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Abstract

The gas-phase ion chemistry of hydroxyl- and amino-substituted polycyclic aromatic
hydrocarbons (PAHs) and their protonated counterparts were studied using mass spectrometry.
lons were generated using an electron ionization (EI) source and the unimolecular chemistry of
metastable ions was studied by performing mass-analysed ion kinetic energy spectrometry
(MIKES) experiments with a magnetic sector tandem mass spectrometer. Collision-induced
dissociation (CID) experiments were used in conjunction with MIKES experiments to determine
ion structure. The ten molecules studied were: 1-naphthol, 2-naphthol, 1-naphthylamine, 2-
naphthylamine, 1-aminoanthracene, 2-aminoanthracene, 1-phenanthrol, 9-phenanthrol, 1-
hydroxypyrene and 1-aminopyrene. Since it is believed that larger PAHS, on the order of more
than 50 carbon atoms, populate the interstellar medium, the goal of this study was to attempt to
extrapolate the results from smaller systems to larger ones. The trends found include: hydroxy-
substituted PAH radical cations lose carbon monoxide spontaneously and amino-substituted
PAH radical cations lose HCN. Mechanisms for both processes are proposed, and it appears
from the present results that this process should extrapolate to larger PAHs. Another trend found

was that all the remaining fragment ions were always a closed ring.

Protonated amino-substituted PAHs were generated by electrospray ionization using a
quadruple time-of-flight mass spectrometer. By protonating 1-naphthol and 2-naphthol using
methane in the high-pressure EI source, it was found that they lost exclusively H,O. As for 2-
naphthylamine, 1-aminoanthracene and 2-aminoanthracene, it was found that 2-naphthylamine

lost NH; and a hydrogen atom, NH3; being the dominant channel. However, as the ion size



increases, the hydrogen-loss channel became the dominant channel. This means that larger PAHs

will likely lose exclusively a hydrogen atom to reform the parent radical cation.
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Chapter 1. Introduction

1.1 Objectives

The goal of this thesis is to explore the gas-phase ion chemistry of small polycyclic
aromatic hydrocarbon (PAH) ions. This class of molecules is believed to account for twenty
percent of the organic carbon in the interstellar medium.! 2 Since PAHs (neutral and ions) are
suggested to play a significant role in the chemistry of the interstellar medium, the reactivity of
such ions were explored.® These molecules are believed to behave as catalysts for the formation
of small molecules like H,, H,O, NHs;, etc by acting as surrogate surfaces. In this case,
hydroxylated and aminated PAHs could be intermediates in the larger catalytic mechanism.
Thus, we are examining the fate of these intermediates by studying the unimolecular chemistry
of hydroxy and amino substituted PAHs and their protonated counterparts. The PAHs studied
were those available for purchase and cover a small range of PAH size from naphthalene to
pyrene: 1-naphthol, 2-naphthol, 1-naphthylamine, 2-naphthylamine, 1-phenanthrol, 9-
phenanthrol, 1-aminoanthracene, 2-aminoanthracene, 1-hydroxypyrene and 1-aminopyrene. The
chemistry of these ions probes the first step in H,O and NH3 formation, that is the intermediate
first formed by OH and NH, substitution on the PAH ring system. The next step would be the
addition of hydrogen, and we selected to protonate the substituted PAHs to generate ionic
species that could possibly lose H,O and NHs;. Two mass spectrometers were employed: a
modified VG ZAB magnetic sector instrument for the study of mass selected radical cations
formed by electron ionization and protonated hydroxyl-PAHs by chemical ionization, and a
Micromass Q-TOF 2 mass spectrometer equipment with an electrospray ionization source for the
study of protonated amino-PAHs. The Gaussian 09 suite of programs was used to perform
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calculations on all PAHSs, their protonated counterparts and on their fragments to have a better
understanding of the chemistry and energetics of the way they break down. Extrapolation of the
results to larger PAHs can be possible if a trend is found in the small PAHs which in this study

have a maximum of four aromatic rings.

1.2 Interstellar Chemistry

Ground-base and airborne studies in the 1970s using infrared (IR) spectroscopy have
shown some broad emission features located in mid-infrared region of the IR (Figure 1).*® These
IR spectra were collected in the bright HII regions, planetary nebulae and reflection nebulae. All
IR spectra were showing the same features and bands, thus the region of the interstellar medium
(ISM) where they were measured did not matter. Arising from this observation, a great interest
was developed in the assignment of the mid-infrared bands of these IR spectra. After further
investigation, the broad features showing on the IR spectra were believed to be from the
combined IR fluorescence of a multitude of far-ultraviolet-pumped (FUV) polycyclic aromatic
hydrocarbons (PAH), mostly from those of at least 50 atoms of carbon like fullerene.® The
argument for these assignments was made by stacking the IR spectra of many PAHSs on top of
another and concluding that the profile of the bands was present in the same manner as in the IR
spectra collected from observations. From this reasoning, PAHSs are believed to account for about
twenty percent of the organic carbon in the interstellar medium. Thus, an open question is how
PAHSs would play a role in the gas-phase ion chemistry of the ISM. These molecules are present
in the heating of neutral gas and in the ionization balance in molecular clouds, making them
potentially extremely important in the ion-molecule chemistry of gas-phase species present in the
ISM.
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Figure 1: Histograms of the peak wavelength of the UIR 6.2 m band (on the left) and 7.7 m
(on the right). Each figure corresponds to areas I, II, I, and IV from top to bottom. The
data number is normalized by the total number of the data within each area.’

PAHs possess key features that make them viable in the ISM. They are from the
hydrocarbon family and thus are mostly composed of carbons and hydrogens. These carbons
and hydrogens are arranged in fused benzene rings with peripheral hydrogens. The m system
formed by the network of fused benzene rings form rigid and stable species. They also show a
very planar nature and can thus be stacked in clusters bonded by Van Der Waals interactions.
Some PAHSs have one hydrogen substituted for a methyl group or hydroxy group or in some
cases, one carbon can possess two hydrogens, which is called a superhydrogenated PAH. Given

the very low vapor pressure of PAHs over 50 carbons, which makes them difficult to make in the
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gas phase, studies have been conducted using smaller PAHs. Studies performed on positively

ionized PAHs were conducted since ionic species are believed to participate in the IR spectra.

1.3 Mass Spectrometry

The technique used in this thesis to study PAHs is mass spectrometry. As stated above,
this technique is used for its properties similar to the interstellar environment: low pressure. This
technique also permits ionization in the gas phase, an essential property that the technique must
possess for this type of study. Mass spectrometry is an analytical technique used to get
information about the mass-to-charge ratio of ionized molecules. The sample used can be solid,
liquid or gas as long as it can be ionized in the gas phase. The way the results are produced is by
producing a mass spectrum of the intensity vs the mass-to-charge when certain ions hit the
detector. Mass spectrometry is not an optical technique in the sense that there is no photon
involved. Depending on the system studied, the chemist will need to use a specific mass
spectrometer. For this study, replicating the conditions of the interstellar medium is essential to
ensure proper comparison with data collected previously. The instrument mostly used in this
study is a modified VG ZAB magnetic sector instrument. What differentiates the ZAB sector
instrument from other mass spectrometers is that it allows for the study of the spontaneous
dissociation of metastable ions. Spontaneous dissociation is a must given that molecules and
ions are very far from one another in the interstellar medium and their likelihood of hitting one

another is very low.
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1.3.1 Magnetic Sector Instrument - VG ZAB

