge CC stretch

Vi 1646.57 b, terminal edge CC stretch

Vi3 1634.92 aj full edge CC stretch

Vig 1601.29 b, ring fusing carbons CC stretch

Vis5 1556.72 a| quartets/asymm bay CH bend

Vie 1529.25 by quartets/duo/symm bay CH bend
vi7 1486.53 b quartets/duo/symm bay CH bend
vig 1466.74 ap quartets/duo/symm bay CH bend
Yio 1446.12 ai quartets/asymm bay CH bend

V20 1442.79 b, duo/quartet (no bay) CH bend

Table 4.10 Mode descriptions and harmonic frequencies [cm™'] of the IR active
modes and modes involved in IR active combination bands/resonances identified
in the CH-stretching region of phenanthrene.

109



Anharmonic IR spectra of non-linear PAHs

ID | sym | exp[23] rel. I[23] | anharm rel. I | components I sources
a aj 3116.6 0.24 3122.9 0.13 Vi2 + Vie e
Vi3 tVis
by Vit +Vis V4
b bs 3109.6 0.25 3107.4 0.10 Vi3 + Vi Vv
c bs 3100.0 0.28 3093.1 0.18 V2 V2
v7
Via +Vis
d aj 3094.0 0.33 3086.2 0.33 Vi Vi
V3
Vi +Vi7
vVi2 tVie
e ba 3091.8 0.30 3083.4 0.31 Vs Va4
Vi +viy
Vi3 +Vie
f bs 3084.3 0.55 3078.0 1 V2 V2
2 V4
Vit + vz
g - 3082.8 0.53 - - - -
h ay 3081.5 0.50 3076.7 0.60 Vi Vi
V3
21/15
i ba 3075.4 0.89 3067.7 0.53 V2 V2
Vi3 vz V4
j ay 3071.6 0.64 3060.9 0.63 Vs Vs
Vi4 +Vie
Vit t+vig
Vit + Vi
k - 3069.0 0.57 - - - -
1 bs 3065.3 1 3059.0 0.59 V8 V4
2 V2
Vi3 +vi7
vi2 +Vig
ai V3 V6
Vo
m - 3061.8 0.05 - - - -
n - 3057.0 0.90 - - - -
o ay 3056.4 0.88 3052.2 0.66 Vs Vs
Ve Ve
Via tVie
P ba 3050.3 0.40 3046.8 0.12 V8 V8
Vi2 +Vig
q ay 3047.9 0.55 3045.0 0.21 V9 )
Vi2 + V20
r aj 3042.4 0.45 3031.9 0.30 Vs Vs
2v1s
Vit +Vig
s ay 3037.6 0.47 3030.2 0.16 2vis Vs
Via +Vi7
t bs 3032.8 0.68 3026.0 0.23 V4 V4
Vi2 tVig
u aj 3018.6 0.26 3010.6 0.20 Ve Ve
Vi + V17
Vi3 +Vi9
v bs 3015.5 0.25 3008.7 0.25 V4 V4
vg
Vi2 +Vi9
Vi3 + v

Table 4.11 Line positions [cm™], relative intensities, dominant resonant compon-
ents, and origin of intensities for the bands of the phenanthrene in the high—
resolution gas—phase IR absorption spectra obtained in a molecular beam (this
work) and the theoretical anharmonic spectrum (this work) as shown in figure

4.14.
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Figure 4.15 Anharmonic QFF IR spectrum of pyrene (this work) compared to
high-resolution gas—phase IR absorption spectra obtained in a molecular beam
(this work).

Table

Mode Freq Symm Description

%) 3181.48 by trios symm CH stretch

V4 3172.18 by, duos symm CH stretch

Ve 3164.47 ba, trios (no middle CH) asymm CH stretch
V10 3153.84 by duos assym CH stretch

Vi1 1660.92 ag middle “naphthalene” CC stretch

Vi 1635.58 boy edge asymm CC stretch

Vi3 1626.43 b1, terminal “benzene” symm CC stretch
Vig 1618.23 bag terminal “benzene” asymm CC stretch
Vig 1528.64 bsg trios/duos symm CH bend

V17 1508.36 by, trios/duos asymm CH bend

Vi 1478.71 b duos symm CH bend

V19 1456.19 b, trios/duos assym CH bend

V20 1453.29 bou trios symm CH bend

4.12 Mode descriptions and harmonic frequencies [cm™!] of the IR active

modes and modes involved in IR active combination bands/resonances identified

in the

CH-stretching region of pyrene.
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ID [ sym [ exp[23] rel. I[23] anharm rel. I | components I sources
a - 3118.7 0.12 - - - -
b - 3108.9 0.10 - - - -
c b 3096.0 0.12 3103.7 0.17 Vi2 + Vie v

bay, Vit +vig V4

d bay 3087.8 0.08 3086.7 0.02 Vi3 +Vi6 V6
e bn | 3071.9 0.11 3078.4  0.04 | vy +wis v

Y10

f b 3064.9 0.59 3072.5 0.41 V2 V2
Vig +vi7

g boy 3063.3 0.56 3057.3 0.24 73 V4

Vi1 +vao V6

h b 3059.5 0.39 3056.5 0.21 Vi1 + Vig Vv
i - 3057.5 0.13 - - - -

j - 3055.6 0.29 - - - -

k bay 3052.9 0.60 3048.1 0.65 \ V4

Ve
1 b1y 3049.8 1 3050.4 1 V) V2
m bou 3044.0 0.34 3042.9 0.40 Ve Va
Vi1 + Vv V6

Table 4.13 Line positions [cm™], relative intensities, dominant resonant compon-
ents, and origin of intensities for the bands of the pyrene in the high-resolution
gas—phase IR absorption spectra obtained in a molecular beam (this work) and
the theoretical anharmonic spectrum (this work) as shown in figure 4.15.
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Figure 4.16 Anharmonic QFF IR spectrum of triphenylene (this work) compared

to high-resolution gas—phase IR absorption spectra obtained in a molecular beam
(this work).
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Mode Freq Symm Description

Vi 3213.85 bay symm CH stretch

V2 3211.89 e bay symm CH stretch

V3 3211.39 e bay symm CH stretch

V4 3196.22 e quartet/bay asymm CH stretch

Vs 3195.83 e quartet/bay asymm CH stretch

Ve 3192.73 bay asymm CH stretch

vy 3181.62 quartet symm (no bay) CH stretch
V8 3178.58 e quartet/bay asymm CH stretch

) 3178.52 e quartet/bay asymm CH stretch

V12 3164.34 quartet/bay asymm CH stretch

Vi3 1644.06 edge CC stretch

Vig 1639.66 e edge CC stretch

Vis 1639.55 e edge CC stretch

V16 1610.63 e ring fusing carbons CC stretch

vi7 1610.43 e ring fusing carbons CC stretch

vig 1580.25 quartets/bay asymm CH bend

Vi9 1527.60 e two symm bay/one asymm bay CH bend
V20 1526.99 e one symm bay/two asymm bay CH bend
vai 1486.15 quartet (no bay) symm CH bend
V22 1474.23 three asymm bay CH bends

Va3 1462.40 e quartets/bay symm CH bend

Vo4 1462.17 e quartets/bay symm CH bend

Table 4.14 Mode descriptions and harmonic frequencies [cm™'] of the IR active
modes and modes involved in IR active combination bands/resonances identified
in the CH-stretching region of triphenylene. Due to the symmetry lowering of
triphenylene the symmetries for each mode are not given. However, modes that

are degenerate under Ds; symmetry are indicated by the symbol “e”.
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1D

exp[23]

rel. I[23]

anharm

rel. I

components

I sources

3143.2

3101.8

3098.7

3091.5

3088.1

3084.3

3076.2

3073.8

3070.3

3065.0

3058.2

3050.8

3046.4

3040.6

3039.4

3035.3

0.20

0.68

0.43

0.62

0.34

0.34

0.57

0.40

0.35

0.64

3144.5

3103.2

3106.3

3100.0

3093.5

3090.2

3079.8

3073.7

3068.5

3061.3

3051.8

3044.8

3040.5

3036.1

3032.9

3029.7

0.13

0.77

0.40

0.13

0.12

0.09

0.96

0.64

0.57

0.33

0.29

0.41

0.17

0.40

0.45

2vie
2vi7

vis tVig
Vis + V20
V3

V1 Vs
Vi3 + V20
Vi4 + V20

Vi7 + V20
Vie + V20
V7

Vie + V20
vi7 + V20
Vs

2vig

V7

V2

Vo

Vs

Vi3 +Vi9
V3

Y6

V4

Via +Vi9
V2

Vs

V4

Vi

Vo

2vig

Vig + V20
Vie + V24
Vie + V22
vi7 + v
V8

Vi7 +Vi9
Vis + 721
V7

2va0

Vig +Vie
Vie + V22
Via + V2
Vi3 +v23
Vi7 + V21
Vie t Va4
V9

Vie + V21
Vi3 +v23
Vi t V19
Vs

vi2

V18 + Va0

V2
V8
V9
V3

V2
V3
V2
V9
V8
V9
Vs
V9

V2
V8
V9

V3

V2

V9

V3
V2
V9

Vs

V9

V9

Vs

Table 4.15 Line positions [cm™'], relative intensities, dominant resonant compon-
ents, and origin of intensities for the bands of the triphenylene in the high—
resolution gas—phase IR absorption spectra obtained in a molecular beam (this
work) and the theoretical anharmonic spectrum (this work) as shown in figure

4.16.
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THE ANHARMONIC QUARTIC FORCE
FIELD INFRARED SPECTRA OF
HYDROGENATED AND METHYLATED
PAHS

Polycyclic aromatic hydrocarbons (PAHs) have been shown to be ubiquitous
in a large variety of distinct astrophysical environments and are therefore of great
interest to astronomers. The majority of these findings are based on theoretically
predicted spectra, which make use of scaled DFT harmonic frequencies for band
positions and the double harmonic approximation for intensities. However, these
approximations have been shown to fail at predicting high-resolution gas—phase in-
frared spectra accurately, especially in the CH-stretching region (2950-3150 cm™!,
3um). This is particularly worrying for the subset of hydrogenated or methylated
PAHs of which astronomers attribute the observed non—aromatic features which
appear in the CH-stretching region of spectral observations of the interstellar
medium (ISM). In our previous works, we presented the anharmonic theoretical
spectra of three linear PAHs and five non-linear PAHs, demonstrating the import-
ance of including anharmonicities into theoretical calculations. In this work we
extend these techniques to two methylated PAHs (9—methylanthracene, and 9,10
dimethylanthracene) and four hydrogenated PAHs (9,10-dihydroanthracene, 9,10
dihydrophenanthrene, 1,2,3,4-tetrahydronaphthalene, and 1,2,3,6,7,8-hexahydropyrene)
in order to better understand the aliphatic IR features of substituted PAHs. The
theoretical spectra are compared with spectra obtained under matrix isolation
low—temperature conditions for the full vibrational fundamental range and high—
resolution, low—temperature gas-phase conditions for the CH-stretching region.
Excellent agreement is observed between the theoretical and high-resolution ex-



perimental spectra with a deviation of 0.00% +0.17%, and changes to the spectra of
PAHs upon methylation and hydrogenated are tracked accurately and explained.

Cameron J. Mackie, Alessandra Candian, Xinchuan Huang, Elena Maltseva,
Annemieke Petrignani, Jos Oomens, Wybren Jan Buma, Timothy J. Lee,
Alexander G. G. M. Tielens
Physical Chemistry Chemical Physics Advance Article, (2018)



Introduction

5.1 Introduction

Due to their remarkable stability, Polycyclic Aromatic Hydrocarbon (PAH) mo-
lecules are widespread in everyday life. They are a major component of soot,
created during combustion processes[115] and their biological activity makes them
pollutants of water and the atmosphere. In the terrestrial atmosphere, several
reactions[116] lead to functionalised PAHs - PAHs with chemical side groups
and/or heteroatom substitution. These functionalisations have an impact on the
properties of the molecules, for example methylation can increase or decrease the
carcinogenicity level of PAHs depending on the substitution position[117].

Functionalised PAHs are also of interest from a material science prospective.
For example, hydrogenationation of PAHs change the local molecule hybridiza-
tion from sp® to sp’, and are therefore a model system for studies of hydrogen-
ated graphene, which are promising successors of silicon in the electronic industry
thanks to the tunability of the graphene band gap depending on the location of
additional hydrogens|8].

Several studies indicate that PAHs are also of high importance in astrophys-
ical environments. PAHs have been detected in interplanetary dust particles and
meteorites[14, 118], and are most certainly the carriers of the Aromatic Infrared
Bands (AIBs)[26, 27], a family of IR emission features spanning the 3-20 um (3300-
500 cm™!) region, seen in a variety of astrophysical environments. In particular,
hydrogenated and methylated PAHs are considered to be responsible for additional
features at 3.40, 3.46, 3.51, 3.56 pm and 6.9 pm[37, 38, 39, 119, 120], which can
be particularly strong in evolved stars[121]. Also, hydrogenated PAHs have gained
interests as potential catalysts for H, formation in astrophysical regions dominated
by visible-ultraviolet photons[122].

IR spectra of methylated and hydrogenated PAHs have been explored both
experimentally[123, 124], mostly in a matrix-environment[125], and computation-
ally using DFT and the double harmonic approximation [86]. For normal PAHs,
previous experiments have shown that the theoretical double harmonic spectra
compare poorly, especially in the 3.1-3.5 ym (3200-2900 cm™')[22], and 5-6 um
(2000-1600 cm™!) regions[106]. This is due to the inability of the harmonic ap-
proximation to account for combination bands, overtones, mode couplings and
resonances.

In our previous work[22, 23, 106, 126] we showed that good agreement between
theoretical and experimental spectra can be obtained when an anharmonic theor-
etical approach is used; specifically a second—order vibrational perturbation treat-
ment, that accounts for large numbers of mutually resonating modes and com-
bination bands. This work expands upon these studies in order to address the
high-resolution spectra of hydrogenated and methylated PAHs. The anharmonic
treatment is applied to six “decorated” PAH species: 9-methylanthracene, 9,10
dimethylanthracene, 9,10-dihydroanthracene, 9,10-dihydrophenanthrene, 1,2,3,4—
tetrahydronaphthalene, and 1,2,3,6,7,8-hexahydropyrene (see figure 5.1). The goal
is two—fold: to further expand and test the anharmonic methods outlined in our
previous works to include hydrogenated and methylated species, and to explain
how and why PAH spectra change with the introduction of aliphatic groups. A
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Anharmonic IR spectra of hydrogenated and methylated PAHs

robust theoretical understanding of the IR spectral features and the role of anhar-
monicities is key to analyzing and interpreting astronomical observations. Import-
ant particularly with the upcoming launch of the James Webb Space Telescope
in 2018, as astronomers will get for the first time astronomical spectra at high
spectral resolution and high sensitivity.

Of particular interest is the behavior of aliphatic vibrational modes in reson-
ances with the CH-stretching region around 3 pum. For this we compare low—
temperature high-resolution gas—phase IR absorption spectra of the six decorated
species which allows direct comparisons to the theoretical methods, further validat-
ing our approach. Full peak analyses are given for the bands in the CH-stretching
region. The remaining IR range is also compared to the available matrix isolation
spectra (MIS) and high-temperature gas—phase spectra to confirm accuracy in the
full IR range.

