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Summary

The work presented in this thesis was carried out with the primary objective of
developing a sensitive ultrafast laser based technique for detecting and identifying
nitroaromatic compounds. In addition the mechanisms involved in the production of
the fragmentation patterns in the mass spectrum were studied. The data presented in
this thesis demonstrates the potential of femtosecond laser mass spectrometry
(FLMS).

The first chapter discusses the fundamental principles of the interaction between the
laser and the atomic/molecular system, where single photon excitation and relaxation
processes are described, considering on and off resonance conditions. The second
chapter describes the multiphoton mteraction, i.e., excitation, dissociation, ionisation
and other radiative and radiationless processes. In Chapter 2, a description of the
Glasgow rate equation model is also given. The third chapter gives the basic

principles and a brief description of the experimental systems and techniques used.

The nanosecond resonance enhanced multiphoton ionisation (REMPI) is briefly
described in Chapter 2 and its application to NO from the dissociation of the NO,
molecule is presented in the early part of Chapter 4. In addition in Chapter 4, the
femtosecond laser mass spectrometric investigation of the dissociative ionisation of
the NO, molecule is presented. The results using the femtosecond laser is compared
with the results obtained using nanosecond laser mass spectrometry. A comparison of
the theoretical results of the Glasgow rate equation model and the experimental
results for femtosecond and nanosecond laser mass spectrometry is also carried out in
Chapter 4.

In Chapters 5 and 6, respectively, the nanosecond and femtosecond mass spectra of
nitromethane and nitrobenzene are compared. Efficient production of the parent ion

was obtained for both samples and the mass spectra are presented. Morover, the
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different dissociative ionisation and fragmentation mechanisms for both samples are
identified. In both chapters, the laser intensity dependencies of the parent ion as well

as the fragmentation patterns of the mass spectra are presented.

In Chapter 7, the multiphoton dissociative ionisation processes in the three isomers of
nitrotoluene, DNT and TNT are investigated and their nanosecond and femtosecond
laser induced mass spectra are compared and the performance of femtosecond laser
mass spectrometry is demonstrated. Although, a comparison of the mass spectra of
three isomers of nitrotoluene and the mass spectra of the o-nitrotoluene,
dmitrotoluene (DNT) and trinitrotoluene (TNT) is made, it is shown that the
nanosecond laser mass spectra of the nitrotoluene isomers are similar and the

distinction between them is very difficult.

On the other hand, a comparison of the femtosecond laser mass spectra of the three
isomers of nitrotoluene is made and the fingerprints of these three isomers are
determined using three mass spectra. The differences between the mass spectra of the
o-nitrotoluene, DNT and TNT are also discussed in detail. The dissociative ionisation
and fragmentation patterns as well as their laser intensity dependencies are used to
discuss the dissociation pathways in these molecules. The different dissociation-
ionisation mechanisms are presented and identified with particular reference to the

femtosecond regime.

Finally, in Chapter 8 aspects of the data presented in this thesis are discussed briefly as

well as future plans.
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1.1 Introduction

In the first chapter of this thesis, an introductory theoretical background will be given
to refresh the knowledge. As is well known the laser interaction with matter is the
fundamental subject of the quantum physics and mechanics. It was felt that it would
be preferable to start with the quantum mechanical background to understand better
the phenomenological aspects of laser ionisation spectroscopy. Firstly the theory of
the interaction of light with matter (atom or molecule) will be discussed considering a
semiclassical two level medium, where the laser field is considered as a
monochromatic plane wave and the atom is considered as a quantum mechanical
system. The interaction of a weak and intense laser field with matter will be discussed
and the transition probabilities between energy levels in a quantum mechanical system

will be discussed.

1.2 Absorption and Emission Processes

It is well documented in many quantum mechanics text books that the birth of modern
quantum mechanics was at the beginning: of this century. The radiation consists of
quanta which we know to have energy radiation of nhv where v is the frequency of
the associated wave. The electron in an atom behaves like an oscillator and could be
found in certain quantum states which could be observed when a light quantum

mteracts with anr atom: -

The best and simplest description of the phenomena dealing with the interaction of
laser light with matter can be made considering a semiclassical two level system with
the assumption that it is in thermal equilibrium. Such a kind of system is shown in
fig. 1.1 where N is the number of particles i the excited state with energy E; and N
in the ground state with energy Eo. The total population given by the sum (N=N;+No)

of the populations in the excited and ground sates. The population distribution
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between these two levels are usually expressed by the well known Boltzman equation

for the thermal equilibrium conditions;

-hv_ /KT
Ni/n,, =e¢ 10

Fig. 1.1 shows a model system of the ground and excited states in an atom or
molecule where a single photon can excite the system to the excited state. In the
interaction of laser light with matter (atom or molecule) there are three processes that
can change the state of the system from E()to Ei or from Ei to EO, which are called

absorption, spontaneous and stimulated emissions, as described in fig. 1.1.