The sector instrument used in this study is a VG-ZAB sector instrument. It is a mass
spectrometer consisting of both a magnetic and electrostatic sector. It is thus a double-focusing
mass spectrometer since the ion beam can be focused at two places in the apparatus. The VG-
ZAB used is a reverse-geometry tandem sector mass spectrometer of BE configuration. Here is a

scheme of a reverse-geometry mass spectrometer.®

N

<

Figure 2: Reverse geometry BE magnetic sector mass spectrometer scheme. Number 1
represents the ion source, number 2 the focusing lens, number 3 the magnetic sector,
number 4 the 2nd field-free region, number 5 the beam resolving slits, number 6 the

electrostatic sector and number 7 the multiplier detector. In the second field-free region,
there are the collision cells at number 8 and the beam deflection electrodes at number 9.2
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1.3.1a lon Sources

To be able to perform an experiment, an ion source is needed. The three ion sources used
were an electron ionization (EI) source, a chemical ionization (CI) source and a high-pressure

source.
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Figure 3: Electron ionization ion source scheme. Number 1 represents the source block,
number 2 the filament, number 3 the trap electrode, number 4 the repeller electrode,
number 5 the acceleration region and number 6 the focusing lens.®

Using an EI source, the sample can be introduced as a liquid or a solid in the source with

the help of an inlet. All PAHSs studied were a solid. The vapor pressure of the solid is important

20



since it determined the amount of sample introduced in the ion source. The molecules in the gas
phase in the source are ionized by electrons accelerated in the direction of the block using a
potential gradient. The electrons are produced by heating the filament in the source and are
collected in the trap electrode. The ions exit the source by the help of a repeller electrode through
the exit slit. The VG-ZAB used in this study can have ions accelerated between 6 keV and 9 keV
by increments of 1 keV. The real acceleration energy is a bit less since the repeller is used to
push the ions forward and ions naturally lose a bit of energy by colliding, breaking apart,
ionizing, etc. A pressure of around 6-7 mTorr is expected in the El source. The electron energies
used in this instrument are around 70 eV. This results in a broad energy distribution that is a non-
Boltzmann distribution, making the discussion of the ion chemistry related to thermodynamic

temperature rather difficult.

In the CI source, a gas is introduced. In this study, the gas is methane. The methane will
get ionized by electron ionization and charge transfer to our molecule (M) after a series of steps.

Here is the general CI route using methane.

CHs+e — CH4+ + 2¢e
CHy + CH4Jr — CH5Jr + CH3

M + CH5+—> CH4 + MH+

The last source used was the high pressure source. This source was used to protonate the

molecules used in this study. The reason of using this source is that the pressure is greatly
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augmented within it, helping the protonation. The high pressure source used has only three small
orifices and the slit used is very small to help build up the pressure in the source. The second
orifice is to permit the vapor pressure from our sample to enter the source and the third orifice is
to enable the gas used to protonate, methane, to enter the source. The pressure can be raised to
about 4-5 Torr to get adequate protonation depending on the sample used. Usually, the settings
are really different from the simple EI source to get the ions to penetrate and ionize the sample

and effectively leave the source.

1.3.1b The Magnetic Sector

The second part of the VG-ZAB reverse-geometry mass spectrometer is the magnetic
sector. Two parallel electromagnets surround an iron core in the magnetic sector. The magnetic
field generated by magnet is perpendicular to the flight direction of the ion beam. This path is

said to be orthogonal to the magnetic field and is described by this relationship®:

mv
" Bze

The radius of the curvature of the ion path is r, the ion mass is m, the velocity is v, the
magnetic field strength is B, the number of charges of the ion is z and the elementary charge is e.
The VG-ZAB used has a fixed radius of curvature r. How it works is by passing ions of a

particular momentum mv by selecting a specific magnetic field strength B. Thus, the magnetic is

22



used to select ions by their momentum and not their mass. Since the ion sources used operate
between 6 keV and 9 keV for the magnetic sector used, the ion kinetic energy must be taken into

account. The velocity becomes:

resulting in the final equation by rearranging equation (#):

B?r?e
2V

1.3.1c The Field-Free Region

The third part of the VG-ZAB mass spectrometer is the field-free region (FFR). The
instrument used is composed of three FFRs®. They are located between the ion source and
magnetic sector, between the magnetic sector and first electrostatic sector, and between the first
electrostatic sector and second electrostatic sector. In the FFR, there are collision cells and ion
beam deflection electrodes to adjust the ion beam path. The collision cells are used to perform
certain experiments which will be discussed later. Those collision cells are made of steel about
two or three centimeters with a hole for the ion beam to pass through. A collision gas can be
introduced in the collision cell to perform several types of experiments like collision-induced
dissociation (CID) and mass-analysed ion kinetic energy spectrometry followed by collision-

induced dissociation (MI/CID). These experiments will be discussed later.
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1.3.1d The Electrostatic Sector

The fourth part of the VG-ZAB is the electrostatic sector (ESA)®. In the ESA, a potential
difference is applied between two curved parallel plates. This produces an electric field with a

strength E. The ion beam that passed through the ESA follows the following relationship:

lons of selected translational kinetic energy are able to pass through. They are then
focused and hit the detector that monitor the flux of ions. The software then converts the

translational energy into mass-to-charge to produce the spectrum collected.

1.3.1e Mass-analysed ion kinetic energy spectrometry (MIKES)®

It takes the ions several microseconds to arrive in the FFR of the VG-ZAB while
accelerated out of the ion source with keV translational kinetic energies. Given this timescale,
the ions dissociating during this timeframe are called metastable ions. A* and B, which are the
unimolecular decomposition fragments of the metastable ion AB™ will show lower translational
kinetic energy T because of the conservation of energy and momentum. These equations

illustrate this:

ZTA" = 12 mas 02 2Tg = 1/2 mg o ZTag" = 1/2 Mpg v°
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where z is the number of charges, T is the translational kinetic energy, m refers to the mass of the

species in question and v is their velocities.

Thus, we obtain:

The fragments ions, since they possess lower translational energies, will pass in sequence
through to the detector when scanning the ESA. Also, since this experiment occurs on the
microseconds timescale, if isomeric ions interconvert during that timescale, they will have
almost identical MIKES spectra. During a MIKES experiment, there are several characteristic
peak shapes that are expected. As shown in figure 4 below there is a typical Gaussian energy
profile peak. This peak changes if there is a large average Kkinetic energy release that causes the
fragment ions to have z-axial discrimination, making the peak dished-shaped. Moreover, another
possible shape is possible when two competing channels are superimposed. This produces a
composite peak. Finally, another peak is possible when the fragment ions were the result of a

dissociative excited state and does not resemble a Gaussian profile.
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Figure 4: Different fragment ion peak shapes possible in a MIKES spectrum. a) represents
a typical Gaussian energy profile, b) kinetic energy release causing discrimination in the z-
axial plane for fragment ions (dish-shaped peak), c) represents competing fragmentation
channels resulting in a composite peak and d) represents fragmentation that occured from
a dissociative excited state.?