5.2 Theoretical Methods

The theoretical methods of this work follow similar techniques of our previous
work[98, 106, 126]. The software package Gaussian09[51] is used to optimize the
geometry of the molecules, as well as to calculate the quartic force fields (QFFs)
and IR intensities. In order to handle the large number of mutually resonat-
ing modes (polyads[56]) we use a locally modified version of the SPECTRO[52]
software package to perform a second order vibrational perturbation theory treat-
ment (VPT2) after transforming the QFF constants from normal to Cartesian
coordinates[98]. We use the resulting eigenvalues of the VPT2 polyad treatment
for the final line positions and the square of the eigenvectors to distribute intens-
ities over resonating modes (see ref. [106, 126] for more details).

Recently, problems with the stability of the quartic force field of PAHs us-
ing the B97-1 functional[94] and TZ2P basis set[95] combination has been dis-
covered. Therefore, a switch has been made in this work to the BSLYP hybrid
functional[127, 128], and the polarized double-{ basis set NO7D[129], a combination
developed specifically for the anharmonic calculations of medium-size molecules in
mind[50].

Known issues arise in the anharmonic analysis involving the low barrier “free—
rotor” vibrational modes of methyl groups[130]. To circumvent this issue, cubic
and quartic force constant terms involving the free-rotor modes were set to zero,
essentially treating these vibrational modes at the harmonic level.

5.3 Results

Comparisons between the theoretical anharmonic spectra and experimental spec-
tra obtained under the two experimental conditions were performed. To aid in
the comparisons, the theoretical spectra have been convolved[131] with Lorentzian
profiles to best match the experimental band—widths. Band assignments are made
between theory and experiment based on position, intensity, and local trends of
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s
il
pises
o

Figure 5.1 From top to bottom: 9-methylanthracene, 9,10-
dimethylanthracene, 9,10-dihydroanthracene, 9,10—-dihydrophenanthrene, 1,2,3,4—
tetrahydronaphthalene, and 1,2,3,6,7,8-hexahydropyrene. Symmetries from top
to bottom: Cy, Cyp, Co, Cy, Cy, Cs,
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Figure 5.2 Theoretical anharmonic IR spectrum of this work of 9,10-
dihydrophenanthrene compared with the high-resolution gas—phase IR absorption
spectrum of this work.
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panel). Three spectral ranges are shown.
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the convolved spectra. The values given for the experiment and theory are ob-
tained through fitting Lorentzian profiles using the software package Fityk[111].
Vibrational mode descirptions were obtained through visualization of the atomic
motions of each of the normal modes.

Figure 5.14 shows an example comparison between the convolved theoretical
spectra (blue, HWHM = 1.6 cm™') and the high-resolution low—temperature gas—
phase spectra (black), both normalized to their highest peak in this spectral range.
See ESI for similar comparisons for the remaining molecules. Detailed band as-
signments are also given in the ESI for each PAH. Due to strong resonances in the
CH-stretching region assignment to a single unique fundamental or combination
bands is not possible; instead the dominant resonant components (typically over
10% contribution) are given. Intensity source is given as a separate column since
a small resonance component (< 10%) can be the dominant source of intensity
if the related fundamental is very intense (see Theory section of reference 106
for more details). Vibrational mode descriptions are also given for each PAH in
corresponding tables (see ESI).

High-resolution low—temperature gas—phase experimental data does not exist
for the full infrared range, so comparisons are performed between the anharmonic
spectra and the available MIS[125, 132] spectra for the remaining IR range. Figure
5.15 shows an example comparison between the convolved theoretical spectra (blue,
HWHM = 1 cm™!) and the MIS spectra (green). See ESI for similar comparisons
for the remaining molecules. Three ranges are shown for each molecule, 2000
1600 cm™!, 1600-1100 cm™!, and 1100-500 cm™!. No significant features appear
between 3000 and 2000 cm™~!. No data is available below 500 cm™'. All intensities,
both theoretical and experimental, are scaled to the their maximum intensity in
the spectral range (2000-500 cm™'). Assignments between the MIS data and the
anharmonic data of this work is also presented in the ESI.

When changing from B97-1/TZ2P to B3LYP/NO7D the improvement in agree-
ment to between theory and experiment was found to be significant; from an error
of 1% down to 0.1% (30 cm™' to 3 em™ in the CH-stretching region). Fur-
ther functional/basis set benchmark studies on the anharmonic spectra of PAHs
is warranted and currently underway.

5.4 Discussion

5.4.1 Overall comparison to the low—temperature high-resolution
gas—phase spectra

The low—temperature high-resolution gas—phase spectra and the corresponding
convolved theoretical spectra (see ESI) show excellent agreement. Figure 5.4 shows
a histogram of the percent differences between the theoretical and experimental line
positions for the six PAHs combined. A fitted Gaussian gives an average deviation
of 0.00% + 0.17%. For all of the theoretical spectra in the CH-stretching region
there appears to be a systematic shift of of the lowest energy aliphatic modes. This
accounts for the secondary bump centered around -0.6% in the histogram of figure
5.4. The push to lower energies indicates an overcorrection of the anharmonic
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Figure 5.4 Histogram showing the percent differences between the line positions
of the anharmonic theory (this work) and the low—temperature high-resolution
gas—phase experiments for all six PAH species combined.
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Figure 5.5 Histogram showing the percent differences between the line positions of
the anharmonic theory (this work) and the MIS experiments for the five (no MIS
data exists or 9,10-dimethylanthracene) PAH species combined.
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effects. Whether this is due to the anharmonic correction of the bands, or due to
the resonance terms themselves is not clear. The freezing of the methyl rotors could
also be a factor, however the appearance of the same shift in the hydrogenated
PAHSs points away from this explanation. Future benchmark studies, including the
decorated PAHs can address this minor issue.

Relative intensity agreement is moderate with an average deviation of -12% +
50%. The major source of error in calculating the intensities of the CH-stretching
region is the reliance on the distribution of harmonic intensities through the poly-
ads rather than anharmonic intensities[106, 126]. Calculation and redistribution of
“true” anharmonic intensities should improve the fits. The discrepancies between
the theoretical and experimental intensities did not hamper reliable band identi-
fications.

5.4.2 Overall comparison to MIS

The MIS spectra and the corresponding convolved theoretical spectra (see ESI)
show good agreement. Figure 5.5 shows a histogram of the percent differences
between the theoretical and experimental line positions for five of the PAHs com-
bined (no MIS data exists for 9,10-dimethylanthracene). A fitted Gaussian gives
an average deviation of -0.07% + 0.30%. Previous work[112] has shown the un-
predictable shifts due to matrix interactions to be 0.21% + 0.63%. Therefore the
theoretical spectra are accurate to within the limitations of MIS spectroscopy.

Relative intensity agreement is moderate with an average deviation of -18% +
62%. It was possible to make use of anharmonic intensities in this region, however
MIS experiments are notorious for affecting the intensities of bands. Therefore,
confirmation of the reliability of the anharmonic intensity calculations needs to
await high-resolution low—temperature gas—phase spectra in this region.

5.4.3 Anthracene series

Three anthracene-based PAHs have been considered: 9—methylanthracene; 9,10
dimethylanthracene; and 9,10-dihydroanthracene. Figure 5.6 shows the theoretical
IR spectra of these three molecules in comparison with the theoretical spectrum
of anthracene. Absolute intensities have been doubled, with the main peaks trun-
cated, to show detail of the smaller peaks.

The most prominent change when moving from anthracene to the methylated
and hydrogenated versions occurs in the CH-stretching region, with both methyl-
ated species bearing a strong resemblance to one another and to a lesser extent
with the hydrogenated version. While anthracene shows one dominant peak, the
decorated PAHs show five prominent features. These five features can be split into
three regions based on the vibrational modes involved in the Fermi resonances:

1) Combinational aromatic states of CC—stretching modes paired with CH-in—
plane—bending modes in Fermi resonances with aromatic CH-stretching modes.
The behavior of this region is comparable to the “regular” CH-stretching region
of a typical PAH. In anthracene this produces one main feature centered around
3055 cm™!, while for the decorated anthracenes this feature is centered around 3085
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Figure 5.6 Comparison between anthracene—containing PAHs from the anharmonic
theoretical spectra.

cm~!. The push to higher energies is likely reflects steric interactions between the
native anthracene hydrogens and the additional hydrogens. For the methylated
anthracenes this region spans approximately 30 cm™', while the hydrogenated an-
thracene spans approximately 60 cm™. In regular anthracene this region spans
the whole CH-stretching region (approximately 200 cm™).

2) Combinational aromatic/aliphatic states of CC-stretching modes paired
with CH-in—plane-bending modes in Fermi resonances with aliphatic CH-stretching
modes. For the methylated anthracenes this region is centered around 3055 cm™!
with a width of 30 cm™! and is characterized by one dominant peak, while the
hydrogenated anthracene is centered around 2960 cm™' with a width of 160 cm™'
and is characterized by two dominant peaks.

3) Combinational aliphatic states of CH-in—plane-bending modes paired with
CH-in—plane-bending modes in Fermi resonances with aliphatic CH-stretching
modes. For the methylated anthracenes this region is centered around 2960 cm™!
with a width of 150 cm™" and is characterized by two dominant peaks, while the
hydrogenated anthracene is centered around 2849 cm™' with a width of 50 cm™!
and is again characterized by two dominant peaks. The additional feature observed
in the theoretical spectra of both methylated anthracenes around 2760 cm™! are
not observed in the experimental spectra.

One could argue that the region between 1000 and 600 cm™' shows more vari-
ation between the anthracene-like species than the CH-stretching region around
3000 cm™'. However, this is misleading. The differences are not directly due to
methylation and hydrogenation, but rather indirectly due to the disruption of the
types of CH bonds present in the molecule. As has been shown previously|[30],
the position of the bands in this region is sensitive to the the number of hydro-
gen atoms on a given aromatic ring involved in out—of-plane CH-bending modes.
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For example, anthracene has two features in this region: one at 885 cm™!' from
the out—of-plane CH-bendings of the hydrogens on the middle ring, or solo hy-
drogens (no adjacent hydrogens); and one at 730 cm™! from the out—of-plane
CH-bendings of the hydrogens on the terminal rings, or quarto hydrogens (four
adjacent hydrogens). Similar characteristic features exist at distinct frequencies
for other aromatic ring types; duo (two adjacent hydrogens) out—of—plane CH-
bendings and trio (three adjacent hydrogens) out—of-plane CH-bendings. The
intensity ratios of these bands have also been shown to correlate with the ratios
of the edge structure of PAHs. Therefore, when moving from anthracene to 9-
methylanthracene, the intensity of the solo CH-bending mode is observed to be
reduced by a factor of two because one of the solo hydrogens has been replaced
with the methyl group. This trend continues into 9,10-dimethylanthracene with
the elimination of the solo CH-bending mode as both solo hydrogens have been
replaced with methyl groups. Similarly, with 9,10-dihydroanthracene both solos
are eliminated with the hydrogenation resulting in the loss of the solo CH-bending
mode feature. Other subtle differences exist asl well. When moving from anthra-
cene to 9—methylanthracene to 9,10-dimethylanthracene two sets of bands appear
and disappear around 840 cm™' and 775 cm™'. These bands are again due to
solo and quarto hydrogen bending modes. The appearance and disappearance of
these bands is likely due to symmetry effects. These modes are weak or inactive
in the higher symmetric anthracene, gain considerable intensity with the breaking
of symmetry from the addition of one methyl group, and lose intensity again with
the near symmetry restoration from the addition of the second methyl group. The
splitting of the quarto feature of 9,10-dihydroanthracene is due to interference
from the hydrogenated groups.

The final region that shows significant change in the methylated and hydrogen-
ated versions of anthracene is from 1600 to 1300 cm™'. Intensity in this region is
doubled or even tripled compared to normal anthracene. This region is dominated
by out—of-plane combination bands including CH-bends paired with CH-bends,
CH-bends paired with CC-bends, and CC-bends paired with CC-bends. The
enhancement of this region is likely due to the disruption of the planarity of the
molecules, leading to stronger dipoles for the out—of-plane combination bands.

5.4.4 Hydrogenated series

Four hydrogenated PAHs have been considered: 9,10-dihydroanthracene; 9,10
dihydrophenanthrene; 1,2,3,4-tetrahydronaphthalene; and 1,2,3,6,7,8-hexahydropyrene.
Figure 5.7 shows the theoretical IR spectra of these four molecules in comparison
with their non-hydrogenated counterparts from our previous work|[22, 106]. Abso-
lute intensities have been doubled, with the main peaks truncated, to show detail
of the smaller peaks. 9,10-dihydroanthracene is absent from figure 5.7, see figure
5.6 for its comparison.

As stated previously, the most dramatic change to the spectra occurs in the
CH-stretching region of the PAHs upon hydrogenation. The features centered
around 3080 cm™' of all four hydrogenated PAHs behave similar to their normal
PAH counterparts in that they are aromatic CH-stretching modes in resonance
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Figure 5.7 Comparison between normal and hydrogenated versions of PAHs from
the anharmonic theoretical spectra.

with combination bands of CC—stretching with in—plane CH-bending modes. A
spreading of intensity over a larger region is also observed in each of the hydro—
PAHs when compared to their normal counterparts, especially for lower energy
modes down to 3020 cm™!. A break occurs before a sharp rise in aliphatic fea-
tures beginning at 2950 cm™' for all four hydro-PAHs. Three aliphatic regions
then exist for each hydro-PAH: the features centered around 2950 cm™' are due
to in—plane CH-stretching modes of the aliphatic CH bonds that do not parti-
cipate strongly in resonances; the features centered around 2900 cm™' are due
to out—of-plane CH-stretching modes of the aliphatic CH bonds in resonances;
and the features centered near 2850 cm™! are due to less sterically hindered out—
of-plane CH-stretching modes of the aliphatic CH bonds in resonances. Not-
able changes can also be observed in the CH-stretching region as hydrogena-
tion increases. In the slightly hydrogenated PAHs (9,10—dihydroanthracene and
9,10-dihydrophenanthrene) the aromatic region contains many closely spaced fea-
tures, while the aliphatic region has fewer and more widely spaced features. In
the highly hydrogenated PAHs (1,2,3,4-tetrahydronaphthalene and 1,2,3,6,7,8—
hexahydropyrene) the opposite is true, the aliphatic region contains many closely
spaced features, while the aromatic region has fewer and more widely spaced fea-
tures. As shown in our previous work[106, 126], and confirmed here, the large
number of closely spaced features in the CH—stretching region are due to strong
Fermi resonances. As such there is not only the obvious loss of aromatic CH-
stretching fundamentals and a gain in the aliphatic CH-stretching fundamentals
as expected upon hydrogenation, but there is also a Fermi resonance shift from
aromatic fundamentals and aromatic combination bands to between aliphatic fun-
damentals and aliphatic combination bands. This results in the forest of features
moving from the aromatic region to the aliphatic region as observed in the highly
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hydrogenated species.

As in the methyl-anthracene series significant changes occur in the 1000 and
600 cm™' region. Again, these changes are not unique to hydrogenation, but
rather reflect the loss of solo, duo, trio and quarto hydrogen edges. In 9,10—
dihydroanthracene the solo CH-bending mode near 900 cm™' is lost as both solo
sites are hydrogenated. In 9,10—dihydrophenanthrene the duo CH-bending mode
near 800 cm™' is lost upon hydrogenation. In 1,2,3,4-tetrahydronaphthalene sig-
nificant intensity is lost in the quarto CH-bending mode near 780 cm™! as four
out of eight quarto sites are hydrogenated, as well as a slight shift of the quarto
bending mode to lower energy as the aromaticity is disrupted. In 1,2,3,6,7,8—
hexahydropyrene the trio CH-bending modes near 780 cm™! are lost as upon hy-
drogenation of the six trio hydrogens, as well as a slight shift of the duo bending
mode to lower energy as the aromaticity is disrupted.

