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Of the many problems currently being tackled by astrophysicists, two are of
particular interest to spectroscopists and molecular physicists. These are emission
observed from numerous objects in the infrared region in the interstellar medium and the
absorption seen in the near infrared and visible regions. It is generally accepted that the
species giving rise to these spectral features are gaseous molecules (or radical or ions),
and not dust particles or grains. Polycyclic aromatic hydrocarbons (PAHs) are one class
of molecules which have been proposed as carriers of these features.

In this dissertation, the effect of visible/UV irradiation on several PAHs is studied
in detail. FT-ICR mass spectrometry was used to determine the photolysis products of
the ionized PAHs fluorene, naphthalene and 1,2-benzanthracene in the vapor phase by
irradiation with a xenon arc lamp. Products of ion-molecule reactions were also

characterized for all three PAHs.
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Broad-band visible and ultraviolet irradiation of ionized fluorene for relatively
short times (~0.5s) is shown to lead predominantly to sequential hydrogen atom loss,
with one to five hydrogens lost. Rate constants and branching ratios for the
photodecomposition of the fluorene parent ion and its dehydrogenated partners have been
determined. Longer irradiation times lead to various products resulting from multiple C-
C bond cleavages.

Density functional calculations are used to show dehydrogenation first occurs
from the sp’ carbon on the five-membered ring and then from only one of the six-
membered rings. Possible geometries have been calculated for all of the photoproducts.

Aggregates are shown to form from the fluorene fragments reacting with neutral
molecules. These aggregates are fairly stable except for dehydrogenation and slight
acetylene fragmentation.

Irradiation of the naphthalene ion for short times resulted in a maximum loss of
two hydrogens. CH loss was evident as well as the sequential loss of acetylene.
Aggregation of the fragmented ions was also common, including the possible formation
of fluoranthene. The aggregate products of naphthalene were not as stable as those of
fluorene, with many of them losing acetylene, as well as hydrogen, when irradiated.

The 1,2-benzanthracene ion was more resistant to photofragmentation than
fluorene or naphthalene. Although it was capable of losing eight of its twelve hydrogens,
the relative abundance of the photoproducts was only 20% after two seconds of
irradiation. Sequential fragmentation of carbon atoms as well as acetylene loss was

observed. The primary photoproducts did not form aggregates.
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CHAPTER 1
POLYCYCLIC AROMATIC HYDROCARBONS IN SPACE

Introduction

There has always been an interest to discover what lies “out there” in the
interstellar medium (ISM). To date, 121 molecules have been identified, including
simple diatomics such as H, and CO and extending up to the largest molecule identified
so far, HCyN, with 13 atoms.! However, much larger molecules are hypothesized to
exist, including polycyclic aromatic hydrocarbons (PAHs). PAH-like molecules are
presumed to tie up 10%-20% of the cosmic carbon budget.2

PAHs are a large and diverse group of organic compounds that are generated from
fused benzene rings. Compact arrangements of the rings are known as “catacondensed”
and have the highest ratio of carbon to hydrogen. A familiar example is coronene, with a
central benzene ring surrounded by six more rings and the molecular formula CyHj,.
Elongated structures with a linear arrangement of benzene rings also exist and have a
lower ratio of carbon to hydrogen. Examples include the smallest PAH with only two
benzene rings, naphthalene (CoHs), and pentacene (C;Hj4), with five benzene rings.

One of the reasons for the interest in PAHs in space is they have been proposed3 4
as the species responsible for the so-called "unidentified interstellar infrared" (UIR)
emission bands,” a series of bands now observed from a wide variety of objects in space.
The most prominent of these bands appear at 3.3, 6.2, 7.8, 8.6 and 11.3 um (cf. Figure 1).

Shortly after the original proposal that neutral and ionized PAHs might be responsible for




the UIRs, it was suggested that dehydrogenated PAHs might also contribute to the nearly
ubiquitous UIR bands.®'* This suggestion was an attempt to rationalize the discrepancy
between the intensity distributions of the observed UIR bands and laboratory infrared
absorption bands of neutral PAHs. This proposal has since proven unnecessary because
of the discovery that the intensity distributions of ionized PAHs more closely mimic the
UIR distribution than do those of the neutral PAHs. However, the idea still retains merit
because of the high photon fluxes emitted from various stellar sources that could lead to
dehydrogenation. Indeed, the fluxes from some of these sources may induce even greater

fragmentation of the PAHs.
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Figure 1. The Unidentified Infrared bands in BD +30°3639. Prominent bands are
present at 3.29, 6.2, 7.7, 8.6, and 11.2 um. Adapted from Allamandola et al.’®
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A second reason for studying PAHs is that ionized PAHs have also been proposed
as the carriers of the diffuse interstellar bands (DIB).“’S’M’17 The DIB spectrum consists
of more than 220 confirmed interstellar bands'® spanning from the near-UV (400 nm) to
the near IR (1.2 um),]9 as shown in Figure 2. Experimental investigations have suggested
that small, positively charged PAHs in matrices have absorption features that bear some
resemblance to DIBs,2*? but no clear identification of a DIB with any specific PAH

cation has yet been made.
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Figure 2. The Diffuse Interstellar Band spectrum. The graph is a composite of gaussian
profiles fitted to all certain and probable DIBs. This spectrum is thought to be
characteristic of diffuse medium matter.”



Interest in the fate of photolyzed PAHs has remained strong for many years not

3-5,2426 put also due to the involvement of these

only because of astrophysical processes
species in combustion.”” The formation process of PAHs in space may be similar to soot

formation.

Chemistry of PAHs in Space

The mechanisms for the formation of PAHs are a very interesting topic and have
been studied extensively. Formation in flames, with methane, acetylene, ethylene and
other sources as fuels, has been studied both experimentally and theoretically %
However, because of the unique conditions in space, low temperature and low density,
applicable experiments are rare, although a wealth of theories abound.***® Temperatures
are typically 10-100 K, while the density is around 50 H atoms cm™. For dense
molecular clouds this may increase up to 10® molecules cm™.*” Hydrogen is by far the
most abundant element in the ISM. Carbon, nitrogen and oxygen are present at only
0.01% - 0.1% of the hydrogen abundance.*® Possible formation mechanisms of PAHs
include ion-molecule gas-phase chemistry, dust-grain surface chemistry, shock-induced
chemistry, and fragmentation from hydrogenated amorphous carbon (HAC). The method
of formation depends on the specific conditions in the ISM.*!

Radiative association reactions between positive ions and neutral molecules play a
significant role in the chemistry of dense interstellar clouds.’>** Two reactants collide to
form a “collision complex” which then reverts to the reactants unless it is stabilized by

the emission of radiation.® Increasing bond energy and size of the collision complex

result in larger radiative association rate coefficients, especially at low temperatures.




In general, the kinetics of radiative association can be modeled by

A++B£: AB* > A*B+hv M
where ks is the (bimolecular) colligion or encounter rate constant for formation of the
metastable A*B” complex, ks is the (unimolecular) rate constant for dissociation of A'B’
and k, is the rate constant for stabilization of A"B" by emission of an infrared photon.”®

The photosphere of carbon stars is another likely place for PAH formation where
the density is much higher than in the ISM. The chemical composition of C-rich giants is
similar to that of acetylenic sooting flames. All the oxygen is locked up in carbon
monoxide , CO, and the remainder of the carbon is found largely in C,H,.°® The number
density of hydrogen is 10" cm™ , the C,H, number density is 10° cm™ and the
temperature range is 500 to 1000 K. These conditions are ideal, since it has been shown
that at temperatures less than 850 K, CoH, can be transformed into large PAH
molecules.”’

Allain et al. determined that PAHs can form rapidly and grow in the circumstellar
envelope (CSE) of carbon stars.’® The processes that convert C,H, into larger molecules
and eventually carbon soot in the outflow from C-rich red giants are probably very
similar to those occurring during the gas phase pyrolysis of hydrocarbon molecules.”
Several different chemical pathways to soot formation have been proposed based on
neutral radicals, ions, PAHs, polyacetylenic chains, or Buckminsterfullerene as
intermediaries and each of these may dominate under certain conditions.®”® The

formation of the first aromatic ring is the rate limiting step. Rapid chemical growth of

this ring then forms larger PAHs.




The second method of PAH formation involves grain surfaces. Solid particles
provide the surface where reactants can be trapped and retained until they undergo a
reaction, and the solid grain itself can be one of the reactants. As an example of this
process, Starukhina and Shkuratov have been able to form PAHs by irradiating graphite
with accelerated H' in conditions that are present in space.”® Neither high temperature
nor high pressure were required.

The third method of PAH formation is in carbon-rich asymptotic giant branch
(AGB) stars through periodic shocks. These shocks travel through the inner layers of the
envelope altering the temperature and density of the gas. Not only can PAHs form in this
environment, but Cherchneff® discusses the formation of PAH dimers up to bi-coronene.
However, the yields found in this study were quite low and indicate this method is
probably not a major route of PAH formation.

Experiments bly Mimura® suggest that the shock synthesis of PAHs from benzene
involves the concerted cycloaddition reaction. Mimura reaches much different
conclusions than Cherchneff. His experiments produced a wide variety of PAHs in a low
temperature environment simulating interstellar space and suggest that shock synthesis
plays an important role in chemical reactions of astrophysical processes.

The last method of PAH formation involves the release of molecules and
molecular clusters from a material such as HAC during sputtering or in grain-grain
collisions and is expected to lead to a variety of species whose composition and structure
mimic that of the parent solid. The experimental observation that aromatic clusters with
dimensions of up to several nanometers are present in HAC prior to thermal

decomposition(’7 suggests that such PAH-like fragments may be released from dust




during dissolution in photodissociation zones or in interstellar shocks. In an intense UV
radiation field, HAC material will be reduced to a variety of PAHs. The smaller
molecules will be destroyed while the larger will survive.®® Using low-fluence pulses
from a UV (308 nm) laser, Scott and Duley®” have simulated the decomposition of HAC
in interstellar shocks. Mass spectra of the ejecta from HAC under these conditions show
the presence of a wide range of large aromatic carbon clusters including fullerenes such
as Cso, Ceo, and Co. Molecules with up to 20 C atoms are released during the initial
stages of decomposition. After exposure to several UV laser pulses, molecules

containing ~40 C atoms are observed.

Unidentified Infrared Bands

In 1973 Gillett et al. was the first to observe a band in the infrared at 11.3 um
emanating from a number of different astronomical objects.”” Additional strong bands

-73
d70

have since been discovere at 3.29 and 6.2 um as well as a broader peak at 7.6 um

with a shoulder at 8.6 um (Figure 1). The UIR bands generally cover wavelengths
between 3 and 15 pm. The emission spectra also typically exhibit several substantially
weaker features and underlying continua. Early observations indicated the spectra from
different objects were indistinguishable from one another. Important differences in the
details have since been found.™”’

The UIR spectra are seen primarily in regions where a high UV radiation field
exists: reflection nebulae, planetary nebulae, bipolar nebulae, active galaxy centers,

ionization from just outside H I-H 11 interfaces.'® However, within H 11 regions, the UIR

emission is either very weak or absent. This is presumed to indicate the UIR carriers are




Table 1. Assignments of IR emission components within the PAH hypothesis.80

A (um) Assignment
3.29 Aromatic C—H stretching
6.2 Aromatic C—C stretching
7.6-8.0 Blending of aromatic C—C—C in-plane deformations
8.7 Aromatic C—H in-plane bending
11.3 Aromatic C—H out-of-plane bending (non-adjacent H)
11.9 Aromatic C—H out-of-plane bending (doubly adjacent H)
12.7 Aromatic C—H out-of-plane bending (triply adjacent H)
13.5 Aromatic C—H out-of-plane bending (quadruply adjacent H)

destroyed under these conditions.®'*? It is also interesting to note that UIR bands do not
occur in dust produced by oxygen-rich objects. They are present only in carbon-rich or
interstellar-dust environments.

It has been proposed that the bands are the result of fluorescence of very small
particles upon the absorption of a single UV photon.83 The energetics require that the
emitting molecules contain on the order of 20-60 carbon atoms. When one of these large
molecules absorbs a UV photon, the energy is distributed over all of the vibrational
modes of the molecules. The molecule relaxes by emission from C—H and C—C
vibrations.” These assignments are summarized in Table 1. The 3.29 anci 6.2 um bands
correspond to aromatic C—H stretching modes. The 7.6 pm band is a little more
complex. It is a blending of aromatic C—C—C in-plane deformations. The 8.7 pm band
is due to an aromatic C—H in-plane bend while the 11.3 pm band corresponds to the

aromatic C—H out-of-plane bending. This last band is more complex as well. The




11.3 pm band is observed if only one hydrogen is present. If hydrogens are present on
the neighboring carbons, this frequency shifts to a longer wavelength, for example, 13.5

um for the quadruply adjacent hydrogen.

Diffuse Interstellar Bands

While an emission process produces the UIR bands, the diffuse interstellar bands
(DIBs) are due to an absorption process. They were first observed in 1922 by Hegergo
although they were not clearly recognized as interstellar until the work of Merrill and
coworkers in the 1930’s.3%¢  As late as 1975, only 38 DIBs had been identified.” With
the advent of digital detectors, not only was the signal-to-noise ratio enhanced, but the
range was extended further into the IR. Over 220 distinct bands have now been identified
in the spectral range of near-UV (400 nm) to the near-infrared (1.2 pm), as shown in
Figure 2. This number may grow even further as Weselak et al.®® suggest there may be
hundreds of very weak features.

The DIBs are superposed on the interstellar extinction curve and are observed
toward stars of low to only moderate extinction®® with strength varying as the total H I
column density. The bands are characterized as diffuse because they are broad and
shallow in comparison to the well-known narrow interstellar atomic lines. The full width
at half-maximum (FWHM) values for the DIBs range from about 0.4 to 40 A

Obviously, due to the sheer number of DIBs, more than one carrier is involved.
Recent observations’™' have demonstrated that all of the strongest DIBs are of different
origins because of fluctuations in individual band strengths from one line of sight to
another.¥ However, it has been found that the newly discovered weak features may be

related to the strong ones.”?



10

It is interesting to note that DIBs are not unique to our galaxy. Heckman and
Lehnert have presented evidence of DIBs in the spectra of far-IR-bright (dusty)
starbursts.” Looking at seven different sources, they have found the strong features are
remarkably similar to those detected in our galaxy.

Based on high-resolution astronomical obsewationé, the present consensus is that
the DIBs arise from free, gas-phase, molecular species (neutrals and/or ions) which are
ubiquitous in diffuse ISM clouds.” The identification of the actual carriers of the DIBs is
far from certain and is complicated in that the spectra of many of them overlap.?’

The leading candidates for the DIBs are PAHs. This proposal was put forward
more than a decade ago on the basis of the expected abundance of PAHs in the
interstellar medium and their stability against UV photodissociation.®”!® They are
expected to be present as a mixture of free, neutral, and ionized molecules following a
large-sized distribution that may range from small, gas-phase molecules to large graphitic
platelets.'® Ionized or radical PAH species have transitions in the visual (visible) part
of the spectrum with considerable oscillator strength.>”'® Abundant carbon supply in the
interstellar gas can provide the PAH column densities required to explain DIB
strengths.89

Ongoing laboratory investigations have revealed that small, positively charged
PAH:s in matrices have absorption features that bear some resemblance to DIBs,?*** but

no clear identification of any DIB with any specific PAH cation has yet been made.