1.3.1f Collision-induced dissociation mass spectrometry (CID)®

By introducing a target gas into a collision cell in one of the FFR and by mass selecting
ions before colliding them with that target gas, a collision-induced mass spectrum is obtained.
This is achieved by producing a 10% beam reduction using the target gas desired, usually
helium. The CID mass spectra are obtained and analysed the same way as MIKES spectra, but
they represent a different situation. Those spectra represent all the possible dissociation
processes of the precursor ion, which is very different from MIKES experiments. New and
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important information can be obtained by performing CID on the precursor ion since the
timescale is very different from MIKES experiments. They range from the time of the collision
with the target gas to the time ions leave the FFR the collision cell was in. Since the timescale is
shorter, and ion internal energy higher, isomerization does not have a chance to compete with

bond cleavage, making keV CID mass spectra characteristic of ion connectivity.

1.3.1g Mass-analysed ion kinetic energy spectrometry followed by collision-induced dissociation

Another experiment that can be done on the VG-ZAB is to do a MIKES experiment
followed by a collision-induced dissociation. This experiment is helpful when comparing
fragments of different precursor ions that have the same m/z to see if those fragments have the
same connectivity. The chosen fragment ion is formed by the dissociation of the precursor ion in
a MIKES experiment and is then selected with the first ESA. Target gas is introduced in a
collision cell in the 3rd FFR. The third ESA is scanned and the ions hit the detector. Since CID
spectra are characteristic of ion connectivity, they can be compared to other fragment ions of the

same m/z.
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1.3.2 Quadrupole time-of-flight mass spectrometer

Protonated amino PAHs were studied on a Micromass quadrupole time-of-flight mass

spectrometer (QTOF2) shown in figure 5. The components will be addressed below.

Accelerator

Molecules or fragment ions

Gas from the quadrupole section
enter the ion accelerator and
are pulsed into the flight tube.

The ion mirror reverses

the direction of the ions
and corrects for small energy
differences inions.

The detector records

the precise arrival time
of eachion and generates
the signal to form the mass
spectrum.

Figure 5: Schematic of the Q-TOF2 mass spectrometer®
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1.3.2a Electrospray ionization (ESI)

Electrospray ionization (ESI) was developed by John Bennett Fenn in 1984. He received

the Nobel Prize in Chemistry in 2002 for the development of the ESI source.

The way the ions are made is what distinguishes this source from an EI source used in a
VG-ZAB sector instrument. The ions are produced in sequence. A solution of the analyte is
made and an acid might be introduced to help the production of ions if the analyte is polar. The

solution is then injected to a metal tube capillary using a flow from 1 pL/min to 1 mL/min.

An electric potential is applied to the tip of the capillary and a gas passes around the
capillary, which is usually N,. The source can be set to positive or negative mode. For example,
in the positive mode, the tip will have a high electric potential applied to it making the positive
ions travel further away from the tip and the negative ions stick to the tip. The liquid will expand
since the accumulated positive charges will repel each other and a Taylor cone will be formed.
The Taylor cone forms when the expanded liquid has the force of the accumulated positive
charges equal to the surface tension of the liquid. The Taylor cone will break down into
positively-charged droplets due to the high electric potential of the tip and those droplets will be
sprayed. The solvent in the droplets will start to evaporate, making the droplets shrink. As they
continue to shrink, the Coulomb repulsion becomes greater than the surface tension for each
droplet since the surface charge to surface area increases. This makes the droplets dissociate into
smaller droplets and is called Coulomb explosion. This phenomenon continues until gas-phase

ions are produced without any solvent remaining.
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1.3.2b Quadrupole mass filters

In a quadrupole mass filter, the potential ¢ in the field is represented by the following

equation:
_ do 2 2 2
cl)—r—z(ax + by* +cz*)
0

do is the applied potential, the distance between the hyperbolic rods is shown by ry and
the coefficients are represented by a, b and c. This applied potential is the radio-frequency
potential (RF), V cos ot and the direct current (DC) potential U combined. This relationship is

expressed by the following equation:
b=U+Vcosmt

The angular frequency of the radio-frequency field is expressed by @ and is 2z times the
frequency in Hertz. A hyperbolic geometry is preferred for the rods in a quadrupole mass filter.
The most common arrangement is four cylindrical rods which are separated by a distance of 2r
where r = 1.16 ro. With this geometry, an acceptable field geometry along the axis of the mass
filter is created. The field along the axis of the instrument is non-existent, simplifying the

equation to:

b =22 (ax? + by?)
0

1 is the value given to a and -1 is the value given to b in this case. The equation then becomes:

¢ =% @u?-y?)
0
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In this field, the equations of motion are as followed:

d*x e
W-I_ m_roz (U—=Vcosot)x =0

Here is a schematic of a quadrupole mass filter:

U+V, Cos Qt

-(U+V,Cos Q)

Figure 6: Quadrupole mass filter with rods separated by a radius r®

1.3.2¢c Time-of-flight mass spectrometry (TOF)

During a time-of-flight mass spectrometry experiment, large ions having the same kinetic
energy as small ions will travel slower since they possess lower velocities. The equation used is

the one for kinetic energy:

31



V_l
zeV = Smy

The time the ions take to travel is represented by the following equation:

m

td = d
2zeV

The time the ions take from the ESI source to the detector is given by tg, the potential
drop is V and the translational Kinetic energy of ions which are accelerated from the ESI source

IS given by zeV.

1.3.2d CID experiment and the breakdown diagram

This mass spectrometer is useful to create breakdown diagrams of the ions studied. To create
such a breakdown diagram, a mass spectrum is collected at each lab frame collision energy in eV
between an interval of center-of-mass collisional energies at a set increment. After collecting
information on the relative intensities of each fragment and on the parent ion, a figure is created

plotting the relative intensity on the center-of-mass collision energy.
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Chapter 2. Experimental setup

2.1 VG-ZAB experiments

1-naphthol, 2-naphthol, 1-naphthylamine, 2-naphtylamine, 1-phenanthrol, 9-phenanthrol,
1-aminoanthracene, 2-aminoanthracene, 1-hydroxypyrene, 1-aminopyrene, indene, 1-phenyl-1-
propyne and fluorene were purchased at Sigma-Aldrich.®*® They were used without further
purification. For MIKES experiments, a source using 7 eV, 8 eV and 9 eV was used. The CID
cell was not filled with any gas and the molecular ions were allowed to dissociate spontaneously
in the 2nd FFR. For 1-naphthol and 2-naphthol, the mass which the magnet was set was 144 m/z
for each of the voltages used. For 1-naphthylamine and 2-naphthylamine, the magnet was set to a
mass of 143 m/z for each voltages used. For 1-phenanthrol and 9-phenanthrol, the magnet was
set at 194 m/z. For 1-aminoanthracene and 2-aminoanthracene, the mass used for the magnet was
193 m/z for each of the voltage. For 1-hydroxypyrene, the mass used was 218 m/z for the magnet
at each voltages, and finally for 1-aminopyrene, the mass used was 217 m/z for the magnet for
each voltages. All these molecules are solids at room temperature and a solid probe was used to
insert the samples into the instrument. The pressure of the source on the gage of the instrument
while doing MIKES experiments was between 1.0 x 10 Torr and 9.0 X 10 Torr. Each MIKES
experiment was repeated at 10 times and 100 times amplification to know the relationship
between the parent ion and the fragments in terms of relative intensities. The first ESA was used
to scan the kinetic energy and then, each fragment ion hit the detector with its respective parent

ion.
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Afterwards, CID experiments were performed on each of the previously mentioned
molecular ions. The only difference in terms of experimental setup was that a gas was introduced
in one of the collision cells in the 2nd FFR. This gas was helium. This experiment was used to
determine the full fragmentation pattern of each molecular ion. This experiment was also
performed on indene, 1-phenyl-1-propyne and fluorene, which are possible fragments during the
MIKES experiments on 1-naphthol, 2-naphthol, 1-naphthylamine, 2-naphthylamine and 9-
phenanthrol, to determine if these were the fragments seen in the MIKES spectra of each parent

ion.