N
to m
6 5. 3
i in ¢ .
] 8 ¢ A I—o0 uvio
®10 o " s D
1
N,

Figure 1.1: A model two level system shows possible physical transitions between lower (NO)
and upper (Ni) level.

The presence of radiation density pwvio) = s>EY2 of the precise frequency is needed

to drive a transition from the ground state to the excited state (Fig. 1,2a) at the rate

dNi/dt = Bio Pv(vio) NO 1.2

and this transition is known to be absorption of light by the medium (atom or
molecule). The coefficient Bu, is thus a “rate constant” known as the Einstein
absorption or Einstein B coefficient. Similarly if the system is already in an excited
state, then a photon with an energy of hvio can induce the system to make a transition
to the ground state. This process is called stimulated emission. The rate of stimulated

emission is given by
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dNj/dt— B« pv(vio) Ni 1.3

where B(i is the stimulated emission coefficient (Fig. 1.2b). Finally, if the system in

the excited state it can spontaneously emit a photon (Fig. 1,2¢) at a rate

dNi/dt = -A«i Ni 1.4

where Am is the spontaneous emission coefficient. Since the system is in thermal
equilibrium, the rate of the population to the excited state induced by the absorption
must balance the rate of population to the ground state induced by the stimulated and

spontaneous emissions.

(@) (b) (c)
Before  After Before  After Before  After
2hv
hv AT (W |hV AA VAA%,
AAAAI
Absorption Spontaneous emission Stimulated emission

Figure 1.2: A schematic presentations of absorption, spontaneous and stimulated emissions.

Considering AoiNi+BoiN1 pv¥=BioNopv, and taking Bio = BO0i, (i.e., Bi0 = B0i= B), the
solution of the above equations in terms of black body radiation theory gives the

relationship between absorption and emission to be

A = Asi = (87thv3/c3) B 1.5

The rate constants for absorption and stimulated emission are identical and the
spontaneous emission rate (lifetime of excited state) can be determined from the

absorption coefficient An.
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1.3  Interaction Between Laser Light and Two-Level System

The interaction of laser light with matter can be described by a simple quantum
mechanical model two level system as seen in fig.1.3. This kind of system could be

described with a time dependent Hamiltonian

H(t)=Ho+V(t) (1.6)
In the eq. (1.6); Hy is-time independent (unperturbed) part of the Hamiltonian and
V(t) is the time dependent part which is the interaction operator between the laserv
light and the system. The laser field can be assumed to be monochromatic plane wave

with frequency o and can be written in the form of

E(t)=E,¢' & " 1.7

where E, is a constant vector and k is the wave vector of the field. It is known that
the molecular size is about 1 nm, and i the visible laser spectroscopy (in the case of
laser wavelength used in this work A=384-226 nm) A>>molecular size (1 nm) and
therefore the phase of laser light does not change over molecular size (Demproder,
1982). Hence, we can ignore the spatial derivatives of the field amplitude. In the
case of the electric dipole-interaction between the laser light and the system, assuming
the molecule is placed at the origin of the co-ordinate system then k-r ~ 0, the

interaction operator is in the form of atomic dipole () moment as

V()= -u-E(t) = e r -Eg-cos(ot) 1.8

where E, is the electric field strength created by the laser light. The energy levels of
the system can be obtained by the solution of the time-dependent Schrodinger

equation for the case of external perturbation

HY, = i (3/ )%, 1.9
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where n- 1,2, 3,.......... In the model system, the upper level is described by % at

energy Ei and lower level by T (at energy EO.

The transition probability from one level to the other is also obtained by solving the
time-dependent Schrodinger equation (1.9). In the absence of V(t), two time-

dependent solutions of equation are

% (r,t)= (Mr) e'iB"fi = <Mr) C"“0 1.10
Tt (r,t)= (pi(r)e'iE"ft = < p i ( r ) e ! 1.11

The wave function for the perturbed system is given by the linear combination of the

complete set of the functions Wl(r,t)and i|/i(z,t).

T(r,t) =c0(t) cp0e W' + c,(t) (p, e-iav 1.12

where co, = EJh and cp0 and ipi are the wave functions of the stationary (time-

independent) states of the system and cO(t) and Ci(t) are time dependent coefficients
which are the probability amplitudes of the system being in the initial and excited

states, respectively.

Figure 1.3: Two level semielassieal model and energies EO and Ei and wave functions v/0 and
Vi/t, respectively.

The solution of the Schrodinger equation for these time dependent coefficients leads

to the equations

c'»=1c¢, coR(e"i<"'c “*+ e'l, 0+~ 2 1,13

C' i: 1 c,,®R(e‘ "oy e c(ui»_’_ll”)/z 114
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for the interaction of the radiation with quantum system. The detuning frequency of

the interacting system is given by A=w-m0, and Q=[(wr)’+A’]"

is the Rabi frequency
and wr = p-e /A 1s equal to the Rabi frequency in the particular case of the exact
resonance frequency where detumng s zero (A=w-w;o = 0) (Letokhov, 1987y and p is
the mteraction dipole moment described above. Based on these two equations a

number of particular cases can be discussed.