Related Efforts

Allamandola and coworkers have pointed out®® that the PAHs can be expected to

be extensively cycled throughout their lives. Possibly originating in asymptotic giant
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branch (AGB) stars, the PAHs and other ejecta will be exposed to relatively cool photon
sources. But in the course of their travels, the PAHs may also come in the vicinity of
planetary nebula where they will be harshly irradiated by extremely hot stellar cores.
Only those PAHs able to withstand these different radiation fields can be expected to
survive in the long term. Leach and coworkers have remarked®’ that the existence of a
limited number of PAHs is consistent with the requirements of the interstellar carbon
budget, as recently revised by Snow and witt.”®

It is thus important to study the photodissociation products and pathways of the
PAHs in order to understand the critical factors leading to PAH or PAH fragment
structures which will retain stability over periods long on an astrophysical time scale.
There have been a number of important previous studies on this topic. Cooks and
coworkers used a variety of techniques including photodissociation to probe the unusual
mass spectrometric decomposition behavior of PAHs and concluded that rearrangement
of the carbon frameworks was probable after excitation and just prior to fragmentation.”
Leger, Boissel, Desert and d'Hendecourt presented a model calculation of the "photo-
thermo-dissociation" process, in which energy absorbed from a UV photon is transferred
to a molecule’s internal vibrations and thence induces the ejection of a hydrogen or
carbon fragment.'? Boissel and coworkers showed that PAH cations held in an ion trap
could be photodissociated (and lose hydrogens or acetylenes) after the absorption of
several low energy photons.mo A theoretical model involving sequential multi-photon

191" Allain, Leach and Sedlmayr

absorption was proposed to explain their results.
developed a model for the photodestruction of PAHs in the interstellar medium and

concluded that to survive the different radiation fields the PAH had to contain 50 or more
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carbons.'® They have also found that cations and partially dehydrogenated PAHs are
less stable than their parent molecules. Photodissociation rate constants of cations may
be 5 times larger than the neutral parent. For a totally dehydrogenated coronene
molecule there are two orders of magnitude difference. PAHs with less than 50 carbon
atoms probably do not survive more than a year in the regions of high UV radiation
where the UIR are seen.'®

The photoionization and photofragmentation processes in naphthalene and
azulene cations were thoroughly studied by Leach and coworkers.'® Jochims,
Baumgartel and Leach extended earlier work on the photostability of PAHs to include
irregularly-shaped PAHs, methyl-substituted PAHs and related compounds and devised a
photostability index, a measure of the propensity for hydrogen loss in PAH cations.”’
Lifshitz and coworkers have reported numerous studies of PAHs using time-resolved
photoionization mass spectrometry. "% Dunbar et al. have published a series of studies on
the time-resolved photodissociation (TRPD) mass spectrometry (MS) of PAH ions.'”
An elegant study by Dunbar and coworkers on the TRPD/MS of naphthalene cation and
its infrared radiative cooling showed that this approach may be used as an independent
confirmation of absolute infrared intensities obtained from matrix studies or theoretical
calculations.'® Guo, Sievers and Grutzmacher used the SORI -CID (sustained off-
resonance irradiation collision induced dissociation) method'?’ to study sequential
hydrogen loss from a series of PAHs.'® Structural rearrangements were invoked to
explain their results. Theoretical work on the probable stable fragments after acetylene
loss from photoexcited naphthalene, anthracene and phenanthrene cations has been

reported by Granucci et al.'® and Ling et al.""® Schwartz and coworkers, using a




combination of mass-spectrometric experiments, found that the loss of acetylene upon
dissociative ionization of naphthalene did not lead to phenylacetylene, but probably to
benzocyclobutadiene,'!! as predicted by Ling et al.''® Other acyclic structures could not
be excluded and are still possibilities. Joblin and coworkers laser-ablated pyrolyzed
coronene into a Fourier transform ion cyclotron resonance mass spectrometer
(FTICR/MS) and found evidence for larger, highly dehydrogenated oligimer species.' 2
Ekern and coworkers reported the complete dehydrogenation of coronene (Cy4H; 2+) and
naphthopyrene (Cy4H;4") using FTICR/MS with brief (500ms) UV/visible photolysis
exposures.'* In a later report, these workers investigated a wide variety of PAH cations
using FTICR and found evidence for dehydrogenation and fragmentation using

broadband photoexcitation.'*




CHAPTER 2
FUNDAMENTALS OF FOURIER TRANSFORM ION CYCLOTRON RESONANCE
MASS SPECTROMETRY

Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry has
grown exponentially since its development in 1973. Over 325 instruments have been
installed worldwide.'"® One of the major reasons for the popularity and the rise in the use
of FT-ICR is that it offers 10-100 times higher mass resolution and mass accuracy than

any other mass analysis technique.

Historical Perspective

Although FT-ICR instrumentation is less than 30 years old, its roots can be traced
back to experiments performed by Lawrence and Livingston in the 1930’s. In 1932 they
demonstrated that a charged particle moving perpendicular to a uniform magnetic field is
constrained to a circular orbit in which the angular frequency of the particle’s motion is
independent of the particle’s orbital radius.''® This motion is given in the cyclotron

equation:
w=-— 2)

where o is the angular frequency, q is the particle charge, B is the magnetic field strength
and m is the particle mass. This equation shows that particles with different mass-to-
charge ratios have unique cyclotron frequencies. Such behavior is central to the detection

of ions in the FT-ICR technique.
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The “Omegatron,” developed by Sommer and Hipple in 1951 7 was the first mass
spectrometer to use the cyclotron motion to detect ions according to their mass-to-charge
ratio. Resonant excitation was produced by applying a continuous spatially uniform
differential rf voltage between two opposed flat electrodes to excite ions in an orbit of
increasing radius.''® The ions increased in radius along an Archimedes spiral until they
were detected by the current produced when they hit a collector plate as shown in
Figure 3. A m/z spectrum was acquired by slowly scanning the field of an electromagnet

to bring ions of different m/z into resonance.

Collector —

B, X &

Figure 3. Schematic of the Omegatron in which ions are accelerated continuously to
larger cyclotron radius until they strike a collector electrode. Adapted from Mashall'"®.

A method to detect ion resonant power absorption was the next step in the

development of the FT-ICR, shown in Figure 4. The idea was introduced by Wobschall

119
1

at Cornell’ "~ and developed by Llewellyn at Varian'? and Baldeschwieler’s group at
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Figure 4. Power absorption measurement (with a marginal oscillator) during
simultaneous resonant excitation. A mass spectrum is obtained by slowly varying the
magnetic field at fixed excitation/detection frequency. Adapted from Marshall''®,

Stanford.'?" 22 Jon counting was no longer performed but mass spectrometry was still
performed at a fixed 1f frequency by scanning the magnetic field.

In 1974 Comisarow and Marshall'?* * demonstrated the first application of FT
methods to ICR mass spectrometry. Their background in NMR spectroscopy was evident
in the crossover of many of the ideas in NMR to ICR. Using a Fourier transform method,

all ions could be excited and detected at the same time.

Motion of Trapped lons

Because an ion is a charged particle, when it is moving in the presence of spatially

uniform electric and magnetic fields, E and B, it is subjected to the “Lorentz” force given

byl25

Force = mass x acceleration = mc‘ii—‘: =qE+qv®B 3)
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where m is the ionic mass, ¢ is the charge, and v is the velocity. The vector cross product

term means that the direction of the magnetic component of the Lorentz force is

perpendicular to the plane determined by v and B as shown in Figure 5.

v

qvB, By &

Figure 5. Origin of ion cyclotron motion. The path of an ion moving in the plane of the
paper is bent into a circle by the inward-directed Lorentz magnetic force produced by a

magnetic field directed perpendicular to the plane of the paper. Adapted from Marshall

and Verdun'®,

In the absence of an electric field, equation 3 becomes:
F,.=qv®B 4

Likewise, the centrifugal force experienced by an ion is given by:

E =mv’/r %)
When the Lorentz force and the centrifugal force are equal to each other, the ion will be
in a stable orbit given by:

mv/r=gB (6)

v/r is equal to the angular frequency, @. Substituting this into equation 6 and

rearranging yields the celebrated “cyclotron” equation.'26
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v, = 2_qB_ , where the substitution @, =27v. has been made. (7

C m
This equation is graphed in Figure 6 for various magnetic field strengths. Clearly,
the orbital frequency increases with increasing magnetic field strength and decreases with

increasing m/z.
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Figure 6. ICR orbital frequency, v =0./27, in Hz, as a function of ionic mass-to-charge
ratio, m/z, in Daltons per multiple (z) of the elementary electron charge, at each of five
magnetic field strengths: 1.0, 3.0, 4.7, 7.0, and 11.5 tesla. Note that ICR frequencies for
jons in the usual “chemical” mass-to-charge ratio (~15 <m/z < 10,000) typically lie
between a few kHz and a few MHz. Adapted from Marshall et al.'®.

Another important figure of merit for ICR instruments is the orbital radius. This
is graphed by rearranging equation 6 and is shown in Figure 7 for various magnetic field

strengths. Even rather large ions are conveniently confined in small orbits.
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Figure 7. ICR orbital radius, r, vs. ionic mass-to-charge ratios, m/z, (in u per multiple of
elementary electronic charge) at each of five representative magnetic field strengths: 1.0,
3.0,4.7,7.0, and 11.5 tesla at 298 K. Note that even relatively heavy ions are confined to

001112\geniently small-radius orbits by such magnetic fields. Adapted from Marshall et
al. .

As will be shown later, the normal radius of ions in a cyclotron orbit is too small
to be detected. However, since ion kinetic energy is equal to Ysmv?, this can be

substituted into equation 6 and yields the following equation:

q’Byr’
2m

KE.= (8)

This equation for kinetic energy is plotted against radius in Figure 8. By adding
energy to an ion, the cyclotron frequency does not change but the radius of orbit
increases.

Ions in a magnetic field are subject to two other motions besides the ion cyclotron

motion. These are the trapping oscillation and magnetron motion. Although ions are
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Figure 8. Ion translational (kinetic) energy (Eq. 7) as a function of ICR orbital radius, at
five different magnetic field strengths: 1.0, 3.0, 4.7, 7.0, and 11.5 tesla, for an ion of
m/z=100. Ions may be accelerated to relatively high energy while still confined to
relatively small orbital radii. Adapted from Leger et al."2.

B

Figure 9. A cubic analyzer cell and a cylindrical, open-ended cell. The arrow shows the
orientation of the magnetic field lines.
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constrained in the x-y plane by the magnetic field operating in the z-direction, they are
free to travel parallel to the field. In 1970, Mclver'?’ introduced the cubic trapped cell
(Figure 9). The two plates perpendicular to the magnetic field are the trapping plates.
Ionizing electrons are introduced into the cell through a small hole in one trapping plate.

A small positive voltage applied to the two trapping plates confines ions inside
the cell to a simple harmonic oscillation. Likewise, a small negative voltage will trap
negative ions.

The third fundamental motion of ions in a magnetic field is called “magnetron”
motion. This motion arises from the presence of an electric field inside the cell. Ions
precess about lines of constant electrostatic potential. This frequency, which is mass
independent, is normally much less than the cyclotron frequency, on the order of a few
hundred hertz compared to kHz-MHz for the cyclotron motion. Therefore the magnetron

motion is normally ignored.

Instrument Overview

There are four basic parts to every ICR mass spectrometer. These are the magnet,
vacuum system, analyzer cell and data acquisition system. Each subsystem will be
discussed briefly while specifics of the instrumentation used in this study will be

discussed later in this chapter.

Magnet

As shown in Figures 6-8, as well as in the equations relating to ion motion,
magnetic field strength is very important. The earliest magnets were simply permanent
magnets. Because of their intrinsically low field strengths, they have been used very

little. Electromagnets were used on early systems, however, they are limited to field
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strengths on the order of 2T or less. Hence, they are seldom used in modern
instrumentation.

By far the most common type of magnet is the superconducting magnet. These
are solenoidal magnets that are cooled with liquid nitrogen (boiling point 78 K) and
liquid helium (boiling point 4 K). The highest magnetic field strength currently being
used is 11.5 T at Pacific Northwest National Laboratory.

Vacuum System

The next important part of an ICR system is the vacuum system. Mass
spectrometers of all types require reduced pressure for efficient formation, transportation,
and detection of ions. The pressure requirements for a magnetic sector instrument are
around 107 torr while FT-ICR analysis requires a background pressure on the order of
10 to 107" torr and an operating pressure only slightly higher. This constraint
necessitates the use of cryogenic or turbomolecular pumps as opposed to diffusion
pumps. The low pressure is actually only needed for the excitation and detection of the
ions. Many experiments, such as collision induced dissociation, take place at much

higher pressures.

Analyzer Cell

The third part of the FT-ICR system is the analyzer cell, which is responsible for
trapping, exciting and detecting the ions. As opposed to normal mass spectrometers,
which analyze and detect in “space” (i.e. ions interact with and move along the magnetic
fields), FT-ICR mass spectrometers analyze and detect in “time.” This allows an
operator to not only do MS-MS experiments, but theoretically to do MS" experiments, as

long as a sufficient number of ions are present.
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The earliest type of cell was the cubic cell as shown in Figure 9. The trapping
plates are perpendicular to the magnetic field (front and rear). One plate has a hole that
allows ionizing electrons to enter along the magnetic field lines. The four plates parallel
to the magnetic field work as pairs. Two opposing plates are used for excitation while
the remaining pair is used for detection. These functions will be described in greater
detail later.

Figure 9 also pictures a more common type of cell, the cylindrical cell. It
functions in a similar way to the cubic cell, but is easily adaptable to the round bore of
FT-ICR superconducting magnets. The two end cylinders act as trapping plates, while
the middle cylinder, which is divided into four electrically isolated sections, is used for
excitation and detection. As in the cubic cell, opposite pairs of plates are used for
excitation and detection.

Data Acquisition

The last major part of the FT-ICR system is data acquisition. Important
components include a frequency synthesizer, delay pulse generator, broadband radio
frequency amplifier and pre-amplifier, and a fast transient digitizer.'”® Large amounts of
data are collected in very short times. Current computers are able to handle this data flow

as well as process and analyze the data in “real-time.”

Experimental Procedures

A basic FT-ICR experiment consists of quench, ionization, excitation and
detection events (Figure 10). The quench event is used to clear the analyzer cell of any

ions remaining from a previous experiment and is accomplished by applying positive
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Figure 10. The basic steps in an experimental sequence using FTMS.

(+10 V) and negative (-10 V) voltages to the opposing trapping plates. Ions are then
ejected axially from the cell.

The ionization event can be applied either in or near the analyzer cell or
completely outside the magnetic field. One of the earliest methods was electron
jonization (EI).'” Electrons, formed from a rhenium or tungsten filament, are
accelerated at voltages of 10 — 70 eV, and directed at the neutral gas phase sample. The
electron impact on the sample gas provides sufficient energy to form positive ions. This
method works especially well with samples that have a relatively high vapor pressure.
Alternatively, low vapor pressure samples can be brought into the gas phase through use
of a solids probe. The sample is brought close to the cell and then heated. Although EI
can be performed external to the magnetic field, it is normally an internal method of
ionization. This is advantageous because ion trapping efficiency is greater due to
magnetic field focusing, ion loss in directions transverse to the magnetic field is
minimized and ions do not have to cross the fringe field of the magnet to enter the trap.l 15

Chemical ionization is another method that is normally performed internally.'*
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Even with all of the advantages of internal ionization listed above, most methods
rely on external ionization. This is because external sample introduction and/or
jonization devices can be attached to an existing FT-ICR MS without extensive

modifications. These include gas chromatography,m pulsed valves,'?? supercritical fluid

134, 135 136. 137

chromato graphy,]33 liquid chromatography and electrospray ionization.
Another reason for external ionization is that many methods require high pressure, which
is incompatible with FT-ICR mass analysis. Multiple pumping stages are used to
decrease the pressure between external sources and the analyzer cell in FT-ICR MS.