Afterwards, MI/CID experiments were performed on each molecular ion mentioned
previously except indene, 1-phenyl-1-propyne and fluorene. The setup was the same as a MIKES
experiment except that the fragment of interest is selected in the first ESA and allowed to go
through the 3rd FFR. In the 3rd FFR, one of the cells is filled with helium and the 2nd ESA is
used to scan. All fragments hit the detector. This experiment is used to compare the
fragmentation pattern to the CID experiments of indene, 1-phenyl-1-propyne and fluorene to
determine if the three molecular ions can be the fragment ions seen in the spectra during the

MIKES experiments.

A last experiment was performed on the VG-ZAB. Protonation was performed on 1-
naphthol and 2-naphthol using a high-pressure source and methane. Methane was introduced as a
gas using the gas inlet provided and the high-pressure source was introduced in the instruments

using the CI slit. The pressure of the source on the gage was between 1.0 x 10~ Torr and 9.0 x
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10~* Torr depending on the experiment done. The protonation was monitored using the ratio of
the M+1 parent ion peak over the parent ion peak M. Protonation was possible between 15% and
100%. Then, the experiment was performed as a normal MIKES experiment and a spectrum was
collected. The ratio between water loss and carbon monoxide loss was measured. This
experiment is performed to study if the M+1 protonated peak only leads to loss of water or if the
loss of carbon monoxide is also a fragment. Protonation on 1-naphtylamine and 2-naphthylamine
was also performed but not successful. Protonation was also performed on the bigger molecules

but not successful.

2.1 QTOF2 experiments

Protonation experiments were performed using the QTOF2. These were only successful
for 1-naphthylamine, 2-naphthylamine, 1-aminoanthracene and 2-aminoanthracene. The solution
used was at 0.1 mg/mL of each molecule of interest in a solution of 40:60 THF:Methanol. Using
ESI, the protonated molecular ions were allowed to dissociate using CID. The collision gas used
was argon. The breakdown diagram was done on each molecule using collision energies between
6 eV and 35 eV. To create these breakdown diagrams, a mass spectrum is collected at each
increment of 1 eV between 6 and 35 eV. Relative intensities of each fragment and of the parent
ion are calculated for each spectrum. Then, a figure is created plotting the relative intensity on

the center-of-mass collisional energy. The processed is repeated for each molecular ion studied.
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Protonation was attempted on 1-naphthol and 2-naphthol using an Acid Spray setup.

Figure 7: QTOF 2 setup to attempt protonation using acid spray
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Figure 8: QTOF2 setup to attempt protonating using acid spray. Here is shown an
attempted setup to build up acidity in gas form.

The solution was prepared at 0.1 mg/mL using 40:60 THF:Methanol. The ESI gas,
nitrogen, was introduced in a container which had glacial acetic acid to help protonation. The
resulting gas was then used to spray using the ESI source. Unfortunately, protonation was not

possible on 1-naphthol and 2-naphthol.
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2.3 Calculations

Two methods were used in this study. The first one was the MP2 method or Mgller-
Plesset perturbation theory. This method is a post Hartree-Fock ab initio method that add
electron correlation to the original Hartree-Fock method. The electron correlation is added using
Rayleigh-Schrodinger perturbation theory. Perturbation theory is used to find an approximate
solution to a system that cannot be solved exactly. The system starts with a simple model and
Hamiltonians are added until the system becomes a little more complex or perturbed. The MP2

method is of the second order.

The second method used was the DFT method or density functional theory using B3LYP
or Becke, three-parameter, Lee-Yang-Parr functional. In DFT, electron density is used to
determine the ground state with the help of functionals. B3LYP is the functional is in conjecture
with DFT in this study and relies on the Becke 88 exchange functional and the Lee, Yang and
Parr correlation functionals. This functional is a hybrid functional since it takes into account the
exact exchange of Hartree-Fock theory and it is an approximation of the exchange-correlation in
DFT. The Kohn-Sham orbitals are used to express the exact energy functional instead of the

density in DFT.

Gaussian 09 calculations™ were performed to confirm experiments. HPCVL' provided
the nodes for calculations. Gaussview was the program used to prepare each molecule, molecular
ion and protonated ion. Calculations were performed on each molecular ion, their neutral

counterparts and their protonated counterparts. Indene, 1-phenyl-1-propyne and fluorene did not

38



have calculations for their protonated counterparts nor their neutral counterparts. Neutral and ion
calculations were used to determine the ionization energies and protonated calculations were
used to determine the proton affinity. The method and level of theory used was B3LYP/6-
311+G(d,p). Moreover, calculations on the ions of indene, 1-phenyl-1-propyne, fluorene and
other possible fragments were performed to determine which ion was a fragment in the MIKES

experiments performed.
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Chapter 3. Radical Cations

Figure 7 shows the structures of all of the molecules studied in this section.

1-naphthol 2-naphthol  1-naphthylamine 2-naphthylamine

1-phenanthrol 9-phenanthrol 1-aminoanthracene 2-aminoanthracene

1-hydroxypyrene 1-aminopyrene

Figure 9: Positional isomers employed in this thesis
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Two groups of molecular ions were studied. These two groups are PAHs with different
substituents: hydroxy-substituted PAHs and amino-substituted PAHs. Hydroxy- and amino-
substituted naphthalenes were studied for the smallest PAH with two rings. There were four of
those molecular ions which are 1-naphthol, 2-naphthol, 1-naphthylamine and 2-naphthylamine.
To study a trend, bigger PAHs were needed for this study. Thus, a group of PAHs with three
rings were studied: 1-phenanthrol, 9-phenanthrol, 1-aminoanthracene and 2-aminoanthracene.
Finally, the biggest substituted PAHs studied contained four rings: 1-aminopyrene and 1-
hydroxypyrene. The structures of those PAHs are shown in the figure 7. Two positions for the
hydroxy groups and amino groups are studied to observe if they have any influence on the ion
chemistry of those molecular ions. This discussion is divided to explain the ion chemistry of the

hydroxy-substituted PAHs and amino-substituted PAHSs separately.
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3.1 —OH substituted PAHs

3.1.1 MIKES spectra

MIKES experiments were performed for five hydroxy-substituted PAHs. Two of those
PAHs have two aromatic rings: 1-naphthol and 2-naphthol. (Figure 10, 11) They are
constitutional isomers of the other, meaning the hydroxy groups are either on the alpha position
or beta position. Two of these PAHSs have three aromatic rings: 1-phenanthrol and 9-phenanthrol.
Like the substituted naphthalene, the hydroxy-substituted phenanthrenes are molecular ions that
are also constitutional isomers of each other and the position of their hydroxy group differs by
the one position and nine position. The last group of PAHs studied consisted of four aromatic
rings — substituted pyrene. Only one hydroxy-substituted pyrene was studied since no other

constitutional isomer was available for purchase.