A significant increase in intensity is also observed in the bands near 1500 cm™
for all of the hydrogenated PAHs. However, unlike the methylated species these
features are more localized and are due to CH; bending modes of the hydrogenated
sites.

5.4.5 Astrophysical implications

Determination of the carriers of the minor features observed at 3.40, 3.46, 3.51, and
3.56 um (2941, 2890, 2849, and 2809 cm™!) in the CH-stretching region of the AIBs
is important to understanding the chemical populations in various physical envir-
onments. The lack of, or abundance of, these features in environments can point to
chemical- or photo—processing of PAHs in space. It is generally believed that these
bands are due to aliphatic substitutions to PAHs, either through hydrogenation
or alkylation[37]. It has been shown previously[125] that the aliphatic groups of
hydrogenated PAHs can indeed reproduce most of these features. Our work here
confirms these findings. All four hydrogenated PAHs studied are able to contribute
to the features observed at 3.40, 3.46, and 3.51 um. For 9,10-dihydroanthracene
and 9,10-dihydrophenanthrene the features are distinct and easily classified. The
feature at 3.40 ym is due to in—plane CH-stretching modes of the hydrogenated
sites with little contribution from resonances. The two features at 3.46, and 3.51
um are due to out—of-plane CH-stretching modes of the hydrogenated sites in
strong resonances with combination bands of paired CH-bending modes. The
splitting of the out—of-plane CH—stretching modes into the two distinct features
is due to the particular modes that are involved in the resonances. Moving up in
the degree of hydrogenation with 1,2,3,4—tetrahydronaphthalene and 1,2,3,6,7,8—
hexahydropyrene the previously distinct vibrational regions are now blurred into
one. While both highly hydrogenated PAHs show many features centered near
3.40, 3.46, and 3.51 um they are less separated in the spectra. This region is
now dominated by Fermi resonances, resulting in many more aliphatic spectral
features than seen for the dihydrogenated PAHs. This leads to the possibility
that astronomical PAHs with only a few hydrogenated sites would show sharp
distinct features around 3.40, 3.46, and 3.51 um, while PAHs with a majority of
hydrogenated sites would show wide blended features around 3.40, 3.46, and 3.51
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pm. Although, the feature at 3.56 ym is unaccounted for in all of the theoretical
spectra. The methylated PAHs 9—methylanthracene and 9,10-dimethylanthracene
both show contributions to the 3.40, and 3.46 um features. Here these features
arise from the CH-stretching modes of the methyl groups in resonance with a wide
variety of combination bands. This region is again dominated by Fermi resonances,
spreading a large number of features over a wide range. No contributions to the
3.51, and 3.56 um features are predicted for the two methylated PAHs.

The aromatic CH-stretching region is also affected by the inclusion of addi-
tional hydrogens or substitution of methyl groups. For the methylated PAHs the
typical aromatic CH-stretching bands are pushed to higher energies (up as high
as 3100 cm™!), however they also now begin to resonate with lower energy combin-
ation bands involving methyl CH-bending modes (down to 3050 cm™!) resulting
in a wider, more even distribution of intensity over the aromatic region than a
normal PAH. The aromatic CH-stretching region of the hydrogenated PAHs show
similar behavior in that the intensity is distributed over a wider range than a
normal PAH. However, there is no shift to higher energies, and the intensity is
more concentrated in the lower energy aromatic modes and resonances. At higher
temperatures, as lines broaden and blend, these behaviors will affect apparent line
widths and positions.

It has also been proposed[125] that the feature at 6.9 um (1450 cm™!) is likely
due to HCH-bending modes (or so—called methylene scissoring modes) of hydro-
genated PAHs, and could be used as a tracer for hydrogenated PAHs in astro-
nomical observations. The HCH-bending modes are indeed stronger around 6.9
pm, but regular in—plane CH-bending modes also gain significant intensity in this
region. Complicating matters further, enhancements in intensities in this region
are now also observed for the methylated PAHs. For the methylated PAHs this
enhanced region extends from 6.9 um down to 7.4 um (1450 cm™!) consisting of
combination bands of both CC and CH out—of-plane bending modes.

5.5 Conclusions

This work presented the anharmonic spectrum of six CH-bond—containing PAHs:
9-methylanthracene, 9,10—-dimethylanthracene, 9,10—dihydroanthracene, 9,10-dihy—
drophenanthrene, 1,2,3,4-tetrahydronaphthalene, and 1,2,3,6,7,8-hexahydropyrene.
The choice of these PAHs was motivated largely by the need to describe accurately
the CH-stretching region (3100 — 2800 cm™') to aid in the analysis of astronom-
ical observations of the AIBs. Particularly, to explain the source of the 3.40,
3.46, 3.51, and 3.56 um (2941, 2890, 2849, and 2809 cm™!) IR features observed
in a variety of astronomical objects. We have shown that hydrogenated PAHs
can contribute to the 3.40, 3.46, and 3.51, um features, and methylated PAHs
to the 3.40, 3.46 um features. No experimental bands were found to explain the
3.56 um feature. In conjunction with the low—temperature high-resolution gas—
phase spectra presented here, the vibrational sources of the dominant features
in the CH-stretching region have been identified and characterized. As in our
previous work[106, 126] Fermi resonances are shown to dominate the aromatic
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CH-stretching region. Without proper treatment of resonances (i.e., polyad treat-
ment) this region cannot be reproduced accurately. Fermi resonances are now
shown to not affect only aromatic CH-stretching modes but also aliphatic CH—
stretching modes. This results in many more strong aliphatic bands than would
be predicted at the harmonic level. The CH-stretching region has been shown to
be the most sensitive upon hydrogenation or methylation; with the gradual loss of
aromatic features centered around 3050 cm™!' and the rise of the aliphatic features
around 2900 cm~'. Not only is there a loss in aromatic fundamental features,
but the ability for the remaining aromatic fundamentals to engage in resonances
is found to diminish as the molecule becomes more aliphatic. Conversely, as the
aliphatic fundamental features become stronger their tendency to engage in strong
resonances increases.

IR features have also been characterized in conjunction with MIS data for the
range of 2000 through 500 cm™!. The changes to the IR spectra of the hydrogen-
ated and methylated PAHs in this region can be attributed mainly to changes in
which IR modes are active (i.e., molecular symmetry considerations), or changes to
the edge structure (i.e., solo, duo, trio, quarto out—of-plane CH-bending modes).
These changes are not unique to hydrogenation or methylation of PAHs, but are
seen across various PAH species and derivatives. The only significant changes that
correlate with hydrogenation or methylation (save for the CH-stretching region
discussed above) are the features between 1450 and 1350 cm™!. The hydrogenated
PAHs show a significant enhancement in intensity to the features near 1450 cm™!
compared to their non—hydrogenated counterparts. These features are confirmed
as being due to CH; bending modes. The methylated PAHs also show enhanced
features near 1450 cm™!, but these are less localized and extend down to 1350 cm™".
The features here consist of combination bands of both CC and CH out—of-plane
bending modes.

Line position agreement between the anharmonic treatment of this work and
the low—temperature high-resolution gas—phase is excellent, agreeing with an aver-
age deviation of 0.00% = 0.17%. The MIS line positions agree with an average devi-
ation of -0.07% =+ 0.30%, well within expected experimental limitations. As stated
previously, the improvement in accuracy compared to our previous work is due
to the improved basis/functional combination (B3LYP/N07D) in the anharmonic
approach. The issues observed in the previously recommended basis/functional
for anharmonic calculations of PAHs (B97-1/TZ2P) lead to the call for a more
in—-depth benchmark study.

With the current anharmonic analysis of our collection of PAH families, the
extensions into temperature dependent spectra, and full emission spectra are both
feasible and currently underway.
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5.6 Supplemental Material
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Figure 5.8 Theoretical anharmonic IR spectrum of this work of 9-
methylanthracene compared with the high-resolution gas—phase IR absorption
spectrum of this work.
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exp[24] rel anharm rel I components I source
1[24]
3099.3 0.53 3100.0 0.58 Vo, VI3+Vvaa, V4 Vo, V4
3101.6 0.42 Vietvi7, Vi3 V3
3092.3 0.43 3089.5 0.40 viatvio, V4, Vi
vistvig,
visat+ror, V8
3087.1 0.50 3083.8 0.50 viz+vio, V3 V3, Vi
3072.7 1 3077.3 0.64 vi3+va, Vi, Va4
Vigtvar, Vi
3068.5 0.88 3073.1 0.60 Via+va, Vs
vistvio,
vi3+vaa, V4
3061.5 0.94 3063.6 0.99 V4, Via+Vva, Vs V4, V3, Vs,
3
3048.0 0.41 3056.6 0.47 Vs, Via+Vva Vs
3037.8 0.70 3041.8 0.26 V9, V15+V]g, V5, Vg
vi3tvas, Vs
3041.6  0.32 VietVis, Ve V6, V4
3020.6 0.58 3027.4 0.52 Y10, vist+var, vio
Vis+vn
3001.2 0.30 2998.6 0.21 V16+V22, V4, V3
v13+Vv26
2965.8 0.30 2972.5 0.09 Vis+va V4, V3
2949.8 0.55 2945.9 0.54 Vi1, Vis+vao Vil
2933.8 0.44 2936.9 0.49 V]ngsz, V12 V12
2927.9 0.40 2927.4 0.62 V]ngV[g, V12, V12
vist+va
2877.5 0.32 2860.3 0.55 v20+Vv20, Vi2 Via

Table 5.1 Line positions [em™!], relative intensities, resonance components, and
intensity origins for the bands of 9—methylanthracene determined from the high—
resolution gas—phase IR absorption spectra and the theoretical anharmonic spec-
trum of this work (figure 5.8).
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Figure 5.9 The matrix—isolation infrared spectrum[33, 78] of 9-methylanthracene
(green, bottom of each panel) compared to the convolved (FWHM 2 cm™!) theor-
etical anharmonic calculations of this work (blue, top each panel). Three spectral
ranges are shown, with each range normalized to the local maximum to enhance

details.
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exp[33, 78| rel T anharm rel T mode

1939.1 0.030 1941.0 0.035 Var + var
1918.8 0.012 1920.2 0.024 Vas + var
1901.5 0.011 1899.1 0.015 Vas + vas
1855.0 0.018 1847.3 0.007 | va7 + va3
1833.4 0.045 1824.7 0.026 Var + Va9
1825.7 0.004 1819.3 0.012 V43 + Va9
1813.5 0.016 1807.9 0.029 Vae + Vae
1802.4 0.015 1803.2 0.018 Vas + vag
1793.3 0.009 1791.1 0.008 Vas + Vs0
1784.9 0.006 1786.0 0.010 Va4 + Vvso
1758.4 0.013 1755.8 0.011 Va1 + Var
1747.2 0.010 1742.9 0.008 Va3 + vs2
1711.9 0.006 1719.4 0.014 vag + vag
1709.8 0.008 | 1715.4  0.011 | var + vs
1703.3 0.016 1703.5 0.018 Vas + Vs3
1682.7 0.018 1669.3 0.011 V37 + Vsg
1678.8 0.017 1661.6 0.018 Vas + vss
1629.7 0.053 1632.7 0.056 Vi3
1573.4 0.007 1572.9 0.008 vas + V1o
1563.0 0.010 1565.2 0.016 Vie
1532.6 0.052 1537.4 0.042 vi7
1515.6 0.009 1508.3 0.020 vsi + Vse
1492.9 0.008 1494.0 0.044 Vig
1480.9 0.004 1479.9 0.020 Vs4 + Vs4
1452.7 0.024 1457.7 0.028 V37 + Ves
1444.5 0.053 1448.4 0.093 Vas + Ve3
1424.3 0.007 1419.7 0.020 vas + Ves
1414.3 0.020 1412.4 0.029 Va7 + Ve
1410.1 0.029 1407.6 0.041 V23
1388.2 0.023 1390.8 0.022 V24
1387.6 0.020 1385.1 0.032 Va5
1378.8 0.056 1380.9 0.039 Va9 + Vel
1352.1 0.104 1345.6 0.151 V27
1332.0 0.011 1332.7 0.021 Vg
1317.5 0.007 1322.9 0.011 Vs4 + Vs9
1307.9 0.005 1303.2 0.011 vs2 + Vel
1239.5 0.011 1229.6 0.009 V3|
1225.1 0.006 1219.6 0.011 Vss + Vs8
1189.1 0.022 1191.0 0.021 V32
1186.6 0.026 1186.8 0.009 V33
1162.9 0.036 1168.3 0.029 V52 + Voo
1160.6 0.057 1166.0 0.030 V34
1141.0 0.039 - -

1137.3 0.017 - -

1090.9 0.049 1109.5 0.012 V6o + Vo
1086.5 0.017 - -

1033.9 0.041 | 1032.1  0.027 -
997.8 0.133 1007.0 0.153 Va1
952.8 0.038 951.5 0.032 Vag
880.0 0.507 879.1 0.363 Va7
863.1 0.041 859.6 0.043 Vag
833.9 0.156 834.6 0.133 V50
816.1 0.016 816.7 0.006 Ve2 + Ve
7774 0.301 772.2 0.205 V52
729.7 1 727.9 1 Vss
603.5 0.175 | 609.2  0.076 -
587.0 0.030 585.8 0.038 V59
531.3 0.217 533.6 0.191 Vel

Table 5.2 Line positions [em™!], relative intensities, and vibrational mode identific-
ations for the bands of 9—methylanthracene determined from the matrix isolation
spectra and the theoretical anharmonic spectrum of this work (figure 5.9).
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mode freq symm description
Vi 3225.9 a’ hindered quarto CH stretch
V2 3219.1 a’ unhindered quarto CH stretch
V3 3202.1 a hindered quarto CH stretch
vy 3201.4 a’ unhindered quarto CH stretch
Vs 3186.9 a’ hindered quarto CH stretch
13 3186.3 a’ unhindered quarto CH stretch
V7 3176.8 a/ solo/quarto CH stretch
Vo 3171.2 a solo CH stretch
V1o 3165.6 a methyl CH stretch
Vi1 3083.7 a” methyl CH stretch
Yi2 3038.6 a’ methyl CH stretch
Vi3 1670.9 a CC stretch
Vig 1664.2 a CC stretch
vis 1621.0 a’ CC stretch
Vie 1601.1 a CC stretch
vi7 1570.8 a CC stretch/CH in-plane bend
vis 1528.1 a’ CH in-plane bend
Vig 1496.6 a methyl HCH bend
V20 1489.7 a” methyl HCH bend
Va1 1481.9 a CH in-plane bend
v 1478.0 a CH in-plane bend
V23 1445.3 a CC stretch
Va4 1420.1 a CH in-plane bend
V25 1413.1 a’ CH in-plane bend
Va6 1408.6 a CH in-plane bend
Vo7 1373.8 a CH in-plane bend
Va8 1356.7 a CH in-plane bend
V31 1252.0 a CH in-plane bend
V32 1210.4 a’ CH in-plane bend
V33 1200.7 a’ CH in-plane bend
Va4 1181.4 a’ CH in-plane bend
V37 1078.8 a/ CH in-plane bend (incl. methyl)
V38 1050.6 a methyl CC stretch
V4l 1025.1 a/ CH in-plane bend (incl. methyl)
Vi 991.2 a” CH out-of-plane bend
Va3 989.2 a” CH out-of-plane bend
Va4 971.3 a” CH out-of-plane bend
Va5 967.3 a” CH out-of-plane bend
Va6 914.0 a’ CC in-plane bend
Va7 898.6 a” CH out-of-plane bend
V4 870.0 a CC in-plane bend
Va9 860.2 a” CH out-of-plane bend
Y50 849.1 a” CH out-of-plane bend
Vsi 830.6 a ring breathe
V52 785.8 a” CC out-of-plane bend
Vs3 765.8 a” CH out-of-plane bend
V54 T47.2 a” CH out-of-plane bend
V55 741.0 a” CH out-of-plane bend
Vs6 698.2 a CC in-plane bend
Vsg 616.0 a CC in-plane bend
Vs9 600.8 a” CC out-of-plane bend
Y60 559.5 a CC in-plane bend
V1 544.8 a” CC out-of-plane bend
V62 528.7 a CC in-plane bend
V63 506.8 a” CC out-of-plane bend
Vo4 483.1 a” CC out-of-plane bend
V66 405.2 a” CC out-of-plane bend
V69 299.5 a” CC out-of-plane bend
Y70 248.3 a’ body in-plane bend