After jonization, the sample ions are subjected to an excitation pulse (cf. Fig. 10).
Normally, after ions are formed and trapped, their kinetic energy is relatively small.
Thus, their orbital radius is small compared to the dimensions of the cell. Increasing the
radius will assist in the detection of the ions. Applying a sinusoidal voltage to the
excitation plates will increase the kinetic energy and radius of the sample ion. Only ions
in resonance with the applied r.f. voltage absorb energy. The ions are excited coherently
and undergo cyclotron motion as a packet. If the voltage is applied for too long a period,
the ions will continue to spiral outward until they hit the cell walls. This can be done
intentionally to neutralize ions of certain masses and thus isolate others.

The first time-domain excitation pulses for FT-ICR MS used single-frequency
pulses.I23 Also called an impulse, this waveform excited one specific mass-to-charge ion
coherently. A more usable waveform is the frequency-sweep or chirped pulse.” 5 All
masses with a cyclotron frequency between the starting and ending frequencie's are

sequentially excited. The time scale, a few milliseconds, is short compared to other

parameters so that the time differences in the excitation of different m/z ions are
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insignificant. Although chirps are frequently used today, Marshall has developed a more
exact waveform to be used in excitation. SWIFT, Stored Waveform Inverse Fourier
Transform, is the optimal ICR excitation waveform.'* """ Nearly any combination of
mass-to-charge ions can be excited. Figure 11 illustrates the versatility of SWIFT. In this
example, ions with a mass of m/z 112-116 and m/z 165-168 have been selected. The
cyclotron frequencies are calculated from the masses. By applying an inverse Fourier
transform, the appropriate time-domain waveform is generated. By applying a high
enough voltage, selected ions are excited and ejected from the cell while all other masses
remain unexcited.

The last step is detection of the ions. Detection plates, like excitation plates, are
set up opposite one another. As the excited ions pass near a detection plate they attract
electrons. As they orbit within the cell a sinusoidal image current is generated from the
cyclotron motion of the ions. This image current can then be amplified, digitized and
stored on a computer. This method of detection is different from other mass
spectrometers such as magnetic sector instruments. In FT-ICR MS, ions are analyzed
non-destructively. After analysis, they are still present and can be acted upon again. On
the other hand, magnetic sector instruments analyze destructively, since ions are
neutralized on a detection surface. Figure 12 is an illustration of the conversion of an
image current into a usable mass spectrum. The time domain spectrum, shown in the
upper panel, consists of 64k data points. The mathematical technique of Fourier
transformation converts this into a usable frequency domain spectrum. Using equation 7,

presented earlier, this spectrum is easily modified into a mass spectrum.




27

)
o]
=
X
Q.
&
< |
Data Count
SWIFT Excitation
120
o e 5 B
100 e .
,8 :
= 80
X ‘
£
40
20
0 : . , ,
0 50 100 150 200
m/z

Figure 11. Excitation corresponding to selected mass ranges (m/z 112-116 and 165-168)
in the lower panel is converted into a SWIFT excitation waveform (upper panel) by

inverse Fourier transform.
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Figure 12. Transformation of the time domain spectrum (upper panel) to the frequency

domain spectrum (lower panel). Since frequency is inversely related to the mass, the

masses appear in reverse order.
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Figure 13. Schematic of the 2 tesla FT-ICR instrument. Vapor from liquid or high
volatility solids can be inlet through the sample tubes and controlled with the leak valves.
The solids probe is used for low volatility solids. The electronically controlled shutter

allows the lamp to illuminate the cell through a window. Adapted from Kage'*.

Experimental Parameters Used in this Study

All experiments were performed using a home-built 2 Tesla FT-ICR mass
spectrometer (Figure 13). The magnetic field was calibrated to be 2.038 T. The vacuum
system consisted of a 700 L s™" oil diffusion pump (Alcatel Vacuum Products, Hingham,
MA) that was backed by a mechanical pump (Alcatel Vacuum Products, Hingham, MA).

Background pressures were typically 1-2 x 10 torr while the operating pressure was



normally 4 x 107 torr. A cylindrical cell 2.7 inches in diameter and 4.5 inches in length
was used.

The heart of the ICR is its data acquisition system. In the FT-ICR mass
spectrometer used in this work, a new data system called MIDAS (Modular ICR Data
Acquisition System) was acquired. The system was developed in the National High Field
FTICR Facility at the National High Magnetic Field Laboratory (NHMFL) in
Tallahassee, FL.'*! Figure 14 illustrates the MIDAS system. An ISA-MXI bus interface
connects a PC to a five-slot VXI chassis. Pulse timing is initiated in a digital pattern
generator (DG600VXI,Interface Technology) and expansion card (DG605VXI), both of
which are interfaced to an instrument control module (ICM) that controls four 12-bit DC
voltage outputs, four 8-bit DC voltage outputs and sixteen TTL triggers. The electron
gun is also under the control of the ICM. An arbitrary waveform generator (Tektronix
VX4790A) is used to generate the excitation waveforms. Up to sixteen unique
waveforms may be used in a single experiment. The waveforms are amplified via an RF
power amplifier (ENI 2100L M2). A digitizer (Hewlett-Packard E1437A) collects the
time domain signals generated by excited ions after amplification.

A 300-watt xenon arc lamp (ILC Technology, Model LX300UV) was the
illumination source. It provided continuous output between 250 and 1100 nm. The lamp
was focused by a fused silica lens and illuminated the ions through a quartz window in
the end of the ICR vacuum chamber. An electronically operated shutter (Vincent
Associates, Uniblitz VS3552ZM1R1) was used to control the length of the irradiation
pulses. The shutter diameter was 35mm and it required approximately 13 msec to open

and 12 msec to completely close.
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Figure 14. Schematic of the MIDAS hardware. Adapted from Senko et al."!,

A typical timing sequence is shown in Figure 15. Following a quench pulse, to
clear the cell of ions from previous experiments, the sample was ionized by electron
impact. To minimize fragmentation, the ionizing voltage was set as low as possible (~14
eV) while still producing a usable signal. Higher voltages created many fragments while
lower voltages did not provide enough ions. An isolation step using a SWIFT pulse
retained the fluorene parent ion while ejecting any fragments, as well as 13C isotopes.
The Xe arc lamp then irradiated the sample for a period of 1-4 seconds. After
illumination, the photofragments could be isolated for further experimentation, again by
using a SWIFT waveform, and irradiated. The final step was excitation using a standard

chirp pulse followed by detection.
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Figure 15. Typical pulse sequence. This includes SWIFT isolation of the parent ion,
irradiation by the Xe arc lamp, isolation of one or more of the photofragments, further
irradiation and finally chirp excitation and detection.

The PAH sample (Aldrich) was inlet to the system through a leak valve (Varian,
Model 951-5100) for the samples with relatively high volatility such as fluorene,
naphthalene and anthracene. The solids probe was used for the samples with a lower

volatility such as tetracene and 1,2 benzanthracene.




CHAPTER 3
PHOTODISSOCIATION OF FLUORENE CATION

Introduction

The fluorene molecule, Ci3Hjo, was the primary PAH (polycyclic aromatic
hydrocarbon) studied. Its structure is shown in Figure 16. Photodissociation of the
fluorene cation using a xenon arc lamp resulted in sequential hydrogen loss, and further

fragmentation. Rate constants and fragmentation pathways were determined.

H H
H H

Figure 16. Fluorene Molecule, Ci3H;0, mass 166.

Hydrogen Loss

It has previously been shown that when irradiated for brief periods (500 ms), the
fluorene cation loses up to five hydrogens.' "% Figure 17 clearly shows this. Information

on the mechanism of this loss was not reported, however. Questions that remain include:

33
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1) Are the hydrogens lost sequentially or simultaneously? 2) Are they lost as atoms (or

molecules)? 3) From which positions are the hydrogens stripped?

Relative Abundance

N -

156 157 158 159 160 161 162 163 164 165 166 167

Figure 17. FTICR mass spectrum of photolysis products after a four second irradiation
period of the m/z 166 ion.

Figure 18 shows a plot of the time-dependence of the photolysis of the parent and
its five dehydrogenated products. Irradiation was effected with the broadband output of a
Xe arc lamp as described in Chapter 2. Shortly after commencement of irradiation, the
m/z 166 parent ion abundance has decreased precipitously, while the m/z 165 product
abundance has grown rapidly and is the dominant species after ca. 200 ms. After 1.5s of
photolysis, the m/z 163 product has increased substantially and is now the predominant
product. Fragments at m/z 161,162,164 and 165 also become visible, but never rise above
ca. 15% abundance.

Although the intensity vs. time plot in Figure 18 suggests sequential hydrogen

loss, the following procedure was used to prove this mechanism. After ionization, each of
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Figure 18. Relative abundance of photolysis products and fluorene cation parent as a
function of irradiation time.

the fragment peaks was isolated in turn, and irradiated briefly (~1s). (Brief photolysis
times were essential since longer times resulted in the development of one or more lower
mass peak(s), i.e., down two or more amu). The next lower m/z mass peak was formed in
all cases, showing conclusively that the primary dehydrogenation channel is sequential
loss of single hydrogen atoms. It follows from this mechanisrﬁ that, if a particular
dehydrogenated product is ejected from the ICR cell, its successor, one amu lower,
should then be absent. Figure 19 shows the irradiation of the parent ion while the m/z 165
jon is ejected simultaneously. This is accomplished by using a single frequency ejection
(SFE) while the lamp is shining on the cell. It is clear that no m/z 164 product is formed
so only single hydrogen loss is possible for the m/z 166 ion. Similar results are shown in

Figure 20 for the ejection of the m/z 163 ion. No m/z 162 product is formed.
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Figure 19. FTICR mass spectrum of photolysis products after a one second irradiation of
the m/z 166 ion while simultaneously ejecting m/z 165.
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Figure 20. FTICR mass spectrum of photolysis products after three seconds of irradiation
of the m/z 166 ion while simultaneously ejecting m/z 163.
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A different situation arises for the m/z 165 ion. Figure 21 is similar to the
previous figures, except that only the m/z 164 ion is now being ejected. A substantial
m/z 163 peak is formed while no m/z 164 is present, indicating the simultaneous loss of
two hydrogens from the m/z 165 ion. Figure 22 shows a similar result for the ejection of
m/z 162. A substantial amount of m/z 161 is formed, also indicating the simultaneous
loss of two hydrogens from the m/z 163 ion.

The branching ratio for m/z 165 dehydrogenation is ~ 13 % dual H loss and 87 %
single H loss, while for the m/z 163 dehydrogenation it is ~34 % dual hydrogen loss and
66 % single hydrogen loss (vide infra). The even species (m/z 162,164 and 166) only lose
single hydrogens.

Contrary to previous results, both dehydrogenation and further fragmentation are
shown to occur with broad band UV and visible irradiation. In the original report''* on
fluorene ion photolysis it was stated that between one and five hydrogens were lost with
no other products observed. This observation is understandable now in light of the
present results. The primary decomposition route, i.e., the one possessing the largest rate
constants, is sequential H atom loss. The appearance of a large m/z 163 peak results from
its slow further decomposition. A detectable quantity of smaller fragmentation products

13,1
13,114 ysed only

requires longer irradiation times. The original exploratory experiments
500ms irradiation periods, clearly insufficient to produce the lower mass fragments
observed here.

Experimental work, which will be discussed in Chapter 4, has shown that the

parent fluorene ion absorbs UV and visible radiation in the 360 nm as well as the 580-630

nm wavelength range. These wavelengths correspond to photon energies of 4.2 eV for
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Figure 21. FTICR mass spectrum of the photolysis products after three seconds of
irradiation of the m/z 166 ion while simultaneously ejecting m/z 164.
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Figure 22. FTICR mass spectrum of the photolysis products after seven seconds of
irradiation of the m/z 166 ion while simultaneously ejecting m/z 162.
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the former and 2.4-2.6 eV for the latter wavelengths. Theoretical calculations have also
shown the energy required to remove the first hydrogen is 2.6 eV while further
dehydrogenation requires a much higher energy, 4.0 — 4.9 eV. This would seem to
indicate that it is possible to induce the loss of the first hydrogen with only one photon
but further dissociation would have to occur via multi-photon processes. Boissel and

. 14
coworkers have outlined'?" '+

the probable mechanism in operation here, a sequential
absorption of visible and UV photons which increase the internal energy of the precursor

ion stepwise until the dissociation limit is reached.

Fragmentation

Longer irradiation times (>ca. 2s) lead to other photofragments with smaller m/z
values than those corresponding to H atom loss only. Figure 23 shows the spectrum of the
lower mass products in the m/z 50-166 range. Major products appear at m/z 63, 87, 89,
108-111, 115, 132 and 139. The photodissociation pathways by which these fragments
are produced will be discussed in this section.