-CO
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Figure 10: MIKES mass spectra of the 1-naphthol ion m/z 144 (shown cut off to emphasis
the product ions). The mass spectrum in blue is at 8 keV.
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Figure 11: MIKES spectra of 2-naphthol after selecting the parent ion (144 m/z). The
spectrum in blue is at 8 keV. (X) refers to collisional artifacts.

Molecular ions that were hydroxy-substituted were found to always lose a neutral
fragment of 28 mass units. (Figure 12-14) The neutral compound was found to be carbon
monoxide. The fragment ion was found to always be a closed-ring structure and evidence is

provided later in this section.
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Figure 12: MIKES spectra of 1-phenanthrol after selecting the parent ion (194 m/z). The
spectrum in blue is at 8 keV.

-CO

Figure 13: MIKES spectra of 9-phenanthrol after selecting the parent ion (194 m/z). The
spectrum in blue is at 8 keV.
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Figure 14: MIKES spectra of 1-hydroxypyrene after selecting the parent ion (218 m/z). The
spectrum in blue is at 8 keV.
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3.1.2 MI/CID spectra

The MI/CID spectra of all hydroxy-substituted PAHs were collected using helium as a
collision gas with 10% beam reduction. MI/CID is used to study the fragmentation pattern of the
fragment ion and compare it with the CID spectra of the speculated fragment ion. For hydroxy-
substituted naphthalenes, the two speculated fragment ions were indene and 1-phenyl-1-propyne

(CgHs™). The MI/CID spectra for 1-naphthol and 2-naphthol are shown below:

r T T T T T
10 30 50 70 90 110

mfz

Figure 15: MI/CID spectra of 1-naphthol, in red, and 2-naphthol, in blue, after selecting the
fragment ion at 116 m/z
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This is to determine which of indene or 1-phenyl-1-propyne is the fragment ion for each

molecule. The CID spectra of indene and 1-phenyl-1-propyne are shown below:

T T
10 30 50 70 50 110

m/z

Figure 16: CID spectra of 1-phenyl-1-propyne, in blue, and indene, in red, after selecting
the parent ion for each at 116 m/z

As shown with the MI/CID spectra of each naphthol (Figure 15), the spectra are identical.
This observation means that the fragment ion for 1-naphthol and 2-naphthol are the same. To
determine the ion structure for m/z 116, the MI/CID mass spectra were compared to the CID
spectra of ionized indene and 1-phenyl-1-propyne (Figure 16), the two speculated fragment ions

of the naphthols. Those results are discussed further on in this thesis.

As for 1-phenanthrol and 9-phenanthrol, the speculated fragment ions were closed-ring
structures. However, the only available molecule for purchase for the CID was fluorene, the

speculated fragment ion of 9-phenanthrol. As a result, the MI/CID spectra of 1-phenanthrol was
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compared to the CID mass spectrum of fluorene in figure 17 and 18. The MI/CID spectrum of 9-
phenanthrol compared to the CID spectrum of fluorene is explained further in figure 18. All three

spectra are similar and help confirm that the speculated fragment ions are closed-ring structures.

70 80 90 100 110 120 130 140 150 160
m/z

Figure 17: MI/CID spectrum for 1-phenanthrol after selecting the fragment ion at 166 m/z

For 9-phenanthrol, collecting an adequate MI/CID spectrum was challenging. To
compare this spectrum with the CID spectrum of fluorene, the MI/CID was not taken into
account. This is because the MI/CID of 9-phenanthrol gave the same pattern as the CID of
fluorene, but with different peak ratios. With this observation, it was impossible to affirm that the
fragment ion 9-phenanthrol was a mix of multiple fragments or only fluorene. The strategy to
overcome this problem was to take the CID spectrum for fluorene the same way as usual but to
change how the spectrum collected for 9-phenanthrol was taken. For comparison purposes,

instead of collecting the MI/CID of 9-phenanthrol, the CID spectra of the fragment ion was
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collected from the source. This means that the energy pattern of the fragment ion of 9-

phenanthrol and fluorene are similar since both CID spectra are taken in the same conditions. By

overlapping each spectra, the fragmentation pattern is as follows:
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Figure 18: CID spectrum of fluorene in blue and CID spectrum of 9-phenanthrol when

selecting directly 166 m/z from the source in pink
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Figure 19: MI/CID spectrum of 1-hydroxypyrene after selecting the fragment ion at 190
m/z

Finally, the MI/CID spectrum for 1-hydroxypyrene was collected. However, the same
scenario applies in this case as for 1-phenanthrol. The speculated closed-ring structure for the

fragment ion was not available for purchase.

3.1.3 CID spectra

The CID spectra of indene and 1-phenyl-1-propyne were collected using helium as a
collision gas with 10% beam reduction. The purpose of this experiment is to compare the CID

spectra of indene and 1-phenyl-1-propyne to the MI/CID spectra of 1-naphthol and 2-naphthol.
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The CID spectra of indene and 1-phenyl-1-propyne are indistinguishable and are shown
in figure 15 and 16. This means that indene and 1-phenyl-1-propyne fragment in the same way.
Since their fragmentation pattern is the same, further experiments are needed to determine

whether indene or 1-phenyl-1-propyne is the fragment ion for 1-naphthol and 2-naphthol.

3.1.4 Calculation results

The difference in energy between indene and 1-phenyl-1-propyne was calculated using
Gaussian 09. The calculations were performed at the B3LYP/6-311+G(d,p) level. Indene is more
stable in energy than 1-phenyl-1-propyne by 1.24 eV. These calculations help to confirm that the

fragment ion loss is indene, a closed-ring structure.

Figure 20: Structure of indene (left) and 1-phenyl-1-propyne (right).

In the case of the hydroxy-substituted phenanthrenes, the method used for calculations
was the same as for the hydroxy-substituted naphthalenes. Energies for closed-ring structures
and open-ring structures for the fragment ion of 1-phenanthrol and 9-phenanthrol were
calculated, although for these cases, every open-ring structure gave a closed-ring calculated
structure. This means that the fragment prefers to remain a closed-ring structure over an open-

ring structure.
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Many different open-ring and closed-ring starting structures were tried for calculations
for 1-hydroxypyrene, each time resulting in a closed-ring structure. Again, this means that the
closed-ring structure is preferred for the fragment ion loss of 1-hydroxypyrene since this

fragment ion prefers to remain a closed-ring structure over an open-ring structure.

3.1.5 Mechanisms

In the dissociation, internal energy of the precursor ion is converted into the relative
translational energy of the products, a process that is called “kinetic energy release”. If this
release, which can occur in all directions, is large, then ions having a large component of this in
the z-axis direction of the instrument can miss the entrance of the ESA, causing a depression in
signal at the centre of the beam (z-axial discrimination). The result is a dish-shaped peak. A
large kinetic energy release is common if the dissociation occurs on a potential energy surface
that has a large reverse activation barrier. The internal energy of the products tends to be
statistically distributed between translational, rotational and vibrational modes of the products,
the dish-shaped peak being the observable products of the translational portion of this process. A
large reverse activation barrier is usually indicative of a intra-molecular rearrangement process
that takes place prior to dissociation. Thus, naphthol ions undergo rearrangement before losing
neutral carbon monoxide. Figures 21-25 shows possible mechanisms based on previously

reported mechanisms for CO loss from ionized phenol.** **
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Figure 21: Proposed mechanism for the loss of CO for 1-naphthol
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Figure 22: Proposed mechanism for the loss of CO for 2-naphthol
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Figure 23: Proposed mechanism for the loss of CO for 1-phenanthrol
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Figure 24: Proposed mechanism for the loss of CO for 9-phenanthrol
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Figure 25: Proposed mechanism for the loss of CO for 1-hydroxypyrene