Table 5.3 Harmonic mode descriptions and frequencies [ecm™!] of the IR active
modes and modes involved in IR active combination bands for the identifications
given in tables 5.1 and 5.2 of 9—methylanthracene.
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Figure 5.10 Theoretical anharmonic IR spectrum of this work of 9,10
dimethylanthracene compared with the high-resolution gas—phase IR absorption
spectrum of this work.
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exp[24] rel anharm rel I components I source
1[24]

3102.6 1 3101.2  0.55 V4, vie+vas, | va
vie+va1

3092.3 0.83 3093.7 0.77 Va2, Vig+vao V)

3078.3 0.92 3083.0 0.49 Vie+Vval, V4, V2 V4, V2

3063.7  0.47 3070.5  0.32 vie+vas, Vs
Vie+Vai, Vs

3057.3  0.55 3052.4  0.19 Vie+Va6, Vs
vi9+v20, Vs

3031.7 0.64 3034.1 0.64 Vo, vis+va7, Vo, V4
vis+ra

2963.5 0.44 2964.8  0.08 vao+v21 Via

2929.2 0.79 2932.8 1 V14, V21+V24 Vi4

2885.2 0.54 2862.1 0.54 v +Vva3, Vi4, Vig
Va1+Vvaa

Table 5.4 Line positions [em™!], relative intensities, resonance components, and
intensity origins for the bands of 9,10-dimethylanthracene determined from the
high-resolution gas—phase IR absorption spectra and the theoretical anharmonic
spectrum of this work (figure 5.10).

mode freq symm description

V2 3230.8 b hindered quatro CH stretch
vy 3224.2 b unhindered quatro CH stretch
Vs 3196.9 b CH stretch

vy 3168.7 b methyl hindered CH stretch
Vi4 3038.3 b methyl CH stretch

Vis5 1669.4 b CC stretch

Vie 1657.4 a CC stretch

vig 1592.1 a CC stretch

Vi9 1573.3 b CC stretch

V20 1536.1 a CH in-plane bend

Va1 1507.1 b methyl HCH bend

v 1491.0 a methyl HCH bend

V23 1490.8 a methyl HCH bend

Vo4 1488.2 a methyl HCH bend

Vas 1482.5 b CH in-plane bend

Va6 1474.6 b CH in-plane bend

V7 1450.5 a CC stretch

Table 5.5 Harmonic mode descriptions and frequencies [em™!] of the IR active
modes and modes involved in IR active combination bands for the identifications
given in table 5.4 of 9,10-dimethylanthracene.
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Figure 5.11 No matrix—isolation data is available for 9,10-dimethylanthracene.
Therefore, only the convolved (FWHM 2 cm™!) theoretical anharmonic calculations
of this work (blue, top each panel). Three spectral ranges are shown, with each
range normalized to the local maximum to enhance details.
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Figure 5.12 Theoretical anharmonic IR spectrum of this work of 9,10—
dihydroanthracene compared with the high-resolution gas—phase IR absorption
spectrum of this work.
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exp[24] rel anharm rel I components I source
1[24]

3118.1 0.10 3111.8 0.11 Viz+viz vy

3087.1 0.31 3090.7 0.11 Via+vis V7

3075.9 0.52 3080.3 1 V4, Vis+Vig, V4
vi6+V20

3070.3 0.22 3060.7 0.43 Vie+tvis, Vs, Vs
ViatVvio

3054.0 0.60 3042.0 0.87 Vs, vi3+v20, Vs
Via+Vig

3041.5 0.25 3030.6 0.33 V13+V2], V71, V3 V7

3031.7 1 3026.4 0.50 V8, V4, Vie+V20 Va

3015.5 0.23 3008.7 0.51 V7, Vie+Vi9, V7
vis+v20

2947.0 0.55 2950.8 0.69 V10, Via+va3 vio

2934.2 0.12 2940.2 0.48 V10, \’14%’1’237 Vio
vi3t+vas

2880.2 0.15 2887.1 0.06 vi3+Vva6 Vs

2873.8 0.31 2858.0 0.47 Vil, Va1+va Vil, V10

2868.0 0.24 2854.7 0.66 Vi2, Vai+vai Via

2862.6 0.12

2830.6 0.28 2801.1 0.16 Vi5+Va9, V12
Vi9+va

2826.6 0.90 2788.2 0.30 Vi9+Vvas4, Vi2 Via

Table 5.6 Line positions [em™!], relative intensities, resonance components, and
intensity origins for the bands of 9,10-dihydroanthracene determined from the
high-resolution gas—phase IR absorption spectra and the theoretical anharmonic
spectrum of this work (figure 5.12).
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Figure 5.13 The matrix—isolation infrared spectrum[33, 78] of 9,10
dihydroanthracene (green, bottom of each panel) compared to the convolved
(FWHM 2 cm™!) theoretical anharmonic calculations of this work (blue, top each
panel). Three spectral ranges are shown, with each range normalized to the local
maximum to enhance details.
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exp[33, 78| rel T anharm rel T mode
1946.1 0.040 1954.7 0.074 Var + var
1928.8 0.016 1929.5 0.030 Vas + var
1910.3 0.030 1912.7 0.042 vas + var
1891.1 0.007 1888.3 0.011 Vas + Vag
1870.0 0.009 1866.8 0.016 Va6 + Vai
1846.0 0.006 1840.5 0.021 Va9 + Vai
1835.7 0.017 1837.0 0.013 Va1 + vas
1818.6 0.014 1825.8 0.018 Vag + vas
1798.1 0.044 1818.7 0.033 Vas + Vag
1702.1 0.009 1709.1 0.008 Va1 + Vss
1684.1 0.008 1684.7 0.009 Vas + V52
1667.9 0.005 1660.5 0.006 vas + Vsa
1643.5 0.003 1643.0 0.004 Va1 + vs2
1582.5 0.055 1581.7 0.058 Vie
1507.5 0.025 1511.6 0.074 Va1 + Veo
1499.7 0.069 1506.4 0.158 vag + Vs7
1489.5 0.228 1498.6 0.201 Va9 + vs7
1480.6 0.418 1484.0 0.356 vig
1468.9 0.100 1478.0 0.148 Vs3 + Vs4
1457.3 0.424 1465.8 0.189 V43 + Vel
1428.8 0.167 1412.6 0.074 v
1402.5 0.006 1399.3 0.009 Va1 + Vel
1358.4 0.006 1366.7 0.014 | vss + vs7
1331.8 0.009 1338.1 0.029 V23
1286.7 0.048 1282.9 0.037 V26
1269.8 0.031 1275.8 0.033 V27
1208.6 0.125 1202.3 0.196 V30
1184.2 0.089 1174.0 0.046 V33
1152.0 0.053 1151.3 0.041 V34
1122.4 0.129 1123.5 0.084 V37
1041.1 0.110 1046.9 0.101 V39
959.7 0.050 | 959.8  0.008 | wvsg + ves
955.0 0.145 953.1 0.115 Vias
937.9 0.006 935.7 0.005 Va5
896.6 0.035 890.8 0.028 Va6
761.6 0.387 755.7 0.784 Vs2
747.0 0.382 | 745.0  0.231 Vs
730.5 1 727.7 1 Va1
633.6 0.011 638.1 0.013 vs7
608.5 0.351 609.3 0.246 Vsg

Table 5.7 Line positions [em™!], relative intensities, and vibrational mode iden-
tifications for the bands of 9,10-dihydroanthracene determined from the matrix
isolation spectra and the theoretical anharmonic spectrum of this work (figure
5.13).
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mode freq symm description
V3 3202.6 b, quatro CH stretch
V4 3202.4 ay quatro CH stretch
Vs 3188.3 EX quatro CH stretch
V7 3169.1 by quatro CH stretch
V8 3168.8 a dihydro CH in-plane stretch
Y10 3077.3 b, dihydro CH in-plane stretch
Vi1 2984.6 b, dihydro CH out-of-plane stretch
Vi2 2979.9 ay dihydro CH out-of-plane stretch
Vi3 1654.8 b, CC stretch
\n 1647.5 a CC stretch
Vis 1633.8 ay CC stretch
Vie 1620.0 b, CC stretch
V17 1528.6 ay CH in-plane bend
Vi 1514.8 b CH in-plane bend
Y19 1491.9 a CH in-plane bend
V20 1483.4 b, CH in-plane bend
V21 1471.1 ag dihydro HCH bend
Va2 1466.1 b, dihydro HCH bend
V23 1373.6 ay CH in-plane bend
Vo4 1367.2 by CH in-plane bend
V25 1351.8 ay CC stretch
Va6 1307.2 b, CH in-plane bend
Va7 1304.8 b, CH in-plane bend
V29 1234.1 aj CH in-plane bend
V30 1229.5 b CH in-plane bend
V33 1195.3 b, CC in-plane bend
V34 1184.2 b, CH in-plane bend
V37 1141.1 b, CH in-plane bend
V39 1062.0 by CC in-plane bend
Va1 988.4 b, CH out-of-plane bend
Va2 988.3 ay CH out-of-plane bend
V43 975.1 b, dihydro out-of-plane twist
Vg 972.5 ay CH out-of-plane bend
V45 951.9 by CH out-of-plane bend
Va6 911.3 ay dihydro out-of-plane twist
Va7 896.2 b, CH out-of-plane bend
Va8 877.6 ay CH out-of-plane bend
V49 870.0 ay CC in-plane bend
V52 769.0 aj CC in-plane bend
Vs3 756.9 b, CH out-of-plane bend
Vs4 739.1 ag ring breathe
V55 726.3 ap CC out-of-plane bend
Vs7 641.9 b, CC out-of-plane bend
Vsg 618.8 ay CC in-plane bend
V60 530.9 ay CC in-plane bend
Vel 521.2 ay CC out-of-plane bend
V66 359.0 a body drum

Table 5.8 Harmonic mode descriptions and frequencies [em™!] of the IR active
modes and modes involved in IR active combination bands for the identifications
given in tables 5.6 and 5.7 of 9,10-dihydroanthracene.
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Figure 5.14 Theoretical anharmonic IR spectrum of this work of 9,10-
dihydrophenanthrene compared with the high-resolution gas—phase IR absorption
spectrum of this work.
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exp[24] rel anharm rel I components I source
1[24]

3112.9 0.10 3113.0 0.11 viz+vis, Vi

viatviz, Vi
3113.6 0.10 viz+vir, Va

Vis+vig, V4

3079.2  0.76 3081.4  0.72 V2, Vietvis, va T

3064.7 0.18 3059.2 0.20 vie+vi7, Vi Vi

3048.9 0.44 3048.5 0.20 V[(,JrV]g, %) V2

3040.1  0.25 3044.4  0.17 Via V19, Ve, V2
Vigt+va

3034.5 0.23 3033.9 0.12 vis+Vvig, Vs
vis+rai,
vie+var, Vs

3026.2  0.52 3024.0 0.22 v, Vistva, | 7
Vgl

3024.6 0.18 Vg, V1I3+Val, V4 V4, V8

2966.7 0.15 2964.4 0.14 viz+va3, Vo
vig+vig

2050.2 1 2051.8 1 Vo Vo

2944.3 0.44 2942.6 0.43 Y10, Vi3+Vvoa, Y10
vis+vas

2938.3 0.18 2941.8 0.14 vis+va3, vy
Viatva

2905.1 0.54 2904.5 0.64 Vi1, v20+Vv22, Vio Vi1, V1o

2901.0 0.36 2893.0 0.46 v20+v20, Vi2, Vo V9, V12

2879.7 0.07 2875.4 0.06 v +vaa, Vi2
v20+v20

2854.5 0.13 2845.6 0.07 V174723 Vi1

2847.2 0.57 2833.7 0.65 Vil v20+V22, Vi1
Vi7+va3

Table 5.9 Line positions [em™!], relative intensities, resonance components, and
intensity origins for the bands of 9,10-dihydrophenanthrene determined from the
high-resolution gas—phase IR absorption spectra and the theoretical anharmonic
spectrum of this work (figure 5.14).
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exp[33, 78] rel T anharm rel T mode

1946.6 0.022 1945.9 0.044 Vag + Va3
1912.1 0.029 1910.3 0.029 Vas + Vaa
1879.4 0.010 1876.8 0.020 Va6 + Vas
1837.7 0.015 1835.8 0.017 vag + Vaa
1802.9 0.019 1801.8 0.024 vag + Vae
1730.5 0.004 1728.8 0.010 V49 + Vag
1721.0 0.010 1722.1 0.009 V51 + Va6
1687.4 0.006 1683.6 0.010 Vs4 + Vas
1645.1 0.008 1648.3 0.005 V51 + Va9
1593.0 0.007 1590.5 0.007 V37 + Vel
1589.6 0.008 1588.5 0.010 Vis
1569.9 0.007 1568.7 0.004 Vie
1489.9 0.253 1488.2 0.154 vig
1458.5 0.276 1457.1 0.118 Vi9
1448.0 0.190 | 1446.9  0.058 Var
1443.1 0.030 1443.2 0.050 V20
1433.3 0.025 1433.5 0.049 %%
1361.9 0.012 1362.9 0.012 Va9 + Vei
1354.4 0.005 1352.8 0.014 V23
1315.6 0.008 1320.5 0.024 v3g + Ves
1306.9 0.034 1307.1 0.039 V26
1295.4 0.013 -

1277.4 0.006 1272.2 0.025 vs2 + Vel
1262.0 0.022 1261.2 0.043 Va9
1239.5 0.002 | 12444  0.020 | vsi + ver
1216.8 0.006 1208.6 0.007 V53 + Ve3
1208.5 0.020 1202.8 0.011 V30
1165.4 0.004 1168.5 0.006 V34
1161.0 0.007 1163.3 0.006 V52 + Voo
1156.4 0.010 1154.1 0.010 V35
1130.1 0.008 1133.1 0.005 V36
1093.7 0.042 1092.3 0.037 V37
1047.5 0.038 1051.1 0.053 V39
1005.5 0.075 1005.9 0.034 V41
940.7 0.049 938.7 0.028 Va6
896.9 0.017 893.7 0.016 Va7
779.7 0.032 783.5 0.024 V51
773.3 0.132 774.4 0.156 V52
746.9 1 745.3 1 Ves
727.4 0.095 731.4 0.102 Vss
622.5 0.203 626.7 0.080 V57
603.5 0.044 606.0 0.062 V53