The precursors of these product ions were determined using the following
irradiation-isolation-ejection sequences. After ionization, the cell contents were irradiated
for a fixed time, and the m/z 161-165 ions isolated, each in turn. Each isolated ion was
subjected to further photolysis and followed as a function of irradiation time. During this
procedure the other m/z 16x peaks were ejected. The first photolysis created a detectable
population of the m/z 161-165 ions and the buildup of photoproducts was scrutinized
during the second irradiation. The first photolysis step was omitted for the m/z 166 ion
since a large population of the parent ion was already present due to the ionization

process. The photolysis of each of the isolated 16x peaks will be discussed in turn.
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Figure 23. FTICR mass spectrum of the photolysis products after four seconds of
irradiation of the m/z 166 ion showing full fragmentation of the parent fluorene ion.

m/z 166

The primary fragments produced by irradiation of the m/z 166 parent ion are
shown in Figure 24 while a study of their time dependence is shown in Figure 25. The
major photoproducts include: m/z 140 (C;;Hg") and 139(Cy1H;"), 116 (CoHs") and 115
(CoH5"), and 89(CsHs"). The last fragment, m/z 89, is not visible in Figure 24. The
difference between the m/z 139 and m/z 140 peaks is thought to be the retention of one of
the sp> hydrogens located on the central ring of the fluorene ion as shown in Figure 16.
The same thing applies to the m/z 115 and m/z 116 peaks. Secondary products appear
from some, but not all, of these primary products. For example, photodissociation of m/z
139 produces both m/z 89(C7Hs") and m/z 87(C;H;"), while m/z 115(CoH5") dissociates
to form m/z 89(CsHs") and m/z 63(CsHs "), but not m/z 87(C7H3"). The m/z 87(C7H;")

species is found to dehydrogenate sequentially to m/z 85(C7H™).
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Figure 24. FTICR mass spectrum of photolysis products after one second of irradiation
of the m/z 166 ion. Masses m/z 161-165 were ejected during lamp exposure.
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Figure 25. Time dependence of the photoproducts of the m/z 166 ion.
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m/z 165:

The primary photo-fragments of the m/z 165 ion are shown in Figure 26 while
their time dependence is shown in Figure 27. The decomposition of the m/z 165 product
leads to m/z 139(C;;H;") and m/z 115(CoH;"). These ions are similar to the decay
products of m/z 166. The absence of the m/z 116 and m/z 140 peaks is confirmation of
the earlier assumption that both sp3 hydrogens are still bound on the m/z 166 ion. The
m/z 139 further decays to m/z 89(C;Hs") and 87(C7H3") while m/z 115 decays to m/z
89(C;Hs") and m/z 63(CsH;"). A small percentage of the m/z 165 species loses two
hydrogens.

m/z 164:

This species loses only one hydrogen. No other fragments were observed.

m/z 163:

An example of the photolysis of the m/z 163 ion is shown in Figure 28. Lamp
exposure was for five seconds. The photofragmentation of this species leads to m/z
89(C;Hs") and 87(C7H;") products, as well as to further dehydrogenation to m/z 162 and
161. The rate of photodecay is very slow for the m/z 163 ion compared to the other ions.
Even after four seconds, the total products are only four percent of the m/z 163 signal as
seen in Figure 29. Two other products are also seen in this spectrum, m/z 113 and 137.
These are thought to be relatively unstable intermediates. Attempts to isolate and
photolyze them were unsuccessful. Obviously, the loss of a neutral acetylene from the
m/z 163 ion yields the m/z 137 ion and further loss of a C; neutral fragment will yield the
m/z 113 ion.

m/z 162:

This species only loses one hydrogen.
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Figure 26. FTICR mass spectrum of photolysis products after three seconds of irradiation
of the isolated m/z 165 ion. Masses m/z 161-164 and m/z 166 were ejected during lamp
exposure. M/z 166 is present due to incomplete ejection.
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Figure 27. Time dependence of the abundance of photoproducts of the m/z 165 ion.
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| Figure 28. FTICR mass spectrum of photolysis products after five seconds of irradiation

that of the photoproducts and is not shown.
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Figure 29. Time dependence of the abundance of photoproducts of the m/z 163 ion.
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m/z 161:

For the m/z 161 ion (C;3Hs"), fragments containing more than 5 hydrogens are not
possible. Figure 30 shows that the major fragment peaks are m/z 63 (CsH;"), m/z 87
(C7Hs", now a major peak), m/z 135 (C;1Hs") and m/z 111(CoH3"). The latter three
species lose their hydrogens sequentially, m/z 135 dehydrogenates to form m/z 132
(C11"), which is the product visible in Figure 30, and m/z 111 to form m/z 108(Cs"). The
m/z 87 product only forms m/z 85(C7H").

A slight amount of the m/z 115 ion also appears. The m/z 161 ion has a formula
of C13Hs", while the m/z 115 ion is CoH,". It is unlikely that m/z 115 is able to attach two
extra hydrogens during photolysis. Its source must be from higher 16X masses that were
incompletely ejected. A small amount of m/z 165 and m/z 166 are present in this
spectrum and are assumed to be the precursors of the m/z 115 product. Other
experiments were done to confirm this result by increasing the ejection voltage.
However, because of the higher voltage and the nature of SWIFT ejections, there was
some bleedover of the ejection excitation, greatly reducing the amount of m/z 161
precursor. This made it nearly impossible to do time-dependent studies because of a low
signal-to-noise ratio.

An example of a time-dependent study of m/z 161 ion photo-fragmentation is
shown in Figure 31. The m/z 161 population drops off with increasing lamp time while
the m/z 63 and m/z 87 products rapidly grow in. The m/z 108 and 132 ions rise to a
maximum and then start to fall off. As explained above, although m/z 108 and 132 ioné
are shown, the actual photoproducts of m/z 161 are their precursors, m/z 111 and 135,

respectively.
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Figure 30. FTICR mass spectrum of photolysis products after three seconds of irradiation
of the isolated m/z 161 ion.
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Table 2. Fragment ion yields and rate constants for photodissociation of the fluorene
cation and its dehydrogenated partners .

Precursor | Precursor | Fragment | Fragment | Percent Rate constant
ion ion (m/z) ion ion (m/z) | yield (%) i k; (x10's)*®
CisHjo' 166 Ci:Hg' 165 92.2 1 32.2
CiHg" 140 2.0 2 0.71
CnH;" 139 1.6 3 0.57
CoHg" 116 1.6 4 0.57
CoH;" 115 2.1 5 0.74
CsHs" 89 0.4 6 0.13
Ci3Ho" 165 Ci3Hg" 164 42 8 5.5
Ci3H7" 163 2 7 0.3
CiH;" 139 25 10 33
CoH7" 115 31 9 4.2
C3sHg' 164 CisH, 163 100 19| 27
Ci3H, 163 Ci3Hg" 162 50 21 0.51
Ci3Hs' 161 22 20 0.23
C/Hs' 89 17 15 0.18
CH;3" 87 11 22 0.11
CisHs" 162 Ci3Hs" 161 100 23 19.2
Ci3Hs" 161 CiHs" 135 22 24 0.26
CoH3" 111 4 27 0.05
CsH;" 87 53 25 0.62
CsH3" 63 21 26 0.25

"Rate constants valid for the photon fluxes used in this study.
bRate constants are for the processes shown in Figure 32.
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Fragmentation Pathways
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Figure 32. Photodecomposition pathways and products from the m/z 166 fluorene parent
jon. Bold lines indicate yields of 50% or greater, thin lines indicate yields between 15
and 49%, and dashed lines indicate yields less than 15%.

Table 2 gives the main photodecomposition products for fluorene and its
dehydrogenated partners while Figure 32 gives a visual overview of the fragmentation
pathways. The fragmentation pathways followed by the parent and each dehydrogenated
product contain clues to the structural identities of their precursors and are discussed later
in this chapter. The fragments observed from the parent and its dehydrogenated successor
ions are discussed in turn below. The rate constants indicated in this table will be

discussed in the next section.
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Figure 32 also shows that there are multiple paths of formation for several of the
ions, such as m/z 89. Although its primary formation paths are photolysis of the m/z 139
and m/z 115 ions, it can also be formed directly from m/z 166 and m/z 163. Indirect
evidence would also suggest m/z 165 as a source, but, if so, it would be a very minor
route. These pathways were determined by using multiple “notches” in a SWIFT
waveform excitation. For example, Figure 33 shows the direct formation of m/z 89 from
m/z 163. The sample was irradiated for 10 seconds while m/z 91-162 and m/z 164-168
were ejected. The m/z 89 is still present as well as m/z 63, which is formed from the m/z

89. This same procedure was used to verify the formation of all ions in the figure.
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Figure 33. Ten seconds of irradiation while ejecting m/z 91-162 and m/z 164-168.

Figure 23 clearly shows there are mass groupings between m/z 50 and m/z 166
representing increasing numbers of carbons: five carbons for m/z 65 to 13 carbons for
m/z 166. Only the odd numbers of carbons are represented except for the small peak

around m/z 152, which has twelve carbons. Since the °C isotopes have been ejected, the
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Figure 34. Four seconds of irradiation of the m/z 87 while ejecting 88-168. Slight
dehydrogenation to m/z 86 and 85 occurs but no m/z 63 is present.
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Figure 35. Four seconds of irradiation of the m/z 89 ion while ejecting m/z 90-168. No
dehydrogenation occurs but m/z 63 is present due to fragmentation.
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masses around these carbon groupings represent losses of hydrogen. Each of these
groupings, as well as individual masses, was isolated to determine wliat action photolysis
had on them.

One of the more interesting examples is the difference between m/z 87 and 89.
Figure 34 shows the irradiation of the isolated m/z 87 ion while Figure 35 is the
irradiation of the m/z 89 ion. The former ion loses a maximum of two hydrogens while
the latter dissociates to m/z 63. This would indicate that, although similar in mass, the

two ions have different structures.

Kinetics

To determine the branching ratios and rate constants for photodecomposition of
the fluorene cation and its dehydrogenated partners, the time-mass abundance plots were
fit by solving the appropriate set of coupled differential equations. Each set describes the
kinetics of one of the precursor ions. For example, for the hydrogen loss set of
experiments, the following reactions take place:

1662165

165>164

165163

164->163

163>162

163->161

162>161
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The formation of the m/z 165 ion is given by the differential equation:

ﬂiz_{“l = k,[166] - (k, + k,)[165] )

where £ is the rate constant for the formation of m/z 165 from m/z 166 (cf. Fig. 32 for
decomposition pathways) while kg and &, are the rate constants for the loss of m/z 165 to
form m/z 164 and m/z 163, respectively. Relatively short irradiation times were used so
that smaller fragments such as m/z 139 and m/z 115 were not observed.

| Experimental data at thirty different times were obtained. The normalized percent

of each ion was input to a computer program (KINFIT)!*

and used to solve the equations
and fit the experimental curves. Rate constants (k;) and initial (percent) yields were
obtained from the fits. An example of the results is shown in Figure 36. In this figure the
experimental data for hydrogen loss from ions 162-166 is plotted against the calculated
yields. Note that although the data for m/z 161 and 162 were used in the calculations,
they have been omitted for clarity in the graph. The fit is excellent. Similar results were
obtained for all the time dependent runs. The results for the Ci3H 0. (n=0-5) ions are
given in Table 2.

Several interesting observations are evident from the table. First, the primary
photodecomposition route for the m/z 166 parent ion is single H atom loss with a greater
than 90% yield. The five other routes contribute 2% or less each. Second, the rates of
dehydrogenation of the even mass species (m/z 166, 164, 162) are relatively fast
compared to the other decomposition routes. They are 5 to 10 times faster than the other
pathways. Third, the bottleneck in the sequential dehydrogenation from m/z 166 to the

m/z 161 species is the m/z 163 — m/z 162 step which is ~ 10 times slower (0.051 s™)

than its closest competitor (m/z 165— m/z 164, 0.55 s™). Fourth, the odd mass species
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(m/z 165, 163, 161) are more prone to lose larger neutral fragments (than hydrogen)

compared with the even mass species. For example, the m/z 165 ion decomposes ~ 40%

to m/z 164, ~30% to m/z 115 and ~ 25% to m/z 139, all comparable percentages, while

the m/z 162 and 164 precursor ions decompose 100% via single H atom loss.

Relative Abundance of lons (normalized)

Hydrogen Loss
1.0 =
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0.8 - e
65 —— 166(expt)
0.7 N B . 163| |- == 166(calc)
e P =L 163
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Figure 36. Example of the calculated rate constants versus experimental values.
Experimental values are solid lines while the corresponding calculated values are dashed.
The m/z 161 and m/z 162 ions have been omitted for clarity.

Fragmentation Pathways

This section will use theoretical calculations to attempt to explain the

photodecomposition of the fluorene cation. It is shown that density functional theory

calculations can be used to determine energetically plausible photofragmentation

pathways, which explain the observed decomposition products.




54

Computational Procedures

Geometries were optimized and harmonic frequencies calculated using hybrid
density functional theory (B3LYP method) with 4-31G or 6-31G(d, p) basis sets using the
Gaussian 98 platform.'*> The B3LYP/4-31G level of theory was used for most bond
energy calculations, since Bauschlicher has shown that this approach is relatively
accurate in predicting H-H and C-H bond energies in H, and C¢Hg, respectively. 146 Use
of the 6-31G(d, p) basis set results in only small improvements in the computed harmonic
frequencies (scaled) for neutral and cationic fluorene when compared to matrix band
frequencies. All calculated energies have been zero-point energy corrected (ZPE) and
scaled by a factor 0of 0.957 (4-31G) and 0.978 (6-31G(d,p)) to match experimental
observations. The bond energies for H, and C¢Hg (C-H) computed using 4-31G (6-
31G(d, p)) basis sets are 103.67 kcal/mol (105.58 kcal/mol) and 110.31 kcal/mol (1 10.37
kcal/mol), respectively. The corresponding experimental bond energies are 103.27
kcal/mol and 109.8/109.4 kcal/mol.'*® Thus, the choice of the 4-31G basis for the present
work is justified from the point of view of accuracy and cost. Over sixty molecular
systems, each with between 8 and 25 atoms, were calculated.

Dr. Jan Szczepanski and Mr. Wright Pearson did most of the Gaussian
calculations used in this section, the results of which are collected in Table 3. The
analysis of the results was a collaborative effort of the Vala group.

Sequential Hydrogen Loss

The primary photodissociation route for the fluorene cation is the sequential loss
of five hydrogens.'" Figure 32 shows the experimentally determined
photodecomposition pathways and products, and emphasizes that the primary

fragmentation route is the loss of hydrogen atoms. It is of interest to determine the most
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Figure 37. Energetically favorable photoreaction pathways for sequential hydrogen loss
(up to five hydrogens) for parent fluorene cation, Ci3H;o", m/z 166, calculated at
B3LYP/4-31G level. The C-H bond energies (in eV, ZPE x 0.957 scale factor) for
particular hydrogen losses are indicated. This represents the experimentally observed

route for m/z 166 > 161 sketched in Fig. 32.
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Table 3. C-H bond energies (in kcal/mol (eV)) and energies of precursors (in Hartrees)
calculated at B3LYP/4-31G level of theory for sequential hydrogen loss in
photodissociation reactions of fluorene cation (C13H10+, m/z 166). Energies are

ZPE x 0.957 corrected. Hydrogen numbering is defined in Fig. 37. Energetically
favorable reactions are given in bold type. Reactions proceed sequentially based on the
previous reaction given in parentheses.

Reaction Bond Energy Energy of Precursor
(kcal/mol (eV)) (Hartrees)

First H loss (m/z 166 — 165)

(1)  CpiHy' = Ci3Hy' +HY 60.8 (2.64) -500.32
(2)  Cp;3Hy" > Ci3Hy" +H8 115.6 (5.01)
(3)  Cp3Hio'—> Ci3Ho' +H7 120.6 (5.23)
(4)  CiHy'— C3He' +H6 117.7 (5.10)
(5)  CyHio"— Ci3Hy" +H5 116.1 (5.04)
Second H loss (m/z 165 — 164)
(6)  C;3Ho' (1) > Ci3Hg" +H9 116.1 (5.03) -499.72
(7)  CisHy' (1)> Cy3Hg' +HS 113.0 (4.90)
8) CisHy" (1) C3Hg' +H7 114.1 (4.95)
(9) CisHy' (1)> C3Hg' +H6 112.6 (4.88)
(10) C;3sHy" (1) > C3Hg' +H5 113.1 (4.91)
Third H loss (m/z 164 — 163)
(11)  Cy;3Hg" (7)— Ci3H;" +H9 133.8 (5.80) -499.04
(12) C;3Hs' (7)— Ci3H, +H7 92.2 (4.00)
(13)  C;3Hg" (7) > Ci3H; +H6 103.0 (4.46)
(14) C;3Hg' (7)—> C3Hy +HS 98.1 (4.25)
(15)  C;3Hg" (7)— Ci3H," +H4 158.9 (6.89)
(16) C;3Hg" (7)— Ci3H, +H3 149.8 (6.50)
(17)  Ci3Hg" (7)— Ci3H;" +H2 158.8 (6.89)
(18) C;3Hg" (7)— Ci3H;" +H1 153.8 (6.67)°
(19)  Cp3Hg" (6) > Ci3H; +H5 120.5 (5.22)
(21)  C;3Hg' (6) = Ci3Hy” +H6 146.9 (6.37)
(22) Cp;3Hg" (6) = C3H;" +H7 143.6 (6.23)
(22) C;3Hg' (6) > Ci3H," +HS 130.7 (5.67)
Fourth H loss (m/z 163 — 162)
(23) CiH;' (12) - Ci3Hg +H6 106.7 (4.63) -498.40
(24) Cp;H;' (12) = Cy3Hg" +HS 112.8 (4.89)
(25 Cp;3H; (12) > C3Hg' +H4 113.1 (4.91)
(26) C;3H;  (12) > Ci3He +H3 112.7 (4.89)
(27)  C;3H;  (12) > Ci3He' +H2 114.4 (4.96)
(28) C;3H;  (12) > C3Hg' +H1 113.3 (4.91)
(29) C;3H; (12) > Ci3Hg +H9 117.0 (5.07)
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Table 3 — continued

Reaction Bond Energy Energy of Precursor
(kcal/mol (eV)) (Hartrees)
Fifth H loss (m/z 162 — 161)
(30) Cy;3Hs" (23)— C3Hs' +H5 99.8 (4.33) -497.73
(31)  C;3Hg (23)— Ci3Hs" +H9 135.1 (5.86)
(32) Ci3He (23)— Ci3Hs™ +H1 147.2 (6.38)"
(33) Ci3He (23)—> Ci3Hs" +H2 154.0 (6.67)*
(34)  Ci;3Hs (23)—> Cj3Hs" +H3 149.5 (6.48)
(35) Ci3He (23)—> C;3Hs' +H4 148.6 (6.44)
Sixth H loss (m/z 161 — 160)
(36) Cj;3Hs* (30)— Cj3H," +H9 115.0 (4.98) -497.07
(37) Ci3Hs  (30)— Cj3H,™ +H1 113.0 (4.90)
(38) Ci3Hs' (30)—> Ci3H," +H2 113.6 (4.93)
(39) C;3Hs" (30)— Ci3Hy" +H3 112.7 (4.89)
(40)  C;3Hs™ (30)— Ci3H," +H4 113.5 (4.92)

* One negative frequency was found for the calculated product.

probable positions from which these hydrogens are lost. The following discussion refers
extensively to Table 3 and Figure 37.