3.1.6 Extrapolation to larger PAHs

In the interstellar medium, PAHSs are speculated to be of at least 50 carbons. The findings
on the hydroxy-substituted PAHs serve to be extrapolated to these bigger PAHs. By

extrapolating, the bigger PAHSs in the interstellar medium would lose carbon monoxide and the
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fragment ion would be a closed-ring structure. This can be speculated by using the proposed
mechanisms and extrapolating them to bigger PAHs. These mechanisms always lead to a closed-
ring product and always lead to a loss of carbon monoxide. As for the calculations, the same
speculation can be established since every speculated structure rearranged to give a closed-ring
structure. Finally, calculations, proposed mechanisms and MI/CID spectra go hand-in-hand and
predict a loss of carbon monoxide for hydroxy-substituted PAHs with a remaining closed-ring
structure for PAHs of 50 carbons or more that are speculated to be present in the interstellar

medium.

3.2 —NH, substituted PAHs

3.2.1 MIKES spectra

MIKES data were collected for five amino-substituted PAHs. Two of those PAHs have
two aromatic rings: 1-naphthylamine and 2-naphthylamine. They are constitutional isomers of
the other, meaning the amino groups are either on the alpha position or beta position. Two of
those PAHs have three aromatic rings: 1-aminoanthracene and 2-aminoanthracene. Like the
substituted naphthalene, the amino-substituted anthracenes are molecular ions that are also
constitutional isomers of each other and the position of their amino group differs by the one
position and two position. The last group of PAHSs studied consisted of four aromatic rings —
substituted pyrene. Only one amino-substituted pyrene was studied since no other constitutional

isomer was available for purchase.

58



- HCN

r T T T T T T T
100 105 110 115 120 125 130 135 140

mfz

Figure 26: MIKES spectra of 1-naphthylamine after selecting the parent ion (143 m/z). The
spectrum in blue is at 8 keV. Some H loss was also observed.
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Figure 27: MIKES spectra of 2-naphthylamine after selecting the parent ion (143 m/z). The
spectrum in blue is at 8 keV. Some H loss is also observed.

Molecular ions that were amino-substituted were found to always lose a neutral fragment
of 27 (presumably HCN as it is significantly more stable than HCN). Some H loss was also
observed. Since the fragmentation pattern of the MI/CID of both naphthylamines are the same as
the fragmentation patter of the MI/CID of both naphthols, HCN is the neutral compound loss and
not C,H; (see figure 15, 16 and 30) as the product ion is consistent with the
indene/phenylacetylene structure. The resulting fragment ion is at the same mass as the
hydroxy-substituted counterparts. For the amino- and hydroxy-substituted naphthalene molecular

ions, the fragment ion is found to always have a 116 m/z.
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The peak at 116 m/z for the amino substituted naphthalene was of a Gaussian shape

unlike hydroxy-substituted PAHs.

-HCN

AN
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Figure 28: MIKES spectra of 1-aminoanthracene after selecting the parent ion (193 m/z).
The spectrum in blue is at 8 keV.
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Figure 29: MIKES spectra of 2-aminoanthracene after selecting the parent ion (193 m/z).
The spectrum in blue is at 8 keV.

3.2.2 MI/CID spectra

The MI/CID spectra of 1-naphthylamine and 2-naphthylamine were collected to
determine whether indene or 1-phenyl-1-propyne was the fragment ion in each case by
comparing them with the CID spectra for indene and 1-phenyl-1-propyne. The MI/CID spectra
of 1-naphthylamine and 2-naphthylamine were collected using helium as a collision gas with
10% beam reduction. The MI/CID spectra of 1-naphthylamine and 2-naphthylamine are shown

below:
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Figure 30: MI/CID spectra of 1-naphthylamine, in blue, and 2-naphthylamine, in red, after
selecting the fragment ion at 116 m/z

The scenario in this case is the same as for the naphthols: the spectra are identical. Again,
this means that the fragment ion for 1-naphthylamine and 2-naphthylamine are the same. Since
the two speculated fragment ions of the naphthylamines are indene and 1-phenyl-1-propyne,
determining which molecule the fragment ion is using the MI/CID spectra of each
naphthylamine by comparing them to the CID spectra of indene and 1-phenyl-1-propyne would
help distinguish them. As discussed earlier, the CID spectra of indene and 1-phenyl-1-propyne
are indistinguishable (figure 17) and thus we have to rely on calculations to conclude that indene

was the more stable product ion and thus the one most likely to be produced. It is then possible
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to conclude that the substituent does not matter and that indene is always the fragment ion for

both the naphthols and the naphthylamines.

As for the remaining amino-substituted PAHSs, the speculated structure for each fragment
ion was not purchasable. Even then, the spectra were collected for 1-aminoanthracene, 2-

aminoanthracene and 1-aminopyrene. The spectra are shown below:

r T 1
10 30 50 70 o0 110 130 150 170

m/z

Figure 31: MI/CID spectra of 2-aminoanthracene, in red, and 1-aminoanthracene, in blue,
after selecting the fragment ion at 166 m/z

3.2.3 CID spectra

These experiments were important to perform on indene and 1-phenyl-1-propyne to

determine if they were the resulting fragments in the MIKES spectra of 1-naphthylamine and 2-
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naphthylamine. The figure comparing indene and 1-phenyl-1-propyne were presented earlier in
figure 16. As stated previously, the CID spectra for indene and 1-phenyl-1-propyne are the same.

Thus, the two structures are indistinguishable.

3.2.4 Calculation results

All amino-substituted PAHs lose HCN and the fragment ion is always a closed-ring
structure for every molecular ion. This can be explained by calculating the energy of a closed-
ring structure versus an open-ring structure. The two possibilities for the amino-substituted
naphthalenes were the same as for the hydroxy-substituted naphthalenes. Indene was the
possibility for a closed-ring structure and 1-phenyl-1-propyne was the possibility for an open-
ring structure. As stated earlier, indene is more stable in energy than 1-phenyl-1-propyne by 1.24
eV. These calculations help to confirm that the fragment ion loss is indene, a closed-ring
structure. These results mean that the position and the nature of the substituent is not an
important factor to obtain indene as a fragment ion. In all cases for substituted naphthalene, the

fragment ion was always a closed-ring structure, indene.

In the case of the amino-substituted anthracenes, the method used for calculations was the
same as for the amino-substituted naphthalenes. Energies for closed-ring structures and open-
ring structures for the fragment ion of 1-aminoanthracene and 2-aminoanthracene were
calculated, although for these cases, every open-ring structure gave a closed-ring calculated

structure. This means that the fragment prefers to remain a closed-ring structure over an open-
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ring structure. Confirmation of these calculations using MI/CID was discussed earlier in this

thesis.

Many different open-ring and closed-ring starting structures were tried for calculations
for 1-aminopyrene, each time resulting in a closed-ring structure. Again, this means that the
closed-ring structure is preferred for the fragment ion loss of 1-aminopyrene since this fragment

ion prefers to remain a closed-ring structure over an open-ring structure.