Table 5.10 Line positions [cm™!], relative intensities, and vibrational mode identi-
fications for the bands of 9,10-dihydrophenanthrene determined from the matrix
isolation spectra and the theoretical anharmonic spectrum of this work (figure
5.15).
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mode freq symm description
v 3208.4 a quatro CH stretch
V2 3204.5 b quatro CH stretch
vy 3193.8 b quatro CH stretch
Vs 3184.3 a quatro CH stretch
Vg 3170.5 b quatro CH stretch
Vo 3078.5 b dihydro CH in-plane stretch
Y10 3078.1 a dihydro CH in-plane stretch
Vil 3013.2 b dihydro CH out-of-plane stretch
Via 3003.4 a dihydro CH out-of-plane stretch
Vi3 1652.2 b CC stretch
Vig 1643.8 a CC stretch
Vis 1628.2 b CC stretch
Vie 1607.2 a CC stretch
V17 1525.5 a CH in-plane bend
Vig 1519.1 b CH in-plane bend
Vi9 1486.2 b CH in-plane bend
V20 1481.6 a dihydro HCH bend
Va1 1472.8 b dihydro HCH bend
v 1472.6 a CH in-plane bend
V23 1380.9 b dihydro CH in-plane bend
Vo4 1369.1 a CH in-plane bend
V26 1339.0 a dihydro CH in-plane bend
Va9 1282.1 a CH in-plane bend
V30 1224.5 a CH in-plane bend
Vig 1182.1 b quatro CH in-plane bend
V3s 1178.0 b dihydro CH in-plane bend
V36 1149.5 b CH in-plane bend
V37 1110.2 a CC in-plane bend
V3g 1071.8 a CC in-plane bend
V39 1068.8 b CC in-plane bend
Va1 1020.3 b CC in-plane bend
V43 989.9 b dihydro CC in-plane stretch
Vas 988.1 a CH out-of-plane bend
V45 955.7 a CH out-of-plane bend
Vi 955.6 b CH out-of-plane bend
Va7 908.0 b dihydro out-of-plane twist
V4 879.7 b CH out-of-plane bend
Va9 878.8 a CH out-of-plane bend
V51 791.8 a CH out-of-plane bend
V5o 782.7 b CH out-of-plane bend
Vs3 757.1 b CH out-of-plane bend
Vs4 737.0 a CH out-of-plane bend
Vss 734.7 b CC out-of-plane bend
Vs7 633.1 b CC in-plane bend
Vsg 610.0 b CC out-of-plane bend
Vel 503.7 b CC out-of-plane bend
Ve 470.5 a CC out-of-plane bend
V63 466.6 b CC out-of-plane bend
Vo6 392.1 a body in-plane stretch
V683 268.2 a body twist

Table 5.11 Harmonic mode descriptions and frequencies [cm™!] of the IR active
modes and modes involved in IR active combination bands for the identifications
given in tables 5.9 and 5.10 of 9,10-dihydrophenanthrene.
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Figure 5.16 Theoretical anharmonic IR spectrum of this work of 1,2,3,4—
tetrahydronaphthalene compared with the high-resolution gas-phase IR absorp-
tion spectrum of this work.
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exp[24] rel anharm rel I components I source
1[24]

3111.0 0.07 3111.6 0.05 vi3+vis, V4 V4

3087.6 0.10 3087.3 0.16 Vi, Vis+vis, Vi
vi3+Vig

3082.5 0.07

3073.6 0.15 3073.2 0.22 V2, Via+Vig V2

3070.8 0.17

3051.2 0.18 3053.1 0.12 V3, Vi, Vi3+Vig Vi

3033.6 0.17 3034.4 0.06 V3, V13-‘r1’]g7 Vi Vi

3026.6 0.39 3022.5 0.16 V14+V13, V4, V2 V4, V2

3009.5 0.12 3003.2 0.16 V4, Via+Vig, V2 Vi, V2

2949.8 1 2951.5 0.42 V6, Vie+Vie, V6, V10
vV17+Vv17, V1o

2942.9 0.66 2946.1 0.33 vis+vi7, vy, V8
viet+Vvi7, Vo

2934.7 0.99 2929.0 1 Vs Vs

2927.9 0.64 2919.1 0.44 Vie+Vie, Vo Ve

2909.2 0.19 2910.8 0.31 Vi7+v17, V6, Vio V6, V10

2898.8 0.20 2899.1 0.34 Vl(,JrV]g, 43 Vg, V12

2894.2 0.36 2887.1 0.41 V]ngVz(], Vi2, V8, V12, V8
Viet+Vio

2879.3 0.09 2871.1 0.03 v20+120, V10, Vi1
vi9+vio

2868.9 0.60 2855.4 0.51 V10, V17+V17, Vio
Viet+Vvao

2851.3 0.60 2834.6 0.28 V12, V19+V20 V12

Table 5.12 Line positions [cm"], relative intensities, resonance components, and
intensity origins for the bands of 1,2,3,4-tetrahydronaphthalene determined from
the high-resolution gas—phase IR absorption spectra and the theoretical anhar-
monic spectrum of this work (figure 5.16).
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Figure 5.17 The matrix—isolation infrared spectrum|[33, 78] of 1,2,3,4-
tetrahydronaphthalene (green, bottom of each panel) compared to the convolved
(FWHM 2 cm™!) theoretical anharmonic calculations of this work (blue, top each
panel). Three spectral ranges are shown, with each range normalized to the local
maximum to enhance details.
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exp[33, 78] rel 1 anharm rel T mode
1944.2 0.024 1944.4 0.034 V39 + V39
1916.6 0.030 1916.6 0.039 vao + V39
1896.5 0.005 1890.5 0.009 vao + Vao
1836.4 0.015 1837.4 0.011 Va1 + V3o
1810.7 0.021 1821.3 0.023 V4o + Va3
1692.0 0.012 1693.5 0.006 V43 + Vas
1589.4 0.012 1588.0 0.026 Vig
1585.2 0.043 1583.6 0.022 V35 + Vs2
1498.9 0.624 1495.8 0.272 Vis
1475.3 0.046 1475.6 0.071 V39 + Vs2
1457.2 0.186 1452.6 0.146 V17
1441.4 0.196 1440.0 0.046 V19
1357.9 0.086 1355.3 0.100 Va1
1338.1 0.036 1341.7 0.013 Va2
1287.3 0.090 1282.3 0.052 Va6
1251.9 0.034 1247.3 0.068 V27
1114.5 0.088 1114.7 0.057 Va4
1040.1 0.048 1037.4 0.030 V37
988.0 0.063 979.7 0.023 V38
946.8 0.072 945.3 0.035 V40
860.7 0.019 856.2 0.013 Va4
818.5 0.047 817.6 0.030 Vs
806.3 0.174 802.1 0.065 Va6
743.7 1 741.0 1 V47

Table 5.13 Line positions [cem™'], relative intensities, and vibrational mode iden-
tifications for the bands of 1,2,3,4-tetrahydronaphthalene determined from the
matrix isolation spectra and the theoretical anharmonic spectrum of this work
(figure 5.17).
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mode freq symm description
Vi 3200.2 a quatro CH stretch
V2 3185.1 b quatro CH stretch
V3 3165.7 a quatro CH stretch
V4 3162.4 b quatro CH stretch
Vs 3073.0 b dihydro CH stretch
V6 3070.0 a dihydro CH stretch
V8 3057.9 b dihydro CH stretch
Vo 3025.4 b dihydro CH stretch
V1o 3020.3 a dihydro CH stretch
Vi1 3006.9 a dihydro CH stretch
Vi2 3006.4 b dihydro CH stretch
Vi3 1649.3 b aromatic CC stretch
Vig 1622.1 a aromatic CC stretch
Vis 1525.4 a aromatic CH in-plane bend
Vie 1502.0 a dihydro HCH bend
vi7 1492.5 b dihydro HCH bend
vig 1482.2 b aromatic CH in-plane bend/dihydro HCH bend
Vig 1478.8 b aromatic CH in-plane bend/dihydro HCH bend
V20 1473.8 a dihydro HCH bend
V21 1387.2 a dihydro CH in-plane bend
v 1373.8 a dihydro CH in-plane bend
Va6 1310.2 b CH in-plane bend
V7 1272.9 a dihydro CH in-plane bend
V30 1200.8 b aromatic CC in-plane bend
V34 1134.3 b quatro CH in-plane bend
V35 1100.5 a alaphatic CC out-of-plane bend
V37 1056.1 a ring breathe
V38 995.3 b CC in-plane bend
V39 988.3 a quatro CH out-of-plane bend
V40 961.5 b quatro CH out-of-plane bend
Va3 880.5 a CH out-of-plane bend
Vag 872.7 a alaphatic CC in-plane stretch
Vas 829.4 a alaphatic CC out-of-plane bend
Va6 811.9 b CC in-plane bend
Va7 753.6 b quatro CH out-of-plane bend
Vs2 512.6 a CH out-of-plane bend

Table 5.14 Harmonic mode descriptions and frequencies [em™!] of the IR active
modes and modes involved in IR active combination bands for the identifications
given in tables 5.12 and 5.13 of 1,2,3,4-tetrahydronaphthalene.
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Figure 5.18 Theoretical anharmonic IR spectrum of this work of 1,2,3,6,7,8—
hexahydropyrene compared with the high-resolution gas—phase IR absorption
spectrum of this work.
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exp[24] rel anharm rel I components I source
1[24]
3128.0 0.04 3124.6 0.05 Vi7+Vva9 %)
3079.2 0.07
3075.5 0.06 3072.4  0.12 vio+vas, v2 vy
3033.6  0.44 3037.1 0.29 viz+vae, V2 2
3020.6 0.12 3029.8 0.23 Vig+Vva7, V2 V2
2982.3 0.05 3001.2 0.07 Vig+Vvao V)
2954.8  0.22
2947.5 1 2952.4  0.54 var+va, vs, viz Vs, V12, V6
2938.3  0.70 2935.1 0.47 Vo, Vig+V33 12
2935.8 0.40 V8, V6 V8, V6
2936.0 0.13 vig+V3s, V7, V7, Vs, Vi1
Vig+va
2934.7  0.56 2931.0 0.96 Vs Vs, Vi1
2930.1 0.34 2930.7 - V6 Vo
2910.1 0.15 2904.6  0.10 Va1 4V, Vg
v21+vaa,
v2a+Vas
2896.0  0.10 2890.0 0.41 va1+vae, Vo Vo
2884.3 0.20 2884.2 0.21 Vz4+V27, V9, V16
v25+V26, Vie, Vo
2876.1 0.26 2875.4 0.27 Va6+V26, V13
Va1 +var, Vis
V26+V27, Vi4 Vi4
2852.7  0.17 2853.8  0.16 va2+ v, | vii
v20+V34, Vii
2843.7 0.40 2825.1 0.51 Via, V26+Va7 Vig
Vi3, Vist+van Vi3

Table 5.15 Line positions [cm~!], relative intensities, resonance components, and
intensity origins for the bands of 1,2,3,6,7,8-hexahydropyrene determined from the
high-resolution gas—phase IR absorption spectra and the theoretical anharmonic
spectrum of this work (figure 5.18).
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Figure 5.19 The matrix—isolation infrared spectrum[33, 78] of 1,2,3,6,7,8—
hexahydropyrene (green, bottom of each panel) compared to the convolved
(FWHM 2 ¢cm™!) theoretical anharmonic calculations of this work (blue, top each
panel). Three spectral ranges are shown, with each range normalized to the local
maximum to enhance details.
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exp[33, 78] rel I [ anharm  rel I mode

1862.1 0110 | 1861.8 0.106 | vsy + vss
1706.4 0.018 1703.1 0.003 | vs7 + ves
1698.2 0.015 1696.7 0.022 | ver + ves
1660.7 0.019 | 1662.1  0.004 | ves + ver
1636.0 0.060 1637.1 0.006 | vs¢ + veo
1521.8 0.078 1520.7 0.013 V20
1482.9 0.032 -

1457.5 0.260 1459.0 0.064 v
1446.4 0.249 1444.6 0.096 | vz + vgo
1437.3 0.310 1434.6 0.071 V26
1411.8 0.446 | 1406.6  0.150 Va9
1399.9 0.123 1391.9 0.080 | ves + vn2
1362.7 0.076 1363.0 0.026 V30
1348.9 0.105 1345.6 0.054 V32
1322.2 0.015 | 1318.1  0.016 | vss + va
1311.6 0.024 1307.3 0.022 | vss + vs3
1300.1 0.246 1300.1 0.084 V37
1265.8 0.517 1261.3 0.315 v3g
1250.9 0.020 | 1254.6  0.047 | vay + vss
1240.3 0.015 | 1249.8  0.036 | vas + veo
1229.9 0.021 -

1135.0 0.419 1135.6 0.074 V48
1060.2 0.077 1055.4 0.066 vs2
984.8 0.157 979.1 0.026 V55
920.8 0.406 920.9 0.103 V58
909.4 0.044 -

877.0 0.052 872.4 0.051 V61
830.1 1 824.1 0.671 V64
780.5 0.058 -

731.1 0.068 | 7222  0.027 ves
672.1 0.104 677.7 0.080 V10
653.1 0.114 658.3 0.006 V14 + veg

Table 5.16 Line positions [cm™!], relative intensities, and vibrational mode identi-
fications for the bands of 1,2,3,6,7,8-hexahydropyrene determined from the mat-
rix isolation spectra and the theoretical anharmonic spectrum of this work (figure

5.19).
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mode freq symm description
vy 3177.8 b duo CH stretch
Va4 3161.5 b, duo CH stretch
Vs 3077.5 aj dihydro CH stretch
73 3077.3 b, dihydro CH stretch
V7 3068.3 b, dihydro CH stretch
Vg 3067.9 b, dihydro CH stretch
Vo 3065.9 by dihydro CH stretch
Vi1 3032.8 aj dihydro CH stretch
Yi2 3032.7 b, dihydro CH stretch
Vi3 3000.9 ay dihydro CH stretch
Vig 3000.8 b, dihydro CH stretch
Y16 2998.9 b, dihydro CH stretch
V17 1644.0 ay aromatic CC stretch
Vi 1643.7 ay aromatic CC stretch
Vig 1638.8 b, aromatic CC stretch
V20 1557.9 by aromatic CC stretch
a1 1496.4 ay dihydro HCH bend
) 1496.3 by dihydro HCH bend
V23 1495.6 a CH in-plane bend
Vo4 1485.8 b, dihydro HCH bend
V25 1484.7 ay dihydro HCH bend
Va6 1473.4 b, dihydro HCH bend
Va7 1471.3 ay dihydro HCH bend
V29 1430.2 b, dihydro CH in-plane bend
V30 1392.4 by duo CH in-plane bend
V31 1386.4 ay CC in-plane stretch
V32 1376.7 b, CH in-plane bend
V33 1372.3 ay dihydro CH in-plane bend
V37 1331.3 by dihydro CH in-plane bend
V38 1288.2 b, CH in-plane bend
Va2 1249.1 b, CH in-plane bend
Va4 1195.4 b, dihydro CH in-plane bend
Vag 1156.2 b CH in-plane bend
Va9 1150.0 ay CC in-plane bend
Vsp 1076.1 b, alaphatic CC out-of-plane bend
Vss 995.4 by alaphatic CC in-plane bend
Vs6 949.6 by duo CH out-of-plane bend
V57 947.5 ay duo CH out-of-plane bend
Vsg 935.4 by CC in-plane bend
V61 886.6 ay dihydro CH out-of-plane bend
V62 883.4 b, CH out-of-plane bend
V64 841.0 ay dihydro CH out-of-plane bend
Yes 832.3 b, CC in-plane bend
Vo6 812.4 by CH out-of-plane bend
V67 808.5 b, CC out-of-plane bend
Vs 730.6 by CC in-plane bend
V69 714.5 ay CC in-plane bend
Y70 686.4 ay CC out-of-plane bend
V12 586.4 ay body breathe
V74 543.3 by CC in-plane bend
V81 399.7 aj body stretch
V83 332.9 a CC out-of-plane bend
Vg8 131.2 by body twist
Vg9 97.7 a out-of plane body bend
V90 86.9 ay body twist

Table 5.17 Harmonic mode descriptions and frequencies [cm™!] of the IR active
modes and modes involved in IR active combination bands for the identifications
given in tables 5.15 and 5.16 of 1,2,3,6,7,8-hexahydropyrene.
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ACCOUNTING FOR LARGE NUMBERS
OF RESONANCES IN TEMPERATURE
DEPENDENT INFRARED SPECTRA

A Wang-Landau statistical approach, making use of anharmonic quartic force
fields, has been shown to reproduce temperature shifts and broadenings in the
theoretical infrared spectra of small molecules. However, in order to reproduce
the low—temperature gas—phase experimental infrared spectra of large molecules,
it is crucial to account for a large number of resonances. A second order vibrational
treatment, again making use of anharmonic quartic force fields, can account for
these resonances through a polyad approach. Therefore, accurate reproduction
of high—temperature gas—phase infrared spectrum of large molecules requires the
combination of these two approaches. This work harmonizes these two distinct
anharmonic effects into one theoretical treatment.