Loss of first hydrogen

The C-H bond energies were calculated by determining the total energy of the
C3H,o" ion and subtracting this value from the total energy of the H + C3Ho" products.
The C-H bond energies are listed in Table 3. Figure 37 shows the calculated lowest
energy photoreaction pathways for sequential hydrogen loss. The C-H bonds (C-H9 and
C-H9’) on the five-membered ring are almost 50% weaker than the C-H bonds on the six-
membered rings. This bond energy (60.9 kcal/mol) is similar to the value found by
Bauschlicher for hydrogens bonded to the same carbon in the 1-hydronaphthalene cation

(62.09 keal/mol).'*
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Computation of the transition state (TS) involved in the abstraction of the H9’
atom revealed a point on the potential surface at essentially the same energy as the
dissociation limit of the C-H9” bond. This is not surprising since the optimized geometry
of the TS shows that the H9’ atom is 3.26 A from the sp® carbon and 2.12 A from the H9
atom, indicating that H9’ interacts only minimally with the rest of the ion. This situation
is similar to the abstraction of the hydrogen from the 1-position of 1-hydronaphthalene
cation, where a zero energy barrier was also found.'*°

Loss of second hydrogen

The most favorable route for the loss of the next hydrogen from C3Ho" with H9
removed) is the cleavage of the C-H6 (or equivalent C-H3) bond. (Since the fluorene
molecule is symmetric, it was arbitrarily chosen to remove the hydrogens from carbons 5-
8. The same results would apply to carbons 1-4.) This requires 4.88 eV, but this energy
is only ca 3% lower than cleavage of the C-H9 bond, suggesting that the H6 loss channel
(reaction (9) in Table 3) is only slightly more favorable than the channels in which the
other hydrogens are removed.

Loss of the third hydrogen

There are several different ways to lose the third hydrogen depending on the
configuration of the Cy3Hg" precursor ion. The preferred route uses the 164¢ form found
in Figure 37. The calculated C-H bond energy for hydrogens on the same ring varied
from 4.0 eV to 4.5 eV, while removing H9 required 5.8 eV.

If the first two hydrogens lost are H9 and H9’, the C-H bond energies at the HS —
H8 positions range from 5.2 to 6.4 eV as shown in reactions (19) — (22) of Table 3.

These energies are 30 and 59% higher, respectively, than the bond energies in the
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preferred reaction (12), indicating their probable low yield. (They are therefore not
displayed in Fig. 37.)

Abstraction of H8 from 164a, H7 from 164b, H6 from 164c and H5 from 164c
(all not displayed) require 4.5 ¢V, 5.04 eV, 4.5 ¢V and 5.0 eV energy, respectively.
These are significantly larger energies than those displayed for the third H loss in Fig. 37.
They also are expected to be low-yield routes. Finally, removal of the third hydrogen
from the same six-membered riﬁg requires lower energies than removal from the other
six-membered ring. As mentioned before, stripping hydrogen from the same ring
requires 4.0 to 4.5 eV, while stripping from the other ring requires 50-66% more energy
(cf. (15)-(18), Table 3).

In the third H loss step, only four forms (a, b, ¢, and d) of the m/z 164 precursor
were studied. Figure 37 shows eight energetically plausible reaction pathways starting
from these four precursors. C-H bond energies range from 3.94 to 4.25 eV. Table 3 lists
the energies of all the reactions that occur via reaction (7), involving only the m/z 164
(form c) precursor.

Loss of fourth hydrogen

Eight routes are possible for the loss of the fourth hydrogen. In this, as well as in
the second H loss step, the precursors are in their singlet ground states. The computed
C-H bond energies are higher by 15-24% (4.6 to 4.9 eV versus 4.0 eV) than the energies
in third and fifth H loss step, where the precursors are in doublet ground states. Again,
abstraction of the fourth H from the other six-membered ring (i.e., H1-H4), or the
abstraction of H9, require higher energies (between 6 to 9.3% more) than removing H5-

HS8 via the reactions displayed in Fig 37. This correlates well with the experimental data
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collected for reaction rates in Table 2. The rates for the loss of the second and fourth
hydrogen are much slower than for the loss of the other hydrogens.

Loss of fifth hydrogen

There are four reaction channels from four different C;3Hg" isomers that are
favored for the removal of the fifth hydrogen (cf. Figure 37). The removal of H from the
same ring of the ion requires 4.1 to 4.3 eV. Removal of the fifth hydrogen from the other
six-membered ring requires 35-47% more energy and is therefore much less likely (cf.
(31)-(35), Table 3).

Loss of sixth hydrogen

The observed loss of only 5 hydrogens is understandable now, since the C-H bond
energies calculated for the m/z 161 (C;3Hs") species (sixth H loss in Table 3) are high
(over 4.89 eV). On the other hand, other photoproducts are observed which originate
from the m/z 161 species. These decomposition pathways, involving loss of neutral
C,H,, C4H,, CsHy, CgHy, species, are energetically more favorable than loss of another
hydrogen. These products are discussed in the next section.

In summary, the bond energies listed in Table 3 and Figure 37 indicate that the
first hydrogen removed from the fluorene cation is from the sp° carbon on the five-
membered ring, and the next four hydrogens come from one of the six-membered rings.
Loss of the sixth hydrogen is not energetically feasible under the photolysis conditions
used in the experiment.

Structural Integrity vs Ring Opening

Further photolysis of the dehydrogenated odd mass fluorene species (m/z 161,
163, 165) has been observed to produce a number of low-mass fragments. These low-

mass products cannot be satisfactorily understood starting from a fluorene-like
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Figure 38. Formation of cyclic m/z 163 (C13H7") and m/z 161 (C13Hs") ions by rupture of
the C,-Cy, and C~Cq4 bonds in the proposed ring-opening mechanism. The final lowest
energy photoproducts are formed via the opening of the specific bonds marked.
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framework. Production of all the product fragments can, however, be explained in a
consistent and plausible manner if one or more rings are assumed to open and C;Ho,
C,H4, and/or C,Hg, are ejected.

In the initial calculations, it was assumed that the m/z 165 precursor retains its
fluorene-like carbon framework. Then, the C,-Cy bond (for labels, cf. Fig 38) in the
C3Ho" ion was broken and the C,-Cy distance increased stepwise. Single point total
energy calculations were performed (B3LYP/4-31G) on the singlet potential surface for
each step. A plot of total energy vs. R (C,-Cy) distances showed a local maximum at R,
(Ca-Cp) = 1.93 A with a relative energy of +5.85 eV. For R>R,, total energies decreased
with increasing distance, indicating that C,3Ho" forms other, more stable structures that
are not fluorene-like in structure. However, the energies calculated are not expected to be
reliable, since geometries were not optimized at first. Calculations (B3LYP/4-31G) on
energetically-relaxed cyclic structures with the C,-Cy and C-Cqy bonds open for Cy5Ho",
Cy3H;" and CsHs' ions yielded total energies of +6.23 eV, +2.59 eV and —0.33 eV,
respectively, relative to the closed-bond fluorene forms. This suggests that ring opening
may occur in the Cj3H;" and Ci3Hs' singlet state ions when exposed to 5.5 eV energy
photons.'47 On the other hand, formation of monocyclic C3Hs" may also occur by the
stripping of two hydrogens from cyclic C3H;" (cf. Fig. 38). Thus, it appears possible
that both fluorene-like and cyclic isomers of C, 3H," and C3Hs" could be generated in the
FTICR/MS experiments.

Further Fragmentation

Although the earlier study''* with short photolysis exposures found only

dehydrogenated products, the present work has since determined that longer irradiation
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leads to other, lower mass products. Isolation and further photolysis of each of the
dehydrogenated product ions results in a set of unique lower mass products, as shown in
Figure 32. To rationalize the formation of these products, the strategy adopted was to
establish the lowest energy C-C bond-cleavage route that leads to the observed low-mass
products without requiring repositioning of any hydrogen atoms. The possible pathways
from each of the odd mass dehydrogenated precursors are discussed in turn below.

Photoproducts from the m/z 165 ion

Photolysis of the m/z 165 ion yields m/z 164, 163, 139 and 115 product ions
directly (cf. Fig 32). Breaking a pair of C-C bonds in the C;3Hy" species with ejection of
C,H,; and C4H; neutral fragments could lead to the observed m/z 139 (C, 1H7+) and m/z
115 (CoH;") ions. Further ejection of two C,H, fragments form the m/z 115 ion could
lead ultimately to the CsH3* (m/z 63) ion. However, the m/z 63 ion could also be formed
from the m/z 139 ion by ejection of C,H, and C4H; fragments. Isolation of the m/z 139
ion followed by further photolysis also produced the m/z 87 (C;H3"), 86 (C7H;"), and 85
(C7H") ions sequentially.

Photoproducts from the m/z 163 ion

Figure 32 also shows that photolysis of the m/z 163 ion produces m/z 162, 161,
89, and 87 product ions directly. They may result from ejection of H, H,, C¢H,, and
C¢Hy, neutral fragments. These products may be readily understood if one assumes that
the m/z 163 ion initially exists in four isomeric fluorene-like forms. As an example,
consider m/z 163c¢ and 163d isomeric precursors. The first has the H5, H8 and H9’
hydrogens removed, as shown in Figure 38. It may rearrange by breaking its internal
C.—Cp and C, — C4 bonds, to form a monocyclic ring which, upon absorption of more

energy, may break its C4 — Hy and C; — H, bonds to form cyclicm/z 161, Cis3Hs"
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Another photofragmentation scenario (Figure 39) is proposed for the m/z 163d
isomer. Since the placement of the hydrogens on the original fluorene-like framework is
different in this isomer, it is now possible, after ring opening, to eject two different C¢Hy
neutral fragments without any hydrogen relocations. This may occur by breaking either
the Cs — C,, Cq— C) bond set or the Cs — C7, C; — C3 bond set, both of which lead to a
different m/z 87 (C;H3") ion. One of these may then rearrange to form the lower energy
species having a “tadpole-like” shape (i.e., a three-membered ring attached to an
acetylenic carbon chain tail). Further photolysis may produce a seven carbon linear chain
with a terminal hydrogen.

A scheme for the m/z 89 cation production directly from m/z 163¢ precursor is
sketched in Fig. 40. The most stable form for this product ion is a six-membered ring,
formed by ring closure of the Cy carbon with the C. and Cy4 carbons, fused into a three-
membered ring. Further photolysis can form the m/z 63 product.

Photoproducts from the m/z 161 ion

Photolysis of the m/z 161 ion produces the m/z 135, 111, 87, and 63 products
directly (cf. Fig 38). Both the m/z 135 and 111 products lose three hydrogens
sequentially to yield the m/z 132 and 108 species, respectively. The m/z 87 product loses
two hydrogens to give the m/z 85 ion. This fragmentation sequence is understandable via
the scheme sketched in Fig. 39. The monocyclic ring form of the C;3H;" (m/z 163)
precursor initially loses two hydrogens (H1 and H4) to give C3Hs™ (m/z 161), which may
then decompose in one of four ways, i.e., by ejecting one of the neutral fragments C,Ho,
C4H,, CgH,, or CgH,. Ejection of C;H; leads to C; 1H;" (m/z 135) which then sequentially

photolyzes to cyclic C1;” (m/z 132). Ejection of C4H, yields CoHi" (m/z 111) and finally,
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Figure 39. Formation of m/z 87 (C7H;") and m/z 85 (C;H") from the m/z 163 (Table 3,
form 163d, C|3H7+) isomer.
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Figure 40. Formation of m/z 89 (C;Hs") directly from m/z 163 (Table 3, form 163c,
C 3H7+) isomer.

after the elimination of three hydrogens, to Co" (m/z 108). Removal of C¢H, from Cj3Hs"
leaves CsH;" (m/z 87), which then further loses two hydrogens to give C;H' (m/z 85).
Stripping of CsH; from C3Hs" leaves the CsHs" (m/z 63) product.

The most stable geometries of the initial precursors (m/z 166, 165 and 161) and
the final photodecomposition products have been calculated and are shown in Figures 41
and 42. CsHj", like its larger cousin, C-H;", has a tadpole-like structure, while C/H'
prefers a linear acetylenic form with hydrogen at one end. The pure carbon products, Co"

and C;;", have been studied previously by Giuffreda et al.'"*® and Bowers and
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coworkers.'*”'**  Different calculations (using B31YP/cc-pVDZ, B3PW91/cc-pVDZ and
CCSD(T)) indicate that both these species are probably monocyclic. However, a linear

structure for Co” is not excluded, since its energy lies only 1.7 kcal/mol (B3LYP) or 13.1

kcal/mol (CCSD(T)) above the monocycle (Cyy, ’B)) form.'*®
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C,sH,," (m/z=165)

Figure 41. Optimized geometries for: (a) fluorene cation (Ci3Hio", m/z 166), (b)
fluorene cation fragment with H9’ loss (C13H9+, m/z 165), (c¢) fluorene cation fragment
with 5 H (H9’, H8, H7, H6 and H5) loss (Ci3Hs', m/z 161).
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Figure 42. Optimized structures (B3LYP/6-31G(d, p) level) for the m/z 63, 85, 87, 89,
and two different m/z 161 cations proposed as photolysis products of the fluorene cation.
The bond lengths are in angstroms and angles in degrees. These are the lowest energy
isomers found on the potential surface. The calculated energy of the m/z 161 cyclic
isomer is 0.698 eV above the chain-triangle-ring structure.