3.2.5 Mechanisms

The speculated rearrangements amino-substituted PAHs undergo are shown below

(figures 32-36):

Figure 32: Proposed mechanism for the loss of HCN for 1-naphthylamine
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Figure 33: Proposed mechanism for the loss of HCN for 2-naphthylamine
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Figure 34: Proposed mechanism for the loss of HCN for 1-aminoanthracene
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Figure 35: Proposed mechanism for the loss of HCN for 2-aminoanthracene

Figure 36: Proposed mechanism for the loss of HCN for 1-aminopyrene
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3.2.6 Extrapolation to larger PAHs

Since the interstellar medium is believed to be populated by bigger PAHSs of at least 50
carbons, extrapolation is needed. Those bigger PAHSs are not possible to study using our setup
because their vapor pressure is too low. However, using the results found for the MIKES
experiments, extrapolation can be done. If the trend continues, bigger amino-substituted PAHs
should also lose 27 m/z which is HCN. The same trend could be seen for the bigger amines,

which would always lose 27 m/z which is HCN.
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Chapter 4. Protonated PAHSs

Protonation of the PAHs studied in this thesis was attempted.’® *® *" 18 The goal was to
investigate if the proton would attached to the hydroxy group and amino group to eventually lose
water and ammonia. Since the most abundant atom in the universe is hydrogen, the likelihood of
one proton finding a PAH to react with is greater than any other possibility. Finding how
hydroxy-substituted PAHs and amino-substituted PAHSs reacted in presence of such a proton
would thus be interesting to investigate. Finding a trend to relate the results to larger PAHs was

also investigated and is further detailed later in this thesis.

Some calculations were performed to find the proton affinity of each compound being
studied to investigate if protonation was possible in the gas-phase. Calculations were performed
before protonating because the proton affinity needed to be investigated to determine if it was
worth attempting to protonate. If the proton affinity calculated would let protonation to occur, the

experiment to protonate each PAHs using a VG-ZAB and methane would thus begin.

4.1 Calculations

Calculations were performed using the High Performance Computing Virtual Laboratory
(HPCVL). The level of theory used for all calculations was B3LYP/6-311+G(d,p) and MP2/6-
311+G(d,p). The proton affinity of each molecular ion studied were calculated. The equation

used to calculate the proton affinity is as follow:

—(MH™* — M*) = Proton af finity

70



Table 1: Proton affinities (eV) of the PAHSs studied in this thesis, calculated using two

different methods
8.10 8.06

2-naphthol 7.83 7.79

Molecules

1-naphthol

1-naphthylamine 9.17 9.16
2-naphthylamine 9.15 9.16
1-phenanthrol 7.88 7.80
9-phenanthrol 7.84 7.78
1-aminoanthracene 9.25 9.22
2-aminoanthracene 9.22 9.22
1-hydroxypyrene 7.95 7.85

1-aminopyrene 9.25

Two methods were used for the calculations to ensure the reliability of the DFT
calculation. To ensure DFT was reliable, MP2 was used. By looking at the calculated proton
affinities, MP2 ensures that DFT is a reliable method of calculation because the numbers given

by each calculation are very close.

The results show that for the naphthols, it is easier to protonate 1-naphthol by 0.27 eV,
which is a much greater difference in proton affinity than the rest of the compounds when

comparing the constitutional isomers.

71



The calculations showed that 1-hydroxypyrene and 1-aminopyrene were 1.30 eV apart
when looking at their proton affinities. As previously mentioned, the amino-substituted
counterparts were easier to protonate than the hydroxy-substituted compounds. Again, by
calculating the HOMO of the neutral molecule and the protonated molecular ion, the electronic
density around the —H,O was smaller than the one surrounding the —NHj; group. If the trend
continues, the observation would be that the proton affinity would increase with the size of the
PAH. However, even though bigger PAHs would have a higher proton affinity than smaller
PAHS, the proton affinity does not continue to get larger indefinitely.'® Since the interstellar
medium is believed to have bigger PAHSs, this trend is important to establish. Protonation would

be possible on the bigger alcohols and amines PAHS.
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4.2 Protonation of 1-naphthol and 2-naphthol using the VG-ZAB

The protonation of 1-naphthol and 2-naphthol was achieved in a high-pressure source
using methane by performing chemical ionization. Two MI processes were observed in the

MIKES spectrum of protonated 1-naphthol and 2-naphthol, m/z 145 (Figures 37, 38).

M+ [M+1]+/13C M*

143 144 145

Figure 37: Mass spectrum depicting the relative intensity of the M+1 peak being a mix of
[M+H]*and **C M* and the M* peak
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Figure 38: MIKES spectrum of protonated 2-naphthol after selecting m/z 145. (X) shows
collisional artifacts

Loss of H,0 and CO are evident. However, it is possible that CO loss is coming from the
M+. ion having one *C atom, which also has m/z 145 and has a relative abundance of 10% of
the peak at m/z 144, overlapping the peak for protonated naphthol. (Figure 37) To determine the
origin of the CO loss peak, the ratio of the intensity of the H,O loss vs the CO loss peaks in the
MIKES spectra were measured as a function of the relative intensity of M™ at m/z 144 to the
peak of m/z 145 (Figures 37-38). As the protonation increases, the loss of H,O becomes more
and more dominant. This means that the CO loss comes exclusively from the carbon-13
contribution of M™ and not from the protonated molecule. This can be explained since loss of

water becomes more and more dominant. If carbon monoxide loss came from the protonated
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molecule and not from the carbon-13 contribution, the ratio would stay the same for each ratio of
M+1 to M. This is clearly not the case in this study. The same trend is observed for the
protonation of 2-naphthol. The loss of water becomes more and more dominant as the
protonation increases, meaning that CO loss comes again exclusively from the carbon-13

contribution and not from the protonated species.

Protonation was studied using the above process since it was not possible to protonate 1-
naphthol and 2-naphthol to the point where their M* peak would be almost non-existent, making

the carbon-13 contribution to m/z 145 meaningless.

Protonation of 1-naphthol
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Figure 39: Graph showing the protonation of 1-naphthol using methane as a chemical
ionization gas. The ratios between loss of 18 m/z and 28 m/z were plotted as a function of
the ratio of the M+1 protonated peak to the parent ion peak M.
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Protonation of 2-naphthol
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Figure 40: Graph showing the protonation of 2-naphthol using methane as a chemical
ionization gas. The ratios between loss of 18 m/z and 28 m/z were plotted as a function of

the ratio of the M+1 protonated peak to the parent ion peak M.
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Based on these experiments, the proposed mechanism for the loss of water is shown

below:

on/H_‘ ¥

r + H,0

Figure 41: Proposed mechanism for the loss of water from protonated 1-naphthol

] oL

— + H,0

Figure 42: Proposed mechanism for the loss of water from protonated 2-naphthol

4.3 Protonation of the amines
Protonation was not possible for amino-substituted molecules nor bigger hydroxy-

substituted PAHSs since the ratio between the pressure of methane and the number of ions was not
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optimal for protonation. Thus, breakdown diagrams of protonated 2-naphthylamine and
protonated 2-aminoanthracene were obtained on a QTOF2 mass spectrometer using an ESI

source.