Cameron J. Mackie, Alessandra Candian, Xinchuan Huang, Timothy J. Lee,
Alexander G. G. M. Tielens
Submitted, (2018)



Temperature dependent polyads

6.1 Introduction

As computational power increases and theoretical methods improve, the calcula-
tion of highly accurate ab—initio molecular properties is being extended into the
domain of larger molecules. Previously, due to computational limitations these lar-
ger molecules have been largely overlooked, but can ironically show a greater need
for improved theoretical treatments. For example, the inclusion of anharmonicities
through a quartic force field (QFF) potential energy surface (PES) has been shown
to alter dramatically the resulting theoretical infrared (IR) spectra of polycyclic
aromatic hydrocarbons (>20 atoms)[22, 23, 24, 106, 126, 133]. These changes to
the spectra have been attributed large numbers of resonances that occur between
the ever increasing number of normal modes. These large groups of resonances, so—
called polyads, are handled sufficiently using a modified second order perturbation
theory (VPT2) method akin to degenerate perturbation theory[49, 56].

Other effects attributed to anharmonicities are also known. Band shifts and
broadenings are directly related to the temperature of the species due to anhar-
monic mode interactions. Again, the use of a QFF as the PES allows for accurate
reproduction of these effects. Quantum statistical methods, such as a Wang—
Landau approach have been shown to reproduce the high—temperature spectrum
of small to medium sized molecules[134].

In order to reproduce the high—temperature spectrum of medium to large mo-
lecules, the VPT2 and Wang-Landau approaches need to be applied simultan-
eously. The same anharmonic PES of a molecule can be used to account for both
of these effects in a simple manner. This work combines these anharmonic phe-
nomenon (polyads and temperature) into one harmonized theoretical approach.

6.2 Theory

6.2.1 Polyads

In a VPT2 treatment, the anharmonic transition energies between neighboring
vibrational levels (ny — m+1) is written as

1
AE(n) = wy + 2y + 3 #Zk)(ik + 2y + #Zk/\/ik”i (6.1)

where wy is the harmonic frequency of the & fundamental mode, n; and n; are
the number of quanta in the respective k and ! fundamental modes, and y are
the anharmonic constants joining the k and [ fundamentals.

The anharmonic constants are calculated in the VPT2 treatment using the
calculated QFF of the molecule (see reference 88). During the calculation of these
anharmonic constants there exists terms that are inversely proportional to the
sums and differences of the harmonic frequencies (see equations Al and A2 of ref-
erence 56). This opens up the possibility for mathematical singularities to occur
when these sums and differences are equal (or nearly equal) resulting in divisions by
zeros. These singularities are referred to as resonances. Four types of resonances
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are possible within a VPT2 perturbation treatment: 1) Fermi 1; a fundamental
band is approximately equal to two times another, 2) Fermi 2; a fundamental is
approximately equal to the sum of two others, 3) Coriolis; two fundamentals are
approximately equal, 4) Darling-Dennison; two first overtones are approximately
equal. When a resonance occurs, the offending terms must be removed from the
regular VPT?2 treatment and instead treated in a degenerate VPT2 treatment. A
two-by-two matrix is constructed with the diagonals consisting of the deperturbed
transition energies (equation 7.6), and the off-diagonals with the appropriate coup-
ling terms (Fermi 1, Fermi 2, etc.) (see reference 49). Once solved, this matrix
provides the corrected band positions as the eigenvalues, and the degree of mixing
between the modes as the square of the eigenvectors. In a physical sense, the
offending modes push each other apart slightly in energy, and one mode can bor-
row intensity from the other. The degree of mode mixing is used to estimate this
redistribution of intensity between the resonating modes[106].

Complications arise when modes are in simultaneous resonances with other
modes. Treating each resonance individually leads to erroneous results. Instead the
group of resonances need to be treated together in what is known as a polyad. The
polyad resonance matrix is constructed in a similar manner, however additional “2-
2” interactions need to be included to account for interactions between combination
bands (see reference 49). Again, these matrices are diagonalized, giving the final
band positions and intensities (see ref. 106, 126 for more details).

6.2.2 Temperature spectra

The temperature dependent IR spectra of a molecule can be produced in one of
two ways. Either a full “exact” method or a Monte—Carlo “sampling” method.
In the exact method, thermal populations of the lower levels are calculated at a
specific temperature, then band energies and intensities are calculated for every
possible transition between the sufficiently populated upper and lower states (see
85 for more details). In the sampling method, a biased sampling known as the
Wang-Landau method[135, 136] is performed over vibrational energy space. The
use of this method for PAHs was pioneered by Basire et al and applied to a variety
of applications[134, 137, 138, 139]. The incorporation of polyads into this biased
sampling method is straightforward and will be explained below.

The sampling method begins with calculating the vibrational density of states
(DoS) through a random walk over internal vibrational energies, given for an
asymmetric top as

En) = ho (n,- v %)
i=1

e )

I<i<j

(6.2)

The Wang—Landau method is a biased sampling method in which each time an
energy bin is visited it is penalized slightly against further visits, forcing the walk
to visit each energy bin a roughly equal amount of times (see 134, 140 for a full
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description). This penalization factor converges to the DoS over enough iterations
of the walk. Once complete, a second Wang-Landau walk is performed (using the
previously calculated DoS to again bias the walk), however during this run the
spectrum at each given step is recorded resulting in an absorption spectrum at
each energy bin visited given by

SO, E) = Z(nk + Dok 6lhv — AE®] (6.3)
k

With o-f)kil being the absorption cross section of mode k. For combination
bands, the corresponding anharmonic cross sections are used with n; taken to be
the lower of the quanta of the two modes. AE® becomes the asymmetric top term
for the combination band (sum of the individual AE®’s).

Once complete, the energy dependent spectra are normalized by the number
of visits to each energy bin. This results in the microcanonical absorption spectra
of the molecule as a function of internal energy I(v,E).

Transforming from an energy dependent spectrum to a temperature dependent
spectrum is then simply a Laplace transformation

1 Emax
IV, T) = —— f I(v, EYQE)e " ERDgE 6.4
7 Js., 64

With Z being the partition function
Z(T) = f Q(E)e " EMT R (6.5)

The advantage of the sampling method over the exact method is that once
the DoS and I(v, E) are calculated then producing the spectrum at any desired
temperature can be performed in a matter of seconds. In contrast, the exact
method needs to be started from scratch for each desired temperature. Addition-
ally, as long as enough steps are performed and the bin sizes are small enough, the
sampling method rapidly converges to the exact method. More importantly, it can
be seen easily where polyads readily fit into the Wang—Landau sampling method.

6.3 Temperature polyads

Incorporating polyads into the Wang—Landau method is straightforward. At each
iteration of the second Wang-Landau walk used to construct I(v, E), a polyad mat-
rix is constructed as in a regular anharmonic treatment, except the diagonal terms
are replaced by the new transition energies given by equation 7.6. The off-diagonal
coupling terms of the polyad matrix are left unchanged in the VPT2 treatment,
as they do not depend on the vibrational energy levels occupied, but only on the
change in number of quanta in a given mode (equations 4-7 in reference 49 (here
A(ny) is always 1). Therefore, the polyad matrices only need to be constructed
once, and at each iteration only the diagonal terms need to be replaced and the
new matrix diagonalized. As before, the eigenvalues of the new polyad matrix
gives the transition energies of the vibrationally excited states (i.e., a new set of A
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E®({n}), and the squared eigenvalues give the intensity sharing percentages over
the resonating modes (i.e., a new set of 0'(()]21). It is possible, but not necessary to
perform these polyad corrections within the Wang—Landau walk used to construct
the DoS, but as resolution of the bin sizes is low (typically 25cm™") the correc-
tions are insignificant. All other steps during the Wang—Landau creation of the
temperature dependent spectrum remain the same as references 134, 140.

6.4 Methods

To demonstrate the of inclusion of polyads into a temperature dependent spectrum
of a medium sized molecule, phenanthrene (Ci4H;o) was chosen as a test case. A
non-temperature dependent and temperature dependent (1000 K) spectrum were
produced, each including and excluding polyads. Additionally, tetracene (CigHio)
was chosen to demonstrate the changes that can occur in resonances as temperature
is increased (from 100 K — 700 K).

The methods for producing the anharmonic IR spectra follow our previous
work [106, 126, 133]. The software package Gaussian09[51] is used to optimize
the geometry, calculate the QFFs, and produce the ground state IR intensities.
Density functional theory is used (DFT) using the B3LYP functional[127] and
NO7D basis[129]. For the VPT2 treatment, and to produce the initial polyad
matrices, a locally modified version of the SPECTRO software package[52] was
used after transforming the QFF produced by Gaussian from normal to Cartesian
coordinates[98].

The parameters used for the Wang—Landau walks were comparable to the val-
ues given in reference 134. For the initial Wang-Landau walk the vibrational
quanta number probability increase/decrease parameter was set to 5%. The DoS
energy bins were set to 25 cm~!. The energy range of the walk was 0 — 15 eV (0 —
120983 cm™!). Twenty iterations of decreasing penalization factors (f) were run,
with each iteration consisting of 1x107 steps. For the second Wang-Landau walk,
which was used to produce the energy dependent spectrum, the spectral bin size
was set to 0.1 em™'. The second walk was performed until each energy bin was
visited 2,500 times.

6.5 Results

Figure 6.1 shows the theoretical spectrum of phenanthrene computed at 0 K with
and without including polyads compared to a high-resolution low—temperature
gas—phase experimental spectrum|[23]. As can be seen, additional bands are present
due to intensity borrowing, as well as shifts in band positions, both occurring due
to resonances and the inclusion of polyads in the calculations. Many features are
absent and shifted incorrectly when polyads are ignored, and as a result the match
to the experimental spectrum is quite poor. In contrast, the polyad results give
very satisfactory comparisons to experimental data (see references 22, 23, 24 for
more comparisons). Figure 6.2 shows the comparison of the theoretical spectrum
at 1000 K computed with and without polyads. Significant differences can still
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Figure 6.1 Comparison of the 0 K theoretical spectrum of phenanthrene including
polyads (green), and excluding polyads (red), compared to a high-resolution low—
temperature gas—phase experimental spectrum[23].
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Figure 6.2 Comparison of theoretical spectrum of phenanthrene at 1000 K includ-
ing polyads (green), and excluding polyads (red).
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Figure 6.3 The theoretical infrared spectrum of tetracene showing an increase
in relative intensity of a combination band (marked with a “*”) as the internal
temperature is increased.

170



Conclusions

be observed even in this highly broadened spectrum. Besides frequency shifts,
the effects of intensity borrowing can also be observed, especially for the feature
at 3000 cm~'. The minor features arising from intensity borrowing are also still
visible, now as an extended pseudo—continuum under the main spectral features.
There is also an overall shift and broadening of the main spectral features when
moving from the non—polyad to the polyad spectrum.

The anharmonic constants and quantum occupations of the CH-stretching
modes, and the combination bands which resonate with them, were found to differ
enough that it was possible for the combination bands to “catch—up” to the position
of the CH-stretching modes. In other words, the resonance between a particular
combination band and a fundamental can wax or wane as thermal population of
vibrational levels increases. Since the strength of the interactions between reson-
ating modes depends on the energy separation of the modes, as the combination
bands catch—up they begin to borrow more intensity from the fundamentals. This
has the effect of a gradual increase in intensity of the combination bands as the
internal energy of the molecules is increased. For example, this effect was found to
be very strong for a particular combination band in tetracene. The combination
band was observed to gain significant intensity up to an internal energy of approx-
imately 2.5 eV before decreasing again at higher energies. Figure 6.3 shows the
effect this has on the temperature dependent spectrum. It can be seen that the
combination band marked with a “*” initially drops in intensity (due to thermal
broadening), but then grows again at higher temperatures compared to the two
strongest fundamentals.

The methods described in this work have also been applied successfully to a
larger set of PAHs (including hydrogenated, methylated, nitrogen—substituted, and
cationic PAHs), which are the topics of future work. Similar behavior is found.

6.6 Conclusions

Incorporating resonances and polyads into a Wang—Landau statistical approach to
temperature dependent spectra is straight forward. As shown previously[22, 23,
24, 106, 126, 133], the change in the IR spectrum of molecules where resonances
play an important role is significant at low temperatures. The same holds true
for high temperatures. Changes in both band positions and widths, as well as the
appearance of additional features is observed even in the unresolved spectrum at
high temperatures. The predicted temperature effects on an IR spectrum can be
significantly underestimated when polyads are neglected. Additionally, resonances
may wax and wane as the temperature increases, which can dramatically alter the
measured spectra at specific internal energies or temperatures. The low effort and
high impact of including polyads into the Wang—Landau approach warrants their
inclusion in all temperature calculations of large molecules.
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FULLY ANHARMONIC INFRARED
CASCADE SPECTRUM OF POLYCYCLIC
AROMATIC HYDROCARBONS

The infrared (IR) emission of polycyclic aromatic hydrocarbons (PAHs) per-
meates our universe; astronomers have detected the infrared signature of PAHs
around every interstellar object with sufficient energy to excite them. The IR
emission of interstellar PAHs differs from their emission seen under conditions on
Earth, as they emit through a collisionless cascade down through their excited
vibrational states from high internal energies. The difficulty in reproducing inter-
stellar conditions in the laboratory results in a reliance on theoretical techniques.
However, the size and complexity of PAHs requires careful consideration when
producing the theoretical spectra. In this work we outline the theoretical methods
necessary to lead to a fully theoretical IR cascade spectra of PAHs including: an
anharmonic second order vibrational perturbation theory (VPT2) treatment; the
inclusion of Fermi resonances through polyads; and the calculation of anharmonic
temperature band shifts and broadenings (including resonances) through a Wang—
Landau approach. We also suggest a simplified scheme to calculate vibrational
emission spectra that retains the essential characteristics of the full IR cascade
treatment and can directly transform low temperature absorption spectra in IR
cascade spectra. Additionally we show that past astronomical models were in error
in assuming a 15 cm™! correction was needed to account for anharmonic emission
effects.
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Introduction

7.1 Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a family of molecules characterized
by containing multiple fuzed benzenoid rings with the free edges capped with hy-
drogen. Their size, complexity, stability, and universal abundance make their study
appealing to vastly different areas of research: from biology for their carcinogenic
properties[3], to material science for their desirable structural properties[5, 6, 7],
to engineering for their role in the undesirable combustion byproducts of engines
and rockets[2]. Perhaps the most surprising field to study PAHs is astronomy.
The infrared (IR) signatures of aromatic carbon—containing molecules have been
observed in all interstellar objects with sufficient ultra—violet (UV) radiation to ex-
cite them; from reflection nebulae, to photo—dissociation regions, to emissions from
distant galaxies as a whole[76]. These so—called “aromatic infrared bands” (AIBs)
are generally attributed to PAHs and PAH derivatives[26, 27]. The interstellar
PAHs absorb UV photons from a source (i.e., a parent star) becoming electron-
ically excited, then quickly (hundreds of femtoseconds) return to their electronic
ground state through emission-less internal conversion into highly excited vibra-
tional states. They then relax radiatively through gradual (“seconds) emission of
IR photons from their excited vibrational states producing what is known as an
IR cascade spectrum[39, 104].