CHAPTER 4
ABSORPTION SPECTRA OF FLUORENE CATION

To identify the species responsible for the unidentified infrared absorption bands,
IR emission spectra must be obtained in the gas phase at temperatures and conditions
appropriate to the interstellar medium. While this is currently not possible in the
laboratory, many approaches have been attempted. The principal one has been to isolate
molecules (or ions) in rare-gas matrices such as argon or neon. Vala and coworkers have
obtained many spectra of PAH cations such as naphthalene, anthracene, pyrene, perylene
and coronene in argon matrices.” " '** Allamandola and coworkers have also undertaken
a program to analyze PAHs in neon matrices and have recorded spectra for 23 neutral and
19 cationic species.” ' 1

One of the problems with spectra obtained in this manner is that no matter how
“non-perturbing” the matrix is, it will still have an effect on the spectra compared to the
gas-phase. Progress is being made in this direction however. Allamandola and
coworkers obtained the gas phase spectrum of the naphthalene cation by cavity ring-
down spectroscopy in a continuous supersonic slit jet coupled with an electronic
discharge.”® Brechignac and Pino have also obtained spectra of the phenanthrene cation

in a supersonic pulsed jet.” % Neither method is simple, however, and results may still be

affected by inhomogeneous broadening.
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Action Spectrum of Fluorene Cation

The method employed in this study to obtain the absorption (action) spectrum of
the fluorene cation involves monitoring the mass abundance of a dehydrogenated product
ion while varying the irradiation wavelength. A small, fast monochromator (Farrand,
0.25 m) was used in conjunction with the xenon arc lamp. By scanning all wavelengths,
an action spectrum may be generated. The original goal was to obtain spectra of all of
the dehydrogenated fluorene ions, but the flux of the lamp after passing through the
monochromator was too low.

Isolated m/z 166 fluorene ions were trapped in the FTICR and irradiated by the
output of the monochromator for periods of up to eight seconds. The monochromator
wavelength was increased by 2.5 nm intervals between 250 and 700 nm (14000 to 40000
cm™). The results are shown in Figure 43. A broad peak is seen at ca. 617 nm along with
another, more intense peak at 372 nm. This spectrum mimics reasonably well (cf. Figure
44) the electronic absorption spectrum in a rigid matrix reported previously by Shida. 136
The presence of two widely separated peaks suggests that excitation proceeds from a
groun electronic state to two differnet excited electronic states. It can thus be concluded
that excitation into either electronic state leads to dehydrogenation.

At 372 nm, the photon energy is 3.3 eV while at 617 nm it is only 2.0 eV. It was
previously shown in Chapter 3 that the bond energy of the first hydrogen lost is 2.64 eV.
This would indicate that the photons in the near-UV range could dissociate fluorene with
a single photon while those in the red range would require multiple photons. This would
explain the lower intensity and the loss of resolution of the absorption feature around 617

nm compared to Shida’s spectra.
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Fluorene Cation H Loss Action Spectrum
(in vapor phase at 300K)
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Figure 43. FTICR "action" spectrum obtained by monitoring the m/z 165 ion mass peak
and scanning the irradiation wavelength with a monochromator / Xe lamp combination.

Fluorene Cation in s-Butyl Chloride
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Figure 44. Absorption spectrum of the fluorene cation in a sec-butylchloride solid matrix
at 77K. Adapted from Shida'*®.
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Laser Induced Action Spectrum

It was of interest to better resolve the absorption features in Figure 43. This was
accomplished using a TDL50 Nd:YAG pumped dye laser (Quantel), using the dyes
Rhodamine 590, 610, 640 and DCM.

The experimental sequence consisted of 1) an isolation pulse (to isolate the m/z
166 ion and ensure that no m/z 165 ions were present from electron ionization), 2) a laser
trigger pulse (to fire the laser 10 times at a rate of 9 Hz) and 3) normal excitation and
detection pulses.

The laser power (532 nm) was 325 mJ (pulse width approximately 10 ns), while
the dye laser output was approximately 60-70 mJ. However, because of safety
considerations, the laser output could not be directed in a straight line to the window of
the FT-ICR. A series of four prisms was required to transfer the laser beam
approximately 14 meters to the window of the FT-ICR mass spectrometer. This resulted
in a severe degradation (to ~8mJ) of the dye laser power. This loss also degraded the
useful wavelength range of the dyes to 10-15 nm. A power meter was used to measure
the power of the laser pulse for each wavelength at the entrance to the FT-ICR
instrument.

Since the power was not constant, it was important to ensure that the response of
the system was linear at varying levels of power. Calibration curves were obtained for 1-
10 laser pulses at the peak wavelength for several of the dyes (cf. Figure 45, 46). The
calibration curve for a mixture of Rhodamine 610/640 at 600 nm at the normal operating
pressure of 3 x 1078 torr displays large scatter. By lowering the pressure to 1.5 x 107 torr,
a calibration curve obtained at the same conditions produces a linear response (cf. Figure

46). All experiments were performed at this reduced pressure.
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Figure 45. Calibration curve (% dissociation vs number of laser pulses) obtained at 600
nm at a pressure of 3 x 10 torr.
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Figure 46. Calibration curve (% dissociation vs number of laser pulses) obtained at 600
nm at a pressure of 1.5 x 107 torr.
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The useful ranges for each dye are shown in Table 4. Two different proportions
of the R610/R640 mix were used to cover a broader range. The first mixture had a higher

proportion of R610 compared to the second mixture.

Table 4. Laser dyes and their useful ranges.

Dye Wavelength Range (nm)
R590 577-587
R590/R610 587-600
R610 593-599
R610/R640 #1 595-606
R610/R640 #2 607-615
R640 608-612
DCM 622-630

The percent dissociation was determined by dividing the m/z 165 signal by the
sum of the m/z 165 and m/z 166 signals. The result was then normalized by the
measured power and the wavelength. The spectrum was scanned in one nm steps. Each
section of the curve represents the use of a different dye and is the average of at least two
different readings.

The results, in Figure 47, show two peaks, the first at ~602 nm, and the second
one is ~617 nm. This does match well with the previous results using the monochrom-

ator and lamp.
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Hydrogen Loss from Fluorene lon in the Gas Phase
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Figure 47. FTICR action spectrum obtained by monitoring the m/z 165 ion mass peak

and scanning the irradiation wavelength with the dye laser.

Experiments were also performed to determine the absorption spectra for the

dehydrogenated fluorene ions. No dissociation was observed in the 577-630 nm range.

This could be due to either the power being too low to effect dissociation or the

absorption spectra being shifted for the dehydrogenated ions.

The spectra obtained with the monochromator/xenon arc lamp and the dye laser

eliminate the perturbation effects seen in spectra obtained by isolation of ions in rare-gas

matrices. Broad absorption peaks were observed at ~372 nm and ~617 nm with the

monochromator, while the dye laser was able to resolve this upper peak into two peaks at
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~600 and ~615 nm. Results with the dye laser could be improved dramatically if the use
of prisms could be eliminated. The higher power would not only increase the amount of

dissociation, it would also increase the usable range for each dye.




CHAPTER 5
ION-MOLECULE REACTION PRODUCTS OF FLUORENE

Aggregate Formation

Although detailed studies of ion-molecule reactions involving fluorene are rare,
they may be of importance in the formation of larger PAHs in the interstellar medium.
Kage'* noted the presence of ion-molecule reaction products for fluorene but was unable
to deduce the formation mechanisms.

Aggregates are observed from ion-neutral molecule reactions that take place when
delay times are introduced after trapping of a particular ion in the FT-ICR cell. Masses
of these aggregates of the fluorene ion and its dehydrogenated photoproducts range from
m/z 226 to m/z 331 and form with apparently rather high efficiencies. Interaction rate
constants of the order 10" cm?/s (for reaction of the m/z 166 ion with neutral fluorene)
can be approximated.'>”'*® At an operating pressure of 4 x 10°® torr, this translates into
2.3 collisions per second. For typical delay times of four seconds, ca. nine collisions are
thus expected. The ease with which aggregate product ions are observed (cf. Fig. 48)
indicates a high reaction efficiency between neutral and ionic reactants.

In Figure 48 are shown the photo-degradation and photo-aggregation products
obtained after four seconds irradiation of the parent m/z 166 ion followed by a four
second delay. Figure 49 is an expansion of Figure 48 showing the aggregation preducts.
Specific groups of aggregates with differing (and usually even) numbers of carbon atoms

and hydrogen atoms are easily discerned.
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Figure 48. FTICR mass spectrum of photolysis products after a four second irradiation of
the m/z 166 ion and four second reaction delay.
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Figure 49. Expansion of Figure 48 showing aggregate products only.
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Two mechanisms for the production of fluorene aggregates are possible. In the
first, a dimer-like ion with m/z values in the range 327-332 could form from the reaction
of one of the m/z 161-166 precursor ions and neutral fluorene. Figure 50 illustrates the
products of this reaction. Irradiation of these larger ions might then produce lower mass
jons by ejecting CoH, or C, fragments and various numbers of hydrogens. Figure 51, in
which ions in the range m/z 316-328 were isolated and further irradiated for four seconds,
shows, however, that lower mass fragments are not produced. Only dehydrogenation
occurs. The predominant peak is now m/z 324, formed by a loss of three hydrogens from
the m/z 327 ion. All of these aggregates have the formula Ca6H,', where n=4 to 16.

The lack of lower mass fragments points to a second possible mechanism.
Aggregates may form from reactions of initial low-mass photoproducts and neutral
fluorene. Figure 52 shows that this is indeed the case. The photolysis products between
m/z 50 and 159 were isolated and all others ejected. After a reaction delay of four
seconds, all aggregate groups are now observed, except for m/z 320-3 30. This latter
group is not expected to form since the m/z 161-166 ions were ejected and thus not
available for reaction. The presence of the m/z 166 ion is due to charge transfer. (It will

be shown later that the m/z 166 ion cannot react with neutral fluorene.)

Source Of Photoaggregates

In the experiment described above, in which a broad range of ionic fragments
(m/z 50 to 159) was selected and allowed to react, no specific information about which
jon(s) led to what aggregates was obtained. To secure these data, each group of primary
photolysis products was isolated in turn and allowed to react for four seconds before

excitation and detection. Only groups with odd numbers of carbons were isolated, since
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Figure 50. FTICR mass spectrum of the ion-molecule reaction products of isolated m/z
161-166 after a four second reaction delay.
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Figure 52. FTICR mass spectrum of the ion-molecule reaction products of isolated m/z
50-159 after a four second reaction delay.

the abundance of groups with even numbers of carbons was too low to give meaningful
results. In addition, the photostabilities of the aggregates were determined by isolation
and photolysis (for four seconds) of each aggregate group in the m/z 180 to 330 range.

The results for each ion group will be discussed in turn below.

CsH," lons (m/z 62-68)

Although m/z 63 (CsH3") is the primary ion in this grouping, minor fragments at
m/z 64, 65, and 67 are also present. Figure 53 indicates an ion-neutral reaction taking
place with m/z 63 to form m/z 226-230. The direct product is m/z 229 (63+166=229)
with some m/z 230 forming from a reaction with a fluorene neutral having a 13C isotope
(63+167=230). All of the fragment ions have been photolyzed from the mass-selected
m/z 166 parent fluorene ion so all contain only 12C isotopes. However, the neutrals have

the normal isotopic distribution for carbon. Since fluorene has 13 carbons, 14% of them
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Figure 53. FTICR mass spectrum of the ion-molecule reaction products of isolated m/z
52-68 after a four second reaction delay.
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will have a mass of 167 while only 0.16% of them will have a mass of 168. The m/z 229
ion may also eject three additional hydrogens during this reaction to form m/z 226. The
aggregates formed in this reaction have the formula CisH,", where n=12 to 15.

Isolation and photolysis of the aggregates in the CygH," group resulted only in
further dehydrogenation (cf. Figure 54) The primary peak is still at m/z 226 (CsHo"),
but the products range from CisHs" to CisH;o". The m/z 227 peak is presumed to be due
to a '°C isotope.

C;H," (m/z 84-92)

Ions in the m/z 84-92 range (where the primary ions are m/z 87 and m/z 89)
reacted with fluorene to form aggregates in the m/z 250 to m/z 255 range (cf. Figure 55).
The isolation of m/z 87 with a four second reaction delay is shown in Figure 57. As
expected, m/z 253 is present (87+166=253). It appears that one hydrogen is easily
ejected during this process to also form the predominant peak at m/z 252.

The m/z 89 ion case is more interesting, as shown in Figure 58. The expected
peak at m/z 255 (89 + 166) is observed, but the single-hydrogen-loss peak at m/z 254 is
absent. This contrasts with the reaction involving the m/z 87 ion, whose aggregate
product easily loses a hydrogen.

Figure 58 glso shows a peak at m/z 240, which was initially seen in Figure 52.
This product ion is now known to result from the reaction of the m/z 89 ion with neutral
fluorene. During the aggregation process, a carbon and three hydrogens are ejected to
form the CjoH)," ion. The m/z 87 ion did not form this aggregate, giving a further
indication that the m/z 87 and m/z 89 ions have different structures, as mentioned in
Chapter 3. The aggregates formed in this reaction have the formula CyoH,,", where n=10

to 15.
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Figure 55. FTICR mass spectrum of the ion-molecule reaction products of isolated m/z
82-92 after a four second reaction delay.
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Figure 57. FTICR mass spectrum of the ion-molecule reaction products of isolated m/z

87 after a four second reaction delay.

89

V
Q
=
<
o
=
=
¥e)
<
o 240 245 250 255
=
o)
~
Q8 i
2 2 9
~ [\
TN} l o L o i L AL ;AL

piray el A ey o it

80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260
m/z

Figure 58. FTICR mass spectrum of the ion-molecule reaction products of isolated m/z
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The isolation and further irradiation of m/z 244-253 aggregates is shown in
Figure 56. Dehydrogenation is the primary process, with the most intense peak moving
from m/z 252 to m/z 250. The smallest ion in this group is m/z 244, CyHy, with the
largest ion at m/z 252, CooH;5". A slight amount of m/z 220-226 is present, indicating C,
or C,H, fragment ejection.

CoH,,' (m/z 108-115)

This group of ions contains nine carbons and up to seven hydrogens. It was
shown in Chapter 3 that m/z 111 will dehydrogenate completely with irradiation to Cy'.
Figure 59 shows the primary ions are m/z 111, m/z 113, and m/z 115. After four seconds
of reaction delay, ion-neutral reactions have formed ions at m/z 272 to m/z 281 with the
most abundant at m/z 276. Independent experiments confirm that m/z 111 reacts to form
m/z 276 and m/z 277 while m/z 113 is unreactive. Ions of m/z 115 react to produce
primarily m/z 278, (an ion-neutral reaction ejecting three hydrogens), and a small amount
of m/z 281. The aggregates formed have the formula CyH,", where n=8 to 17.