For the protonated 2-naphthylamine, which is the smallest amino-substituted PAH
studied, the dominant loss was NH3 loss and goes as high as 65% intensity around a center-of-
mass collision energy of 6 eV. Proton loss is also seen as the second-most dominant channel but
doesn't go as high as NHj3 loss. The intensity of proton loss peaks around 15% at center-of-mass
collision energy of 5 eV. HCN loss is the third-most dominant channel for protonated 2-
naphthylamine, peaking around 10% intensity at around center-of-mass collision energy of 4.5

eV. The proposed mechanism for the loss of ammonia for 2-naphthylamine is as follow:

H —|+
'LH _‘+'

~
~H >
H‘ + NH]

Figure 43: Proposed mechanism for the loss of ammonia from protonated 2-naphthylamine

The bond dissociation energy for N-H on a NH3 group is around 435 kJ/mol while the
bond dissociation energy for C-H on an aromatic ring is around 431 kJ/mol.° Since the two bond

dissociation energies are so close, the proton could come from the NH3 group and from the PAH
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ring, given they have enough energy to dissociate. The proposed mechanism for proton loss is as

follow:

T+

H
|

M
H

—~

T

+Ha
0

Figure 44: Proposed mechanism for the loss of hydrogen from protonated 2-
naphthylamine. The first possibility is proton loss from the NH3; group (top) and the second
possibility is hydrogen loss for the aromatic ring (bottom).

As for protonated 2-aminoanthracene, the same experiment as for 2-naphthylamine was
repeated to study if the same pattern was repeating for a larger protonated PAH. For this
protonated PAH with three rings, the dominant loss now is hydrogen loss and not ammonia loss.
The second-most dominant loss is NH3 loss for protonated 2-aminoanthracene. This is compared

in the following figures:
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Figure 45: Breakdown diagram of protonated 2-naphthylamine using MS/MS on a Q-TOF

instrument. The collision energy used was from 6.00 to 35.00 eV (E lab.) by increments of

The breakdown diagram was plotted using the relative intensities of each fragment ion.
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Figure 46: Breakdown diagram of protonated 2-aminoanthracene using MS/MS on a Q-
TOF instrument. The collision energy used was from 6.00 to 35.00 eV (E lab.) by
increments of 1. The breakdown diagram was plotted using the relative intensities of each

fragment ion.

As seen in these previous figures, ammonia loss is not the most dominant loss anymore
for a protonated PAH bigger than two rings. The most dominant loss is now hydrogen loss. To
compare, for 2-naphthylamine, ammonia loss has a relative intensity of about 65% whereas for
2-aminoanthracene, ammonia loss has a relative intensity of about 20%. The relative intensity of
ammonia loss dropped significantly. As for hydrogen loss, for 2-naphthylamine, the relative
intensity is about 15% whereas it is about 50% for 2-aminoanthracene. The intensity of hydrogen
loss is significantly higher when a ring is added to the protonated PAH. Again, the bond
dissociation energy for a hydrogen on an aromatic ring versus on a NHj group differ for

2
.20

approximately 4 kJ/mol.”” This means that the hydrogen could come either from the NH3 group
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or the aromatic or both. A proposed mechanism for ammonia loss and hydrogen loss from

protonated 2-aminoanthracene is shown below:

+
H - 4
Jd/” ]
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Figure 47: Proposed mechanism for the loss of ammonia from protonated 2-
aminoanthracene
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Figure 48: Proposed mechanism for the loss of a hydrogen from protonated 2-
aminoanthracene. The first possibility is hydrogen loss from the NH3 group (top) and the
second possibility is hydrogen loss for the aromatic ring (bottom).
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By extrapolating to the bigger PAHSs than three rings, hydrogen loss would probably be
the most dominant loss and ammonia would become non-existent or very small. Since that in the
interstellar medium, PAHs of at least 50 carbons are believed to exist, hydrogen loss from
protonated amino-substituted PAHs would be the dominant loss and the most important loss to
take into account to extrapolate to larger systems. Based on the bond dissociation energy of
proton loss from a NH3 group and an aromatic ring, hydrogen loss would occur most probably on
both sites. Thus, protonated amino PAHSs are unlikely to produce NHjs in the ISM, drawing into

question the catalytic role of PAHSs in this process.
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Chapter 5. Conclusions

The gas-phase ion chemistry of hydroxy-substituted and amino-substituted polycyclic
aromatic hydrocarbons and their protonated counterparts were studied using a VG-ZAB sector
mass spectrometer and a QTOF2 mass spectrometer. Hydroxy-substituted PAHs were found to
lose carbon monoxide whereas amino-substituted PAHs were found to lose HCN. The remaining
fragments from carbon monoxide and HCN loss were found to be closed rings. For ionized 1-
naphthol, 2-naphthol, 1-naphthylamine and 2-naphthylamine, the remaining fragment was found
to be ionized indene. For ionized 9-phenanthrol, the remaining fragment was found to be ionized
fluorene. All other fragments were found using DFT calculations with the B3LYP functional.
These trends can be extrapolated to the more meaningful and bigger PAHs of more than 50

carbons.

Protonation was achieved for 1-naphthol and 2-naphthol using a high-pressure source and
methane. It was found that carbon monoxide loss came exclusively from the carbon-13
contribution of the parent ion and that H,O loss was from the protonated 1-naphthol and 2-
naphthol. For the protonation of amino-substituted PAHS, the most dominant channel using a
QTOF2 breakdown diagram was NH; loss for 2-naphthylamine and hydrogen loss from 2-
aminoanthracene, ammonia loss being the second-most dominant loss. Extrapolating to the
bigger PAHSs of 50 carbons or more, the most dominant loss would most probably be hydrogen
loss from either the aromatic ring or the NH3 group based on their bond dissociation energies,

which are very close.
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The goal of this project was to extrapolate our findings to the bigger PAHs of more than
50 carbons believed to populate the interstellar medium. Hydroxy-substituted PAHs lose
spontaneously carbon monoxide and amino-substituted PAHs lose HCN. The remaining
structure is always a closed-ring structure as explained previously. As for protonated hydroxy-
substituted PAHSs, water was spontaneously lost and carbon monoxide loss was only from the
carbon-13 contribution of the M+1 peak. However, for amino-substituted PAHs that were
studied using a QTOF2, as the PAHSs got bigger, the dominant channel was hydrogen loss, but
for the smallest ones like 2-naphthylamine, the dominant channel was found to be ammonia loss.
In the future, it would be interesting to explore the reactions between clusters of PAHs and to
study the insertion of water and ammonia in PAHSs that have lost a hydrogen to compare them to
the protonated hydroxy-substituted PAHs and amino-substituted PAHs. Again, extrapolation to
bigger PAHs will be important to compare the smaller systems studied to the systems believed to

be found in the interstellar medium.
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Contributions to Original Research

1- An EI source using a VG-ZAB mass spectrometer was used to determine a trend for the
fragmentation patterns using MIKES, CID and MI/CID of hydroxy-substituted PAHs and amino-
substituted PAHs and how they related to one another. Ten different PAHs were studied: 1-
naphthol, 2-naphthol, 1-phenanthrol, 9-phenanthrol, 1-hydroxypyrene, 1-naphthylamine, 2-

naphthylamine, 1-aminoanthracene, 2-aminoanthracene, 1-aminopyrene.

2- The effects of protonating 1-naphthol and 2-naphthol on the VG-ZAB mass spectrometer

using a high-pressure source with the help of methane was investigated for the first time.

3- Comparison with the protonation of 2-naphthylamine and 2-aminoanthracene on a QTOF2
apparatus was achieved for the first time. It would be therefore useful to try protonating these

PAHs using different mass spectrometers and comparing the results.
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