Producing experimental IR cascade spectra under astrophysically relevant con-
ditions (i.e., an extreme vacuum with zero collisions) is extremely difficult with
current technolgies. Therefore, extrapolations from available data must be made.
Experimental high-resolution, low—temperature, gas—phase emission spectra would
be ideal. However, experiments have been limited largely to either high—temperature
gas—phase absorption spectra[21, 82, 83], or low—temperature matrix—isolation
spectra[77, 78, 79, 80, 109, 110]. The usefulness of these experiments in modeling
IR cascade spectra are complicated by temperature and pressure effects in the
former, and unpredictable matrix interaction effects in the later. Recently, high—
resolution, low—temperature, gas—phase absorption spectra have been produced for
a handful of small PAH species in the CH-stretching IR region[22, 23, 24].

Due to the large variety and size of PAHs, most theoretical calculations to
date have been performed using low levels of theory, typically scaled density func-
tional theory (DFT) calculations at the double harmonic level, using the B3LYP
functional[127] and 4-31G[141] basis set. Databases of the theoretical calculations
of PAHs have been compiled[33, 48] and are used by astronomers in modeling
PAH IR cascade emission. These databases have been vital to understanding
the variation in the PAH emission observed both between different interstellar
environments, and spatially within a given interstellar object. These variations
can be used to track properties such as size, structure, temperature, and charge
balance[18, 25, 30].

Although successful in many ways, detailed comparison between theory and ex-
periments have revealed that that these double harmonic calculations cannot model
accurately the PAH emission at high resolution, especially in the CH—stretching re-
gion centered around 3.3 um[22, 23, 24]. While this has not hindered observations
of PAHs using current telescopes, it is bound to become a glaring issue with the
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upcoming launch of the James Webb Space Telescope, which will give an unpreced-
ented combination of spectral and spatial resolution in the infrared region. Recent
work has shown[106, 126, 133] that in order to overcome these deficiencies an an-
harmonic approach is necessary. The anharmonic approach is not only better in
predicting the vibrational fundamental band positions and intensities themselves,
but also allows for the calculation of combination bands, overtones, and hot—bands.
Additionally, anharmonic calculations can account for mixing between modes in
Fermi resonances, which are vitally important for reproducing the 3.3 um region
accurately.

These anharmonic calculations also allow for an ab—initio approach for gener-
ating internal energy/temperature dependent spectra. Two main methods have
been put forward: a direct approach — whereby the thermal population of each
vibrational state is calculated, then transition energies and intensities are calcu-
lated for every possible transition between populated states[85]; and a statistical
approach — whereby a biased Monte Carlo walk, known as the Wang—Landau
method[135, 136], is used to construct the density of states (DoS) and the energy
dependent spectra. These methods then produce temperature dependent spectra
through a Laplace transformation[134]. This latter approach has been shown to
be quite efficient since the time consuming DoS and energy spectrum calculations
need to be performed only once for each molecule, then any desired temperature
spectrum can be generated in a matter of seconds using the Laplace transforma-
tion. The latter method has also been shown to be advantageous in that incor-
porating the important Fermi resonances into the spectrum is a straight forward
exercise[142].

The collision—{ree cascade emission process of PAHs needs to be considered
when modelling the IR spectrum of interstellar PAHs. As stated previously, the
PAHs absorb UV photons, interconvert electronically into the ground electronic
state with excited vibrational states, then emit IR photons slowly as they cool.
Attempts have been made to replicate these conditions in the laboratory[40, 41, 42]
with some success. Theoretical modelling of the IR cascade emission has also been
preformed, typically using DFT calculations at the double harmonic level[43, 44],
and to a lesser extent at the anharmonic level[138, 139]. However, a sufficient
treatment of Fermi resonances in a full anharmonic cascade model has never been
taken into account previously, leading to spectra that could not be fully trusted,
especially in the troublesome 3.3 pum region. Additionally, due to the limited
datasets and number of species analyzed, these previous studies have given rise
to approximated methods whose validity has to be assessed, as will be explained
below.

With the proper incorporation of anharmonicities, resonances, and internal
energy/temperature dependence (including the incorporation of polyads), the in-
gredients are present for a full theoretical anharmonic IR cascade spectra of PAHs.
In this work, these calculations are performed for a small subset of astrophysically
relevant species, including regular, hydrogenated, and methylated PAHs, as well
as cationic species (see supporting material for all results). This work also shows
that the Wang—Landau approach can reach the same accuracy of more “exact”
techniques like the direct counting methods at a fraction of the computational
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cost. The indivual theories underlying each theoretical step used towards the full
cascade model are outlined in section 7.2. Details of the application of these meth-
ods are given in section 7.3. The results are give in section 7.4 as well as in the
supporting material??. Discussion and conclusions follow.

7.2 Theory

7.2.1 Anharmonicity

In the double harmonic approximation the vibrational potential of a molecule in
its stationary point geometry is given by

i

3N
V=230 FiXiX; (7.1)
i=1 j=1

| —

where V is the total vibrational potential, F;; = are the quadratic force

av
X,0X,
constants between atoms i and j, and X; and X; are the Cartesian coordinates of
atom i and j relative to the stationary point geometry.

The quadratic force constants are computed through ab—initio analytical second
derivative techniques. Once computed these quadratic force constants are used to
construct a Hessian matrix, which upon diagonalization yields the individual vibra-
tional band energies (harmonic frequencies) as the eigenvalues, and the individual
vibrational mode displacement descriptions or “normal modes” as the eigenvectors.
This method results in 3N-6 normal modes for non—linear molecules and 3N-5 nor-
mal modes for linear molecules (where N is the number of atoms). The harmonic
intensities of the vibrational modes are calculated using the double harmonic ap-
proximation, whereby a matrix is constructed and solved using the derivatives of
the dipole moment as the molecule is displaced along its normal modes. In this
approximation the intensities of the overtones, combinations bands, and hot bands
are exactly zero. Additionally, interactions between modes such as couplings and
resonances cannot be taken into account. This results in a spectrum that needs
to be scaled in frequency, and a spectrum that miss a large number of features.
In addition this, in order to include temperature effects such as band broadenings
and shifts empirically derived expressions need to be applied[43, 45].

To account for these short comings, a more accurate approach is necessary.
Ideally, the exact potential could be written as an infinite order Taylor series.
The harmonic equation above would represent the first order terms of such an
expansion. Subsequent higher order terms would include cubic, quartic, pentic,
hextic, etc. force constants (derivative terms). However, to sufficiently account for
combination bands, overtones, hot—bands, couplings, resonances, and temperature
effects it is enough to include the first three non—zero terms of the expansion,
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leading to the so—called anharmonic quartic force field (QFF)
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A simple Hessian can no longer be constructed to solve this potential since
it is now non-linear. Instead, the harmonic solution is calculated as usual, then
the cubic and quartic force constants are used to perturb the harmonic solution
in a second order perturbation theory treatment (VPT2) (see Ref. [87] for a full
description). With the total vibrational energy of the perturbed molecule given
by

1 1
E(V) = Z W (I’lk + E) + Z)(kl (nk + 5)

k k<l
= 7.3
X + ! ( )
n; )

where wy is the harmonic frequency of the k" fundamental, n; are the number
of quanta in the kK fundamental vibrational mode, and yj are the correspond-
ing anharmonic constants, with the anharmonic constants being calculated from
the cubic and quartic force constants (see 88). Combination bands are given as
the sum of the perturbed fundamentals, and the hot—-bands and overtones are de-
termined by increasing the number of quanta in the relevant vibrational modes.
Equation 7.3 shows that the vibrational band positions are no longer independent,
but now depend on the excitement of the other vibrational modes. This gives rise
to temperature dependent shifts and broadenings, which will be expanded upon
below.

Intensities can also be calculated at the anharmonic level for fundamentals,
overtones, and combination bands. See Ref. 91 for the complete set of equations.

Figure 7.1 shows the effect that including anharmonicities into the potential en-
ergy surface has on the infrared spectrum of a PAH. A comparison is made between
the unshifted harmonic, full anharmonic, and high-resolution low—temperature
gas—phase experimental[24] infrared spectrum of the 3.3 um CH-stretching region
of 9-methylanthracene. This region is particularly sensitive to anharmonic effects.

7.2.2 Resonances and polyads

In an anharmonic treatment the vibrational modes are no longer independent
from one another, and so they can interact through resonances. A resonance oc-
curs when the energy of the normal modes or the sum of modes are close to one
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Figure 7.1 The change in the theoretical infrared spectrum of 9-methylanthracene
when moving from a harmonic (red) to anharmonic (blue) treatment compared to
high-resolution low—temperature gas—phase experimental[24] spectrum (black).
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another in energy. Mathematically speaking, a resonance occurs in the context of
a VPT2 treatment when the denominator of a term in the anharmonic constant
calculation approaches zero causing the offending term to increase dramatically
in value. These singularities or resonances have to be removed from the VPT2
treatment and handled separately in a method akin to second order degenerate
perturbation theory (see reference 49 and references therein). In a typical VPT2
treatment four main types of resonance occur: Coriolis, when two fundamental vi-
brational modes are approximately equal to one another; Darling—Dennison, when
two vibrational first overtones are approximately equal to one another; type one
Fermi, when one fundamental vibrational mode is approximately equal to a first
overtone; and type two Fermi, when one fundamental vibrational mode is equal to
the sum of two vibrational modes. The result of a resonance on a spectrum is that
the vibrational modes involved tend to push one another apart in frequency (com-
pared to their non-resonant frequencies) and their intensities can be redistributed
between them.

Complicating matters further is that any given vibrational state can be in-
volved in many different resonances simultaneously. It is not sufficient to handle
each resonance individually, instead these groups of mutually resonating modes or
polyads need to be handled variationally through the construction of a resonance
matrix. The diagonal terms of this matrix are the perturbed states as given in
equation 7.3 (with the resonant terms already removed from the anharmonic con-
stants) and the off diagonal terms are the coupling constants (see reference 56 for
more details). Diagonalization of this matrix gives the new line positions as the ei-
genvalues, and the strengths of the state mixings as the square of the eigenvectors.
These state mixing terms can be used to determine the redistribution of intensities
between resonating modes[106]. This treatment was applied to a series of PAHs
in our previous works[106, 126, 133] and was shown to be crucial in reproducing
the CH—stretching region due to the large number of type two Fermi resonances.

Figure 7.2 shows the effect of performing a polyad resonance treatment on the
0 Kelvin anharmonic infrared spectrum of a 9-methylanthracene. A comparison is
made between the convolved (HWHM = 1.8 em™!) anharmonic spectrum with the
polyads suppressed, with the polyads included (the same as figure 7.1), and the
high-resolution low—temperature gas—phase experimental[24] infrared spectrum of
the 3.3 um CH-stretching region.

7.2.3 Temperature dependent spectra

Detailed models describing the temperature effects on IR spectra of PAHs have
been pioneered by references 85, 134, 137, 138, 140. Here, we summarize their
approach for completeneness. The first step in producing a temperature dependent
spectrum is to calculate the vibrational DoS (). As the number of atoms in a
molecule increases, the number of possible states falling in a given energy range
grows extremely fast, especially at high internal energies. For this reason exact
counting of the density of states becomes impossible. Therefore, Monte Carlo type
samplings are used instead, with the preferred method for calculating the DoS
being the Wang-Landau method[135, 136]. Producing temperature-dependent
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Figure 7.2 The change in the 0 K theoretical infrared spectrum of 9-
methylanthracene when moving from a non—polyad treatment (red) to a
polyad treatment (blue) compared to high-resolution low—temperature gas—phase
experimental[24] spectrum (black).
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spectra from a QFF using a Wang—Landau style walk has been shown previously to
work successfully for PAHs[134, 137], therefore similar methods have been adopted
in this work.

The aim of a Wang—Landau walk is to visit all predefined energy bins (6E)
equally in an efficient manner. This is accomplished by biasing the walk to prefer
states that have been visited less than the energy bin of the current state. Initially,
Q is set to 1 for the whole energy range of interest ([Epin,Ema]). The set of
vibrational quantum numbers {n} is initially set to a random state inside the
energy range. At each step there is a probability that any of the vibrational
quantum numbers can either increase or decrease by one quanta, or remain the
same. The value of this probability is chosen to be large enough so that the walk
covers the whole energy range in a reasonable amount of steps, but also small
enough as to not jump outside of the energy range constantly. Typical values for
this probability range from 4-23%. After the set of new quantum numbers, {n} e,
are generated the probability (P) that this state is accepted into the accumulation
of Q is given by

_ . Q(ECMW"EV!T)
P({n}eurrent = {ntnew) = min[1, QE.) 1 (7.4)

If the new state is accepted then Q(E,,,) is updated by adding a quantity
f, where f is a modification factor set to some initial quantity greater than zero
(typically the mathematical constant e). Since Q can become quite large, the value
In(Q) is generally stored instead. A histogram of number of times a energy bin is
visited is also accumulated to test for equal sampling (flatness) of the walk. After
sufficient flatness is achieved, the value of f is updated by taking its square root, H
is reset, and the walk is continued again until the flatness is once again achieved.
This process of updating f and re—running the walk ensures quick and accurate
convergence towards the true DoS. Typically, f is updated and the walk re-run
on the order of 20 times, depending on the desired accuracy of the density of state
calculation.

Once Q is calculated, the next step is to produce the absorption spectrum of
the molecule. A separate Wang—Landau walk over the same internal energy range
is performed. With the acceptance criteria of a state (P) now being based on the
completed Q(E) values.

At each step of this second walk an accumulated absorption spectrum S at
internal vibrational energy E is updated according to

S0, E) = ) (e + Doy, lhv - AED] (7.5)
k
with O'(()k_)” being the absorption cross section of mode k or combination band at

the vibrational ground state. For combination bands ny is taken to be the smaller
of the two vibrational quantum numbers of the two bands involved.

The energy difference at the anharmonic level for a given vibrational transition
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of mode k (ny — ng + 1) is then given by

1
AE®({n}) = wi + 2w + 3 ZXik + 2y mng + ZXikni (7.6)
ik i#k
Once the walk is complete, the states are then normalized by the number of
entries in the histogram giving the microcanonical absorption intensity I(v,E).
The conversion from an energy dependent spectrum to a temperature depend-
ent spectrum at any temperature T is then given by a Laplace transformation

Emax
Iv,T) = % f I(v, EYQ(E)eERDgE (7.7)
E

min

With Z being the partition function
Z(T) = f QE)eER g E (7.8)

The maximum and minimum reliable T values are determined by the energy
range of Q. Q(E)e"E/*T) at a given T should die off rapidly at E,;, and E,q, to
ensure the integral over E,;, to E,.. is close to the true integral over an infinite
energy range.

Figure 7.3 shows the effect of incorporating anharmonic temperature effects
into the theoretical spectrum using the Wang-Landau approach. The strongest
IR band of 9-methylanthracene is shown at three temperatures: 100 K, 500 K,
and 1000 K. Notice the shift in band position and asymmetric broadening of the
profile.