Figure 60 shows the photolysis products of the isolated m/z 267-277 ions.
Significant dehydrogenation occurs, with an end product of m/z 266, C»H,". However,
even greater fragmentation takes place for this group. C, or C;H; fragments are ejected
during irradiation to form m/z 246 and m/z 248 ions. Two rather unusual peaks are seen
at m/z 216 and a smaller amount at m/z 217. These correspond to the Cs and CysH'
ions. Since these were not observed in Figure 56 (photolysis of the CyoH," ions), it is

presumed they are formed by the ejection of a C4Hy fragment.
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Figure 59. FTICR mass spectrum of the ion-molecule reaction products of isolated m/z
108-115 after a four second reaction delay.
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CiH,' (m/z 132-141)

The next set of ions is more diverse, including m/z 132, m/z 135, m/z 137 and m/z
139, all as major ions. After a four second reaction delay, aggregates with m/z 297-306
are formed (cf. Figure 61). The most intense peak is observed at m/z 298, which is the
addition of neutral 166 to m/z 132. A slight peak at m/z 297 represents the loss of a
single hydrogen. M/z 139 clearly reacts to form m/z 305. Although the abundance of the
m/z 139 ion is the largest in this group, the abundance of its aggregate product, m/z 305,
is much smaller. This may indicate a smaller reaction rate for the aggregation of m/z 139
compared to m/z 132. The aggregates formed in this reaction have the formula Cy4H,",
where n=9 to 18.

The interesting feature in the photolysis of the isolated aggregates is the large
amount of dehydrogenation (Figure 62). Only m/z 286-302 ions were included in this
isolation group. Because of significant dehydrogenation, two different groups overlap
each other at the larger masses so that m/z 305 was actually included in the next higher
group. For this isolation, the most intense peak is at m/z 300 (Co4Hi2"), but full
dehydrogenation down to m/z 288 (Cas") is clearly visible. No C, or C;H; ejection was
observed.

CisHy' (m/z 161-166)

For this group of ions, m/z 161-166 ions were isolated individually and allowed to
react during a four second delay time. Figure 63 shows the reaction of m/z 161 to form
m/z 326 and m/z 327. The 327 is a straight addition of neutral 166 (161 + 166 = 327).
The aggregation of m/z 162 is a little more interesting (cf. Figure 64). Straight addition

of neutral fluorene should yield m/z 328, but its intensity is very small. The major
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Figure 61. FTICR mass spectrum of the ion-molecule reaction products of isolated m/z
131-141 after a four second reaction delay.
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Figure 62. FTICR mass spectrum of photolysis products after four seconds of irradiation
of isolated m/z 286-302.
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Figure 63. FTICR mass spectrum of the ion-molecule reaction products of isolated m/z
161 after a four second reaction delay.
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Figure 64. FTICR mass spectrum of the ion-molecule reaction products of isolated m/z
162 after a four second reaction delay.
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products are m/z 326 and m/z 327. M/z 162 has three radical carbons on one ring along
with one hydrogen. This lone hydrogen is probably ejected during the reaction to form

m/z 327. The m/z 326 ion probably results from the loss of one hydrogen from the neu-
tral species.

Figures 65 and 66 show the products of the reaction of m/z 163 and m/z 164,
respectively. A peak with very small intensity appears at m/z 329 for m/z 163, which is a
straight addition of fluorene neutral with no hydrogen loss. M/z 164 also shows straight
addition to form a small intensity peak at m/z 330.

M/z 165 is relatively unreactive but a slight peak is observed at m/z 331 as well as
an even smaller intensity ion formed at m/z 330 representing the loss of one hydrogen (cf.
Figure 67). No aggregate ions are formed during the reaction of m/z 166 with a neutral
(cf. Figure 68).

The aggregation products and their photolysis products are summarized in
Table 5. Key observations include:

1. All groups form aggregates by reacting with a fluorene neutral molecule.

2. All aggregate products exhibit significant dehydrogenation during irradiation.

3. The aggregate products from only two groups (C;H," and CoH,") eject minor

amounts of C;, or C;H, fragments during irradiation.

4. The aggregate formed from the CoH," group may eject a C4H,,.

5. Only one ion, C;Hs", ejects a carbon during aggregation.
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Figure 65. FTICR mass spectrum of the ion-molecule reaction products of isolated m/z
163 after a four second reaction delay.
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Figure 66. FTICR mass spectrum of the ion-molecule reaction products of isolated m/z
164 after a four second reaction delay.
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Figure 67. FTICR mass spectrum of the ion-molecule reaction products of isolated m/z
165 after a four second reaction delay.
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Figure 68. FTICR mass spectrum of the ion-molecule reaction products of isolated m/z

166 after a four second reaction delay.
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Table 5. Summary of the aggregates formed during a four second delay time (column 3)
with their formulas. The last column lists the photolysis products of the isolated
aggregates after four seconds of irradiation.

Aggregate
Isolation Aggregates Aggregate photoproducts
Group Primary Ions (4s rxn delay) Formula (4s of irradiation)
CsH," 63 226-230 CisHy" (n=12-15) C;sH," (n=4-12)
C/H," 87, 89 250-255 CaoHn" (n=10-15)  CyoH," (n=4-12)
CisH,™ (n=4-10)
240 CioHpn" -
CoH," 111, 113,115 272-281 CpH," (0=8-17)  CpH," (n=2-12)
CyoH," (n=6, 8)
Cis’, CisH"
CiH," 132-140 297-306 CyHy' (n=9-18)  CoH," (n=0-14)
C3Hs" 161 326, 327 CasHy' (n=14,15) | CoeH,' (n=4-16)
C3He 162 326-328 CyHy' (n=14-16)
CisH;" 163 329 CasHi7"
Ci3Hg" 164 330 CosHis"
Ci3Ho 165 330, 331 CyH,'" (n=14,15)
CisHio" 166 None None




CHAPTER 6
PHOTOLYSIS OF NAPHTHALENE AND 1,2-BENZANTHRACENE

Many photolysis studies have been performed on naphthalene neutrals and ions
(for its molecular structure cf. Figure 69). Most recently, Oomens et al."” determined the
infrared spectra of gas-phase naphthalene cations by infrared photodissociation. Other
studies include determination of the structure of the product ion formed after acetylene
loss from the naphthalene cation,''! photofragmentation in the energy range of 7-22 ev,'"
and the determination of C—H bond strength of the naphthalene cation. 10 However,
very little work has been done on the photoaggregation of naphthalene. Two

2 . . . ) .
161,162 ipvolving naphthalene aggregation have, however, been done in connection

studies
with the 2175 A interstellar extinction feature. However, beyond recognizing that

aggregates are formed, specific mechanisms were not identified.

Naphthalene (C,,Hyg) 1,2-Benzanthracene (C,gH,,)
MW =128 amu MW =228 amu

Figure 69. Molecular structures of naphthalene and 1,2-benzanthracene.

Studies on the photoaggregation of 1,2-benzanthracene (for its molecular structure

cf. Figure 69) are even fewer. Using dehydrogenated 1,2-benzanthracene, Guo,

.
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Grutzmacher and Nibbering'® performed ion-molecule reactions with benzene. Ekern et

al."" have investigated the fragmentation of 1,2-benzanthracene.

Naphthalene

Figure 70 shows the mass spectrum of the parent naphthalene ion after irradiation
with a xenon arc lamp (for 7s). Figures 71 and 72 are expanded views of the fragments
and products of ion-molecule reactions, respectively. While Ekern et al.'"* found
naphthalene to be totally destroyed by irradiation after only 0.5 seconds, these figures
show a much softer photolysis with less fragmentation. This is probably due to different
intensities of the xenon arc lamp. However, many of the same fragments are observed,
including ions located at m/z 102 and 76, which indicate the loss of one and two

acetylene fragments (CoHy), respectively. New fragments are found at m/z 89, 91 and
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Figure 70. FTICR mass spectrum of photolysis products and ion-molecule reaction
products after a seven second irradiation period of the m/z 128 ion.
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Figure 71. Expansion of the lower mass range of Figure 70 showing fragmentation
products only.
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products only.
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115. A wealth of ion-molecule reaction products are found, ranging from C;,H, up to the
“dimer-like” ion at CyoH,. Each of these groupings will be examined in turn.

CioH," (m/z 126-129)

This group, which includes the parent naphthalene ion (m/z 128), contains 10
carbons. The naphthalene cation is seen to lose only two hydrogen atoms upon
photolysis (cf. Figure 73), which is markedly different behavior from fluorene, which
may lose up to five hydrogens. The ion at m/z 129 contains a 13C isotope.

Each of the ions (m/z 128, m/z 127 and m/z 126) was studied individually and revealed
interesting differences. After isolation and irradiation (for 3s), the first ion (m/z 128)
shows fragments at m/z 115 (loss of CH), m/z 102 (loss of C;H;) and m/z 76 (loss of two
acetylenes) as shown in Figure 74. Additional experiments were performed to determine
the origin of the m/z 76 ion. It was found that the m/z 76 ion forms directly from the m/z
102 species, signaling a sequential loss of acetylene from the parent.

In Figure 75, the isolated m/z 128 ion was subjected to a four second reaction
delay to induce aggregate formation. However, none was observed. This result was not
unexpected, since no aggregates were observed for ion-molecule reactions of the parent
fluorene 1on either.

The m/z 127 ion was isolated and irradiated for three seconds (cf. Figure 76).
Lower mass fragments were observed at m/z 126 (H loss) and m/z 115 (C loss). The
carbon that is fragmented is the most likely the same one that has already lost the
hydrogen, since otherwise, a peak would be observed at m/z 114, representing the loss of
CH. No acetylene loss occurs. Higher mass products are found after a reaction delay

time of only two seconds (cf. Figure 77). The addition of the m/z 127 ion to neutral
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Figure 73. FTICR mass spectrum of photolysis products of m/z 128 after seven seconds
of irradiation, showing a maximum dehydrogenation of two.
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Figure 74. FTICR mass spectrum of photolysis products after three seconds of irradiation
of the isolated m/z 128 ion.
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Figure 75. FTICR mass spectrum of the ion-molecule reaction products of isolated m/z
128 after a four second reaction delay.
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Figure 76. FTICR mass spectrum of photolysis products after a three second irradiation
of the m/z 127 ion.
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Figure 77. FTICR mass spectrum of the ion-molecule reaction products of isolated m/z
127 after a two second reaction delay.

naphthalene yields an aggregate at m/z 255 (m/z 256 contains a 13C isotope of the
neutral). Loss of two hydrogens from this aggregate also forms m/z 253. A peak at m/z
240 is the loss of C + 3H from m/z 255 or CH from m/z 253. (This is very similar to the
jon-molecule reaction observed for the m/z 89 fluorene fragment in Chapter 5. It also
aggregated to form m/z 255 and m/z 240.) The dehydrogenated radical carbon must be
fairly unstable if it is ejected during a simple ion-molecule reaction without any
photolysis.

The isolated ion at m/z 126 is very unreactive, as shown in Figures 78 and 79.
Photolysis for three seconds does not form any fragments, while four seconds of reaction
delay do not form any aggregates. Only charge transfer to form m/z 128 is seen. This

stability may be the result of triple bond formation between two adjacent carbons that




103

126

Relative Abundance

) N T T P LI [ DT U U PRV THT Y VRN WO S THGVON gl e ) o T VoY ) Lkl ddoa .2 U
50 55 60 65 70 90 95 100 105 110 115 120 125 130
m/z

Figure 78. FTICR mass spectrum of photolysis products after a three second irradiation
of the m/z 126 ion.
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Figure 79. FTICR mass spectrum of the ion-molecule reaction products of isolated m/z
126 after a four second reaction delay.
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have lost hydrogens. Since there are no radical sites present on the naphthyne species, it
would be expected to have the same reactivity as the parent naphthalene ion, i.e. no ion-
molecule reactions. Although unverified at this time, ring opening may occur to relieve

the strain of the triple bond.

CsHe (m/z 102)

The next group consists of a single ion (m/z 102) that contains 8 carbons.
Photolysis of this ion for three seconds (cf. Figure 80) reveals one product peak at m/z 76
(loss of C;H;). No dehydrogenation occurs. This can be explained by the rearrangement
of the molecule to form benzocyclobutadiene. Similar to the m/z 126 and m/z 128 ions,
this molecule has no radical sites so no aggregate products would be expected. Figure 81
reveals this to be true. The only visible product is the m/z 128 ion, formed by charge
transfer of the m/z 102 ion with naphthalene neutral. Without the postulated ring closure,

aggregate products would be expected to form.

CeHy' (m/z 76)

Although the abundance of the m/z 76 ion is fairly low (cf. Figures 70 and 71),
meaningful results were obtained by using carefully controlled ejections. As discussed in
the previous section, the m/z 102 ion photolyzes to form the m/z 76, product but no
aggregates. Figure 82 shows that irradiating the isolated m/z 102 ion while ejecting m/z
76 results in no fragments or aggregates. The results of photolysis of the isolated m/z
102 ion, without the ejection of the m/z 76 ion, are shown in Figure 83. Since m/z 102 is
non-reactive for the formation of aggregates, any products formed must be due to m/z 76.
A group of ions with high abundance in the range m/z 200 to m/z 204 is seen. The high-
est mass ion, m/z 204, results from the addition of neutral naphthalene (76 + 128), while

m/z 202 and m/z 200 represent the loss of two and four hydrogens, respectively. An
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Figure 80. FTICR mass spectrum of photolysis products after a three second irradiation
of the m/z 102 1on.
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Figure 81. FTICR mass spectrum of the ion-molecule reaction products of isolated m/z
102 after a four second reaction delay.
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Figure 82. FTICR mass spectrum of photolysis products after a two second irradiation of
the m/z 102 ion while ejecting m/z 76-78.
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Figure 83. FTICR mass spectrum of photolysis products and ion-molecule reaction
products after a three second irradiation of the m/z 102 ion.
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Figure 84. Proposed mechanism for the ion-molecule reaction of the m/z 76 ion to form
m/z 202.

ion-molecule reaction between the m/z 76 ion and neutral naphthalene could form
fluoranthene (C¢H ) while ejecting two hydrogens (cf. Figure 84).

CaoH,' (m/z 250-255)

The photostability of the aggregates was of particular interest. Although the m/z
255 ion is the direct aggregate formed (127 ion + 128 neutral), it quickly dehydrogenates
to m/z 252 and m/z 250 (cf. Figure 85). Single carbon loss is observed, along with
dehydrogenation, to form ions at m/z 237 and 239. A single peak at m/z 226 is also
observed, indicating acetylene loss from m/z 252 or C; loss from m/z 250. Further

experiments will be required to resolve these two possibilities.

CioH,' (m/z231-243)
The relative abundance of this group is rather surprising since it has an odd
number of carbons. For fluorene, the abundance of aggregates of this type was fairly

low. The primary effect of irradiation on this group of ions (cf. Figure 86) is
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Figure 85. FTICR mass spectrum of photolysis products after two seconds of irradiation
of isolated m/z 249-256 ions.
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Figure 86. FTICR mass spectrum of photolysis products after three seconds of irradiation
of the isolated m/z 231-241 ions.
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dehydrogenation to ions C gH,", where n=3 to 12. Some acetylene loss is observed with
peaks at m/z 211 and 213. Interesting peaks are also observed at m/z 180 (Cis") and m/z
181 (C;5H+). The loss of a C4Hy fragment from m/z 233 could form m/z 181. This
indicates that the lowest energy photofragmentation route is dehydrogenation until this

mass is reached, after which C4H,4 can be ejected.

CisH,' (m/z 224-228)

The only source for this group of ions containing 18 carbons, is acetylene loss
from the naphthalene “dimer” ion. Figure 87 shows this group to be very stable except
for dehydrogenation. The most abundant ion is m/z 226 (C1sH;0") with a smaller peak at

m/z 224 (C1sHg"). No acetylene fragmentation is observed.
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Figure 87. FTICR mass spectrum of photolysis products after three seconds of irradiation
of the isolated m/z 224-230 ions.
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CieH,' (m/z 198-204)

This group of ions is only formed via an ion-molecule reaction from m/z 76. By
comparing the relative abundances of m/z 76 and this group of ions (cf. Figure 70), it
appears that this reaction occurs with great efficiency. The m/z 76 ion is not visible
while m/z 202 is the most abundant ion, after the naphthalene parent (m/z 128). The
Jargest aggregate that can be formed is m/z 204 (76 + 128) but this quickly
dehydrogenates to m/z 202 (cf. Figure 88). Further dehydrogenation to m/z 200 and m/z
198 is also visible. A very small peak at m/z 176 is visible showing C; or acetylene loss

from m/z 200 or m/z 202, respectively.
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Figure 88. FTICR mass spectrum of photolysis products after four seconds of irradiation
of the isolated m/z 198-206 ions.
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Naphthalene Summary

A flowchart with the observed reactions is shown in Figure 89. Compared to
fluorene, it is relatively straightforward. Naphthalene will lose a maximum of two
hydrogens. The m/z 128 ion will photolyze to form m/z 115 (CH loss) and m/z 102
(C,H; loss) while the m/z 127 ion will only fragment to form m/z 115 (C loss). The m/z
126 ion does not produce photo-fragments. This stability may be the result of the
formation of a naphthyne species.

The m/z 128 ion does not produce aggregates while the m/z 127 ion produces
several, including m/z 255 and m/z 253. A peak at m/z 240 is the loss of C + 3H from
m/z 255 or CH from m/z 253 during formation of the aggregate. The m/z 126 ion does
not form any aggregates. Again, this stability may be due to the formation of a triple
bond, eliminating any radical sites on the ion.

The m/z 102 ion will photodissociate to form the m/z 76 ion (C;H; loss) but will
not form aggregate products. No acetylene loss from the m/z 76 ion was observed, but
the m/z 202 aggregate product, (possibly the formation of fluoranthene), was very
abundant.

All aggregate products dehydrogenated to some extent when irradiated. CgH,"
was the only group that did not lose acetylene upon photolysis. CyoH," was the only

group that lost CH.
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Figure 89. Proposed fragmentation and ion-molecule reaction pathways for naphthalene.
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1.2-Benzanthracene

Previous work by Ekern et al.'" found that upon irradiation, 1,2-benzanthracene
dehydrogenated and lost one acetylene. Figure 90 shows the results of photolysis for
nine seconds of the parent ion (m/z 228). The Ekern results are confirmed in this figure.
The 1,2-benzanthracene ion is much more stable than fluorene or naphthalene, as
evidenced by the rather low abundance of lower mass fragment peaks after significantly
longer irradiation. However, Figure 91, showing the expansion of the photolysis
products from Figure 90, reveals more detail. Not only is acetylene loss visible (m/z
202), but single carbon loss to m/z 215, as well as the loss of three, four, five and six
carbons, is clearly visible.

A time dependent study of the fragmentation of the m/z 228 ion is shown in
Figure 92. Ions with the same number of carbons were grouped together and tracked as a
function of irradiation time. Steady-state is achieved after irradiation for only two
seconds. The abundance of the parent Cg group is still 80%, indicating the relative
stability of 1,2-benzanthracene. Figure 93 is an expansion of the smaller intensity groups
shown in Figure 92. There is a slight decrease in the most abundant group, Cys, from
nearly 12% down to 10%, but all others remain constant at abundances of 1-4%.

Hydrogen Loss

1,2-benzanthracene dehydrogenates much more completely than either fluorene or
naphthalene. Figure 94 shows that 8 of the 12 hydrogens may be lost due to photolysis,
although the loss of only two hydrogens is dominant. The loss of hydrogen in pairs
appears to be a stabilizing effect since the relative abundance of ions of even m/z is

higher.
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Figure 90. FTICR mass spectrum of the photolysis products after irradiation of the m/z
228 ion (9s.).
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Figure 91. Expansion of the lower mass range of Figure 90 showing photolysis products
only.
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Figure 92. Time dependence of the abundance of photoproducts of the m/z 228 ion,
grouped by number of carbons.
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Figure 93. Expansion of Figure 92 Without the parent group, C;s.
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Figure 94. FTICR mass spectrum of photolysis products after 10 seconds of irradiation
of the m/z 228 ion.

To determine if the hydrogen is lost as atoms or molecules, single frequency
ejection pulses were used during irradiation of the parent ion. Figure 95 shows the
photolysis products after irradiation for 0.5 seconds and indicates a strong peak at m/z
226. In Figure 96, the m/z 227 ion is ejected during irradiation of the parent ion. If
dehydrogenation were to occur only via single hydrogen loss, no m/z 226 would be
detected. However, Figure 96 clearly shows the presence of an ion at m/z 226, indicating
the loss of two hydrogens simultaneously or the loss of H.

To test for the loss of H; fragments at lower masses, longer irradiation times were
used. Figure 97 indicates the photolysis products after irradiation for three seconds.
Using this as a comparison, Figure 98 shows the photolysis products while m/z 226 is
ejected. Since m/z 227 has an odd number of hydrogens, the loss of Hy is not expected

and Figure 99 confirms this result. No m/z 225 ion is produced directly from m/z 227.
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Figure 95. FTICR mass spectrum of photolysis products after 0.5 seconds of irradiation.
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Figure 96. FTICR mass spectrum of photolysis products after 0.5 seconds of irradiation
while m/z 227 was ejected.
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Figure 97. FTICR mass spectrum of photolysis products after three seconds of irradiation
of the m/z 228 ion.
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Figure 98. FTICR mass spectrum of photolysis products after three seconds of irradiation
of the m/z 228 ion while ejecting m/z 226.
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H, loss from m/z 226 was also examined. Figure 99 shows the results of
irradiation of the m/z 228 ion for five seconds while Figure 100 includes the ejection of
m/z 225 with the same irradiation. A very slight peak (<1% of m/z 226 abundance) at
m/z 224 is visible. The appearance of this peak suggests that H; loss 1s possible but is a
low probability dissociation pathway.

CisHy' (m/z 226-228)

The major ions in this group, m/z 226-228, were isolated individually and
irradiated for various amounts of time to determine their photolysis products. Figures
101, 102 and 103 are similar, all showing the same photoproducts. One difference to
note is the reaction rate of the m/z 227 ion. Irradiation for only 0.25 seconds was
required to form fragments in similar ratios as m/z 226 and m/z 228, which required four
seconds and two seconds of irradiation, respectively. The m/z 227 ion also formed m/z

180, Cys*, which is not distinguishable from the background in the other two spectra.

Ci7H," (m/z 209-218)

The results of irradiation for three seconds of the group containing 17 carbons is
shown in Figure 104. Loss of one carbon to form m/z 202 and acetylene loss to form m/z
187 and m/z 189 is shown. Although m/z 163 is also present, it is unclear if this is
formed directly from the C,7 group or by sequential acetylene loss via m/z 189.

CigHy' (m/z 197-204)

The group containing 16 carbons was irradiated for five seconds as shown in
Figure 105. Dehydrogenation makes m/z 200 the predominant ion compared to m/z 202 -
as shown in Figure 91. Single carbon loss to produce m/z 187 and 189 is clear. An ion at
m/z 163 is also present but is probably derived from acetylene fragmentation of the m/z

187 and m/z 189 ions.
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Figure 99. FTICR mass spectrum of photolysis products after five seconds of irradiation
of the m/z 228 ion.
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Figure 100. FTICR mass spectrum of photolysis products after five seconds of
irradiation of the m/z 228 ion while ejecting m/z 225.
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Figure 101. FTICR mass spectrum of photolysis products after two seconds of irradiation
of the isolated m/z 228 ion.
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Figure 102. FTICR mass spectrum of photolysis products after 0.25 seconds of

irradiation of the isolated m/z 227 ion.
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Figure 103. FTICR mass spectrum of photolysis products after four seconds of
irradiation of the isolated m/z 226 ion.
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Figure 104. FTICR mass spectrum of photolysis products after three seconds of
irradiation of the isolated m/z 209-218 ions.
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Figure 105. FTICR mass spectrum of photolysis products after five seconds of
irradiation of the isolated m/z 197-204 ions.

CisHy' (m/z 184-191)

Irradiation for three seconds of the group containing 15 carbons is shown in
Figure 106. Loss of acetylene is observed to form the ion at m/z 163. No other processes
are observed.

Ion-molecule reactions

1,2-benzanthracene behaves differently from the other two molecules studied.
Figure 107 shows the isolation of the parent ion and its dehydrogenated fragments. No
dimer-like products are observed. This may be due to its nonlinear structure, although
additional experiments (such as with tetracene) would be necessary to explore this
hypothesis.

Some ions larger than the parent 1,2-benzanthracene are, however, visible in

Figure 108, an expansion of the upper mass range of Figure 90. Although the source of
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Figure 106. FTICR mass spectrum of photolysis products after irradiation (3 s.) of the
isolated m/z 184-191 ions.
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Figure 107. FTICR mass spectrum of the ion-molecule reaction products of isolated m/z
220-228 ions after a five second delay.
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234

Relative Abundance
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Figure 108. FTICR mass spectrum of possible ion-molecule reaction products formed
after 9 seconds of irradiation.

these fragments could not be determined experimentally, it is possible to speculate about
their origin. The ions between m/z 232 to m/z 240 contain one extra carbon while m/z
250 has two extra carbons, m/z 274 has four extra carbons and m/z 300 has six extra
carbons when compared to the parent ion. If the fragments created during the photolysis
of the parent ion undergo ion-molecule reactions, they could form aggregates in this
range. However, this assumes they are fragmenting as ions or forming ions during the
aggregation process, which may not be very likely. Further experiments will be required
to resolve this issue.

1.2-Benzanthracene Summary

1,2-benzanthracene is more resistant to photofragmentation than either fluorene or
naphthalene. It is capable of fragmenting to lose from one to eight carbons although the

relative abundance of the photoproducts is only 20% compared to the parent ion. The ion
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also dehydrogenates more completely, losing 8 of its 12 hydrogens. Similar to fluorene,
H, loss is evident from ions with an even mass, while only single hydrogen loss occurs
from ions with an odd mass.

Irradiation of the parent ion (m/z 228), produces similar photoproducts as the m/z
227 and m/z 226 ions. However, the reaction rate for m/z 227 is much faster. Acetylene
loss, as well as CH loss, was observed for the irradiation of C;7H;; and C,¢H,, while only
acetylene loss was observed from CsHy,

Although photoproducts with a mass greater than the parent ion were observed,
their source could not be determined. The groups C;sH, through CgH,, did not form

aggregates.



CHAPTER 7
CONCLUSIONS

FT-ICR mass spectrometry was used to determine the photolysis products of the
ionized PAHs fluorene, naphthalene and 1,2-benzanthracene by irradiation with a xenon
arc lamp. Products of ion-molecule reactions were also characterized for all three PAHs.
An “action” spectrum for the absorption of fluorene was determined.

By a combination of isolations and ejections in the ICR cell, it is established that
the H atom loss from fluorene is sequential with a loss of up to five H atoms observed.
Only the odd mass species, m/z 163 and 165, may also lose two hydrogens
simultaneously (as 2H or Hy). The even mass species m/z 162,164 and 166 lose only
single hydrogens.

Irradiation times longer than 2s lead to photofragments with smaller masses.
Major products appear at m/z 63, 87, 89, 111, 115, 116, 135, 139 and 140, plus the
dehydrogenated species at m/z 161-165. By isolating the parent and dehydrogenated
precursor partners in turn and irradiating them further, the photoproducts originating from
each have been found.

Rate constants and branching ratios for each of these decomposition pathways
have been determined. Kinetic plots (mass abundance vs irradiation time) for each
precursor and its products were fit by computer solution of a series of coupled differential
equations. Sequential single H atom loss is shown to be the preferred decomposition

pathway.
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Density functional theory calculations have shown that the most probable
positions for extraction of the five hydrogens are, first, from the sp® carbon and, then,
from the four positions on one of the six-membered rings. Removal of hydrogens on the
other ring and removal of a sixth hydrogen require substantially higher energies.

Further fragmentation of the odd mass dehydrogenated products (m/z 165, 163,
and 161) has been explored theoretically and various monocyclic ring intermediates
suggested which lead plausibly to the observed lower mass final products. Unusual
geometries, such as a “tadpole” shape (three-membered ring attached to a linear carbon
chain) for the CsHs" species, a three-membered ring fused to a six-membered ring for the
C;Hs" product and monocyclic rings for the all-carbon Cg* and C;" product ions are
computed to be the most stable for these observed products.

All isolated groups of photofragments form aggregates by reacting with a fluorene
neutral molecule and these aggregate products exhibit significant dehydrogenation during
irradiation.

Irradiation of the naphthalene ion for short times results in a maximum loss of two
hydrogens. The m/z 128 ion will photolyze to form m/z 115 (CH loss) and m/z 102
(C,H, loss) while the m/z 127 ion will only fragment to form m/z 115 (C loss). The m/z
126 ion does not produce photo-fragments. This stability may be the result of the
formation of a naphthyne species.

Only the m/z 127 ion produces aggregates, including m/z 255 and m/z 253. A
peak at m/z 240 is the loss of C + 3H from m/z 255 or CH from m/z 253 during |

formation of the aggregate. The m/z 128 and the m/z 126 ions do not form any
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aggregates. The stability of the m/z 126 ion may be due to the formation of a triple bond,
eliminating any radical sites on the ion.

The m/z 102 ion will photodissociate to form the m/z 76 ion (C;H; loss) but will
not form aggregate products. The m/z 76 ion did not photodissociate, but the m/z 202
aggregate product, (possibly fluoranthene), was very abundant.

1,2-benzanthracene is more resistant to photofragmentation than either fluorene or
naphthalene. It is capable of fragmenting to lose from one to six carbons although the
relative abundance of the photoproducts is only 20% compared to the parent ion. The ion
also dehydrogenates more completely than others studied, losing 8 of its 12 hydrogens.
Similar to fluorene, H; loss is evident from ions with an even mass, while only single
hydrogen loss occurs from ions with an odd mass.

Irradiation of the parent ion (m/z 228) produces similar photoproducts as the m/z
227 and m/z 226 ions. However, the reaction rate for m/z 227 is much faster. Acetylene
loss, as well as CH loss, was observed for the irradiation of C{7H, and C,¢H,, while only
acetylene loss was observed from C,sHj,

Although photoproducts with a mass greater than the parent ion were observed,
their source could not be determined. The groups C,sH, through C;sH,,, did not form
aggregates.

The action spectrum of the m/z 166 — m/z 165 decomposition of fluorene mimics
closely the matrix spectrum of the fluorene cation recorded previously. The spectra
obtained with the monochromator/xenon arc lamp and the dye laser eliminate the
perturbation effects seen in spectra obtained by isolation of ions in rare-gas matrices.

Broad absorption peaks were observed at ~372 nm and ~617 nm with the
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monochromator, while the dye laser was able to resolve this upper peak into two peaks at
~600 and ~615 nm. Results with the dye laser could be improved dramatically if the use
of prisms could be eliminated. The higher power would not only increase the amount of
dissociation, it would also increase the usable range for each dye.

Possible studies for the future should include photolysis of anthracene and
tetracene. The irradiation of anthracene, especially the aggregate products formed, can
be contrasted to 1,2-benzanthracene. The study of tetracene could help to establish the

pattern of lower fragmentation with larger structures.
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