7.2.4 Polyads and temperature dependence

The incorporation of polyads into a Wang—Landau treatment of the IR energy/temperature
dependent spectrum is straight forward and is outlined in reference 142. In brief,
at each iteration of the Wang—Landau absorption spectrum walk a resonance mat-
rix is constructed using the ground state resonance matrix with the diagonal terms
updated by the new deperturbed transition energies given by equation 7.6, or in
the case of combination bands and overtones the sum of the transition energies of
the modes involved. The off-diagonal coupling terms of the resonance matrix are
left unchanged as they do not depend on the vibrational energy levels occupied,
but only the change in the occupation of vibrational levels of the transitions (A(ny)
is always 1). Once modified, the eigenvalues of the altered resonance matrix give
the new transition energies of the vibrationally excited states (i.e., a new set of A
E®({n}), and the squared eigenvalues give the intensity sharing percentages over
the resonating modes (i.e., a new set of O'E)qu)' All other steps during the Wang—
Landau creation of the temperature dependent spectrum remain the same[134].
Figure 7.4 shows the effect of incorporating polyads into the Wang—Landau
calculations of the temperature dependent spectrum. The two spectra are of the
theoretical calculations of 9-methylanthracene at 1000 Kelvin. The top spectrum
(red) is the temperature spectrum with polyads suppressed, the bottom spectrum
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Figure 7.3 Temperature effects on the position and profile of the CH out—of-plane
bending mode of the anharmonic theoretical IR spectrum of 9-methylanthracene
at 100 K (brown, bottom panel), 500 K (red, middle panel), 1000 K (blue, top
panel).
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Figure 7.4 The effect of including polyads (blue, bottom panel) and excluding
polyads (red, top panel) from the anharmonic temperature dependent calculations
of 9—methylanthracene using the Wang—Landau approach.

(blue) is the temperature spectrum with polyads included. Even with the line
blending which occurs at high temperatures, significant issues with the polyad
suppressed spectrum can still be seen. Discrepancies in band positions and widths,
and the loss of features are all present when polyads are excluded.

7.2.5 PAH IR cascade spectra

Interstellar PAHs are electronically excited by UV photons originating from stellar
sources, then converts quickly to their ground electronic state through emissionless
internal conversion to highly excited vibrational states. PAHs then slowly emit this
vibrational energy as IR radiation. When a PAH emits an IR photon, its internal
energy is decreased by the energy of said photon. This decrease in internal energy
affects the energy at which the next IR photons emit (see equation 7.6). In the
interstellar medium this process is stochastic, in that the PAHs have time to cool
fully to the vibrational ground states in between UV photon absorption events,
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and collisionless, in that the only way to shed energy is through the emission of
IR photons.

Modelling this process is straight forward[43]. The probability of a PAH absorb-
ing a stellar UV photon is proportional to the product of the blackbody spectrum
of a star of a given temperature and the UV absorption cross section of the PAH.
The total internal vibrational energy E,, of the PAH is then equal to the energy
of the absorbed UV photon. The probability of emitting an IR photon (Ejz) at a
given internal energy (E,,) is proportional to its rate, which in turn is proportional
to the energy dependent spectrum at E,,,. For the cascade model, an IR photon is
randomly selected based on this probability. At each step of a cascade, a spectral
histogram is updated at E;z. The new total internal energy is then updated: E,,,
= E;r - Ejg leading to a new set of probabilities of IR emission. This cascade pro-
cess is repeated until the PAH has fully cooled to its vibrational ground state. At
this point a new UV photon is absorbed and the full cascade is repeated again.
This process continues until the desired resolution is achieved.

Figure 7.5 shows a full anharmonic cascade spectrum of 9-methylanthracene
pumped by an 18000 Kelvin blackbody source (simulating an OB type star). Most
notable are the long red wings compared to a strictly temperature dependent
spectrum as shown in Figure 7.4.

7.3 Implementation

7.3.1 Quartic force fields

The QFFs of the PAHs in this work were calculated using Gaussian 09[51] within
the DFT framework, using the B3LYP functional[127] and the NO7D basis set[129].
A tight convergence criterion was used for the geometry optimization and a very
fine grid (Int=200974) was used for numerical integrations.

7.3.2 VPT2

The VPT2 treatment was handled by a locally modified version of SPECTRO[52],
after conversion of the QFF produced by Gaussian09 from normal coordinates to
Cartesian coordinates[98]. SPECTRO has the flexibility to handle large polyads
as described in section 7.3.3. Additionally, the SPECTRO output of the resonant
matrices were necessary for the energy/temperature incorporation as described in
section 7.2.4.

7.3.3 Polyads

The cut—off for considering states to be in resonance is controlled by two para-
meters in SPECTRO, the minimum interaction strength between the two bands
(W), and the difference in energy between the two bands (A). It was found[126]
that the default value of W (10 cm™') missed important resonances, so this value
was dropped to 0 cm™!. With this value set to zero, the polyads were no longer
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Figure 7.5 Fully anharmonic simulated cascade spectrum of the CH-stretching
region of 9—methylanthracene.
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atomically separated by irreducible representations, therefore to reduce compu-
tational cost they were separated outside of SPECTRO. The default value of
A (200 cm™') has been shown to reproduce the CH-stretching region of PAHs
accurately[126, 133]. However, polyad sizes can grow quite large with this cut—
off, especially when the molecule has a low symmetry. For example, the three IR
active polyads of benz[a]anthracene (CgHj,, C; symmetry) contain 117, 675, and
204 states respectively. This occurs because of resonance chaining, where a series
of modes resonate with their neighbors who in turn resonate with their neighbors
etc., leading to a polyad where the highest energy mode and the lowest energy
mode could end up with a A that is over 1500 cm™1. While diagonalizing these
large polyad matrices are not a problem when obtaining a zero Kelvin vibrational
spectra, they pose a significant issue when calculating an energy/temperature de-
pendent spectra as they have to be rediagonalized with each iteration of the Wang—
Landau walk. To resolve this, two separate A values were set: for modes > 2000
em™ A =200 cm™!, and for modes < 2000 cm™" A = 25 cm™!. It was found that
the CH-stretching region (above 3000 cm™') is extremely sensitive to the lowering
of A due to strong Fermi resonances and was thus left alone. Fortunately, a natural
large break occurs between the CH—stretching vibrational mode energies and all
other vibration modes (below 2000 cm™') so no resonance chaining occurs to the
lower modes here. The vibrational modes below 2000 cm™' were found to only
weakly interact through Fermi resonances, so lowering A down to 25 cm™ showed
little effect on the resulting spectra, but reduced the polyad sizes dramatically.

7.3.4 Wang-Landau

For all Wang-Landau calculations the vibrational quantum number probability
increase/decrease parameter was set to 5%. For the density of states calculation
the energy bins were set to 25 cm™!. The energy range over which the walks
took place was 0-15 eV (0-120,983cm™'). Twenty Wang-Landau iterations of
decreasing f were run for each molecule, with each iteration consisting of 1 X
107 steps. For the majority of the energy dependent spectra the accumulated
absorption spectrum bins were set to 0.1 ecm™'. For the high-resolution energy
dependent spectra used in figures 7.6 and 7.7, the spectrum bins were set to 0.005
cm™!. The walks to calculate I(v,E) were carried out until all of the energy bins
(of the total internal vibrational energy) were visited an average of 2,500 times.

7.3.5 Cascade spectra

A total of twenty PAHs were subjected to the simulated cascade method described
in this work; Seven neutral PAHs and their cationic counterparts: naphthalene,
anthracene, tetracene, phenanthrene, chrysene, pyrene, and benz[a]Janthracene;
and six aliphatic containing PAHs: 9—methylanthracene, 9,10-dimethylanthracene,
9,10-dihydroanthracene, 9,10-dihydrophenanthrene, 1,2,3,4-tetrahydronaphthalene,
and 1,2,3,6,7,8-hexahydropyrene. These molecules were chosen based on previous
confirmation of their anharmonic infrared spectra compared with matrix—isolation
data, NIST database gas—phase data, as well as high-resolution, mass—selected,
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low—temperature, gas—phase spectra in our previous work[106, 126, 133]. Four
separate simulations were run for each molecule with varying excitation photon
energies: 3, 6, 9, and 12 eV. The cascade spectrum of each PAH was simulated
using 1 x 10”7 UV photons, resulting in approximately 1 x 10° emitted IR photons
per simulation.

7.4 Results

In order to test the reliability of the Wang-Landau method, Figure 7.6 shows a
comparison of the vy vibrational band of naphthalene between the Wang—Landau
approach, the high-resolution experimental data of reference 85, and the direct
counting method as described in reference 85. The Wang-Landau method is able
to reproduce the spectrum as well as the direct counting method. Differences in
band positions between the Wang-Landau and the direct counting method are
mainly due to differences in the DFT functional used. Attempts to use the QFF
from their online supporting material were made. However, as confirmed by the
original authors of reference 85, their QFF was corrected post—calculation and
differs from the online version. Therefore, an exact one to one comparison between
the Wang-Landau and direct counting method was not possible here.

The features in the unconvolved spectrum of Figure 7.6 (blue) are individual
peaks (not noise), and each feature can be individually assigned with careful book-
keeping during the energy dependent spectrum generation step. Figure 7.7 shows
an example of a series of zoomed in panels to show the level of detail that can
be achieved even with the random walk. Unlike the direct counting method, no
prior cutoff of states to visit (i.e., sufficient thermal population) must be specified.
Therefore, the detail becomes limited by the number of Wang—Landau steps taken,
and the bin size set, for the energy dependent spectrum generation.

Peak positions of cascade features compared to “0 Kelvin” theoretical anhar-
monic spectra are found to be equal. While large shifts in peak positions are
expected for high temperature/highly excited molecules (equation 7.6), the nature
of the IR cascade process leads to features that are not shifted. While the high
internal-energy emissions of IR photons are indeed shifted in position, the emission
probability is also broadened. This results in the lowering of probability of emit-
ting an IR photon at its “peak” position when compared to lower internal-energy
emission, as shown in Figure 7.8. This results in the piling up of IR photons at
relatively the same position during lower internal-energy emissions, while the high
internal-energy IR photons are spread over a larger area. An increase in initial UV
photon energy therefore results only in the growth of a low—energy wing, with no
change in the position of the peak intensity. The only shifts seen in the resulting
spectra are due to secondary effects as described below. No growth is seen in the
high—energy wings, leaving an unchanging steep wall on the high—energy side of
the majority of features.

Shifts of the features appear to occur, however these “pseudoshifts” are not due
to the typical temperature related shifts per se, but are instead due to the cascade
process as a whole. The dominant type of pseudoshift occurs when separate IR
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Figure 7.6 Comparison of high-resolution experimental data of thermally excited
naphthalene (300 K)[85] (middle panel) to the “direct” theoretical approach[85]
(bottom panel) to the Wang—Landau method of this work (top panel, blue, with
convolved spectrum in black). Figure has been partially adopted from reference
85.
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Figure 7.7 A sampling of the series hot-band features of the v4 band of naph-
thalene at 300 K simulated using the Wang—Landau method for producing a tem-
perature dependent spectrum. Total magnification is given for each portion of the
spectrum.

modes are closely spaced. As the initial exciting UV photon energy is increased,
more IR photons are released in an ever growing low—energy IR wing. This lowers
the relative peak intensity of all of the cascade features, however, if two or more
features are closely spaced then the low—energy IR wing of one feature can slip
under the peak of its neighbor, which in turn inhibits the degradation of the
neighboring feature. This can cause the lower energy feature to become more
intense than the previously stronger higher energy feature (as shown in the top
right panel of Figure 7.9). Even very weak neighboring features can cause the
appearance of a shift. The amount of shifting produced by this phenomenon
depends on the initial band spacing, and has been observed to occur for bands
separated by up to 20 cm™! for cascades starting at high energies. Once the lower
intensity neighbor overtakes the initially intense band the “shifting” stops abruptly.

A similar type of pseudoshift was found to occur from a feature’s own hot—
band. If a hot—band is intense enough at very low internal energies (< 1 eV) it can
also sit upon the cascade wing of its fundamental. If initial absorbed UV photon
energy is high enough, the hot-band can overtake the intensity of the fundamental
resulting in the appearance of a shift in position (as shown in the bottom right
panel of Figure 7.9). Again, the degree of the apparent shift is dependent on the
initial band, hot-band spacing and the shifting stops when the hot—band finally
overtakes the fundamental in intensity.

A less common pseudoshift occurs in a “leveling—off” manner. If excitation
is high enough a low—energy wing can appear to flatten out, starting at the 0
Kelvin position and continuing down the wing as the initial UV energy is increased
(as shown in the bottom left panel of Figure 7.9). This is a consequence of the
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Figure 7.8 The distribution of IR photon emission probabilities at various internal
energies along the cascade of a C—H out—of-plane bending mode of tetracene (col-
ors), with the resulting IR cascade spectrum (black).
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Figure 7.10 The IR cascade spectrum of the CH—stretching region of tetracene.
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statistics of emission at various energies of the cascade, if the overlap of the shifted
and broadened features during the cascade is just right, a plateau can be achieved.
Although the vast majority of cascade features do not appear to move with
excitation energies, in rare cases the growth of a high energy wing and shift in
feature position can occur in the CH-stretching region for combination bands
that are of higher frequency than the fundamentals. This occurs due to Fermi
resonances. The magnitude of interaction between resonating modes has been
shown to change at different internal energies in the CH—stretching region of some
PAHs[142]. Differences in the anharmonic constants and quantum occupation
numbers, fundamental bands and combination bands shift at different rates leading
to resonances that wax and wane as the states move closer and further apart in
energy. This results in more intensity being borrowed by the combination bands
at particular internal energies. Although minor in most cases, tetracene shows this
effect quite strongly (figure 7.10). The feature at 3100 cm™' can be seen to grow
and then shrink relative the the strongest band as the cascade starting energy is
increased, while the other main features show the typical stationary behavior.

7.5 Conclusions

As shown throughout the theoretical section of this work and in previous studies,
careful anharmonic treatment is necessary to reproduce experimental results for
PAHs: The inclusion of anharmonicities accounts for the large shifts seen in har-
monic fundamental band positions; Fermi resonances dominate the CH-stretching
region and account for the large number of bands observed; anharmonic temper-
ature affects account for band shifts and broadenings (and need to be included in
the polyad treatments), with the Wang—Landau approach being preferred due to
its efficiency, and ease of incorporation of resonances.

It was previously believed that a PAH IR absorption spectrum greatly differs
from an IR cascade emission spectrum. Previous cascade emission models[143]
of PAHs applied a 15 cm™! shift indiscriminantly to all absorption spectra in
order to account for the anharmonic emission processes. As this study shows, the
experimental shifts observed are due to the pseudoshifts described above rather
than anharmonic temperature shifts. One main conclusion from this study is that,
in general, it will be quite straightforward to transform measured or calculated
PAH absorption spectra into cascade spectra relevant for astrophysics as frequency
shifts are not relevant.

While this work shows the complexity necessary to reproduce the temperat-
ure/energy dependent spectra of PAHs, this work also suggests that this com-
plexity may be unnecessary for the cascade spectra. The stability of the peak
positions of the cascade spectra enables the use of 0 Kelvin theoretical spectra,
or low-temperature gas—phase absorption experimental spectra to determine the
peak positions (or high energy wall) of IR emission cascade spectra. Previous
work has suggested this was not possible[41]. This knowledge can be used to both
simplify and improve greatly the current astronomical PAH IR cascade spectra
models[33]. To this end, further research into the “growth” rate of the cascade
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wings as function of initial cascade energy is currently underway.
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