1.4 On and Off-resonance Cases in the Interaction of Radiation
with System: Transition Probabilities Between Two-Levels

The ;o ® @ approximation can be made in a particular case where the system
oscillates with Bohr frequency (E;-Eo)/A=w;p which is in resonance or nearly

resonance with the optical angular frequency @=2nv of the incident laser photon. The

terms €©w®" and €% ") thus represent slowly varying functions with time

compared to the rapidly oscillating nonresonant terms € and e@w™ty in

egs.(1.13) and eq.(1.14).

The nonresonant high frequency terms can be neglected because their effect
essentially averages to zero since they are rapidly oscillating functions of time. Thesg
equations, eq. (1.13) and (1.14) could be rearranged as,

Co=ing(€*) /2 1.15

€ r=top(€™yes /2 1.16
The detuning frequency measures how far the frequency of laser light o is tuned from
the resonance frequency w;o. The solutions for these first-order differential equations

with initial conditions Co(0)=1 and C,(0)=0 for the system initially in the ground state

att=01s
Co(t) = [Cos(Q/2) - 1 (A/Q) Sin(Qt/2)]e D! 1.17
ci(t) = i (0r/Q) Sin(Q/2)e ! 1.18
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Here the absolute square of Ci(t) gives the probability of the finding system in the
excited state

IcCi(t)12= (coR 0 ) 2Sin2 Ot/2) 1.19

while the time-dependent probability of finding the system in the ground state is given
by

Ico®i2 = 1- lc,(t)j2=1- (raRn ) 2SinXnt/2) 1.20
At the resonance, since = coi), A=() and Q =cor then inthis case
ICi()[2 =Sm2AQt/2) 1.21

1C,()12 = 1- 1Ci()12=1- SinAnt/2) = CosAQt/2) 1.22

The probability, ICi(t)l2, of finding the system in the excited state for three detuning

frequencies; A=0, A=toRand A" 3IOR are shown in fig. 1.4.

The meaning ofthe Rabi frequency is clear from eq.( 1.21) and fig. 1.4. The system is
coherently cycled between the ground state and the excited state by the laser light and
no significant abrupt changes in the phases and amplitudes of wavefunctions occur

during the interaction.

05 A=co

0 >

t/ (271 /ar)

Figure 1.4: The probability of finding the system in the excited state for three detuning
frequencies: A=0, A=oRand A= 3c0R
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The squared probability amplitude l ci()l?, (eq.1.21), is the probability that the two-
level particle will be in the upper state at the moment t. The probability of the system
being excited to the upper state, Py is given by;

Py o=sin’[(1/2)A%+ Q%) 1] L(A/QY) 1.23

where L(A/Q) 1s the Lorentzian line shape function normalised to unity.

In the case of resonance (A<<wg),

P, o=sin’[Qt/2]= (1-coswgt)/2 1.24
and in the case of off-resonance conditions (A<<Q);

Pi o= (UA)Y’sin’[(A/2)t] = (Q/2A)* (1-cosAt) 1.25
At the resonance the system is completely inverted after a time t,=n/ogr, while off-

resonance there is a reduced probability for finding the system in the excited state.

1.5 Loss Mechanisms in the Excited State of the System

In this section, the loss mechanisms from the excited state will be considered briefly.
The emission of a photon would break the coherence of the excitation and reset the
system to the ground state. These emission processes as described above are known
as spontaneous and stimulated (induced) photon emissions. It is also known that the
interaction of the system with its surroundings can additionally shorten the lifetime of
the excited state: The population relaxation in the equilibrium state is called
longitudinal relaxation and characterised by the longitudinal relaxation time T;. On
the other hand, stimulated emissions may be induced either by the absorption of a
photon in the excited state or collisions between atoms. Collisions can also cause
refaxation m the systemr and reset the phase of the atomic or molecular wavefunction
without changing any of the populations. This phase changing of collisions also
interrupts the coherence cycling of the system. Such a relaxation time is defined to
be T, and the relaxation is generally referred to as the transverse relaxation. The

phase-refaxation has no effect on the populations of levels but it widens the spectral
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line of the transition from the ground to the excited state. The homogenous half-

width Thomofa Lorentzian is related to the time T2by Thom=1/T2.

undamped

damped

o'
< @

2 05

Irradiation Time t

Figure 1.5: The driven two level system saturates when relaxation proeess(damping) are
induced.

In this case the population of the states 0 and 1 oscillate with Rabi frequency as
shown in fig. 1.4 and with blue line (undamped) in fig. 1.5. In the infrared and visible
region ofthe spectrum, relaxation processes are much faster and Rabi oscillations are
normally damped. For example a real system would oscillate briefly when a strong
field is applied suddenly to it, but it soon loses coherence and becomes saturated.
When the system is saturated, half of the molecules in the system are in the lower
state and half of them in the upper state. The ratio of the stimulated emission(down)

matches the rate ofthe absorption(up).

1.6 Interaction of Low Intense Laser Light with System

In the case of a weak electromagnetic field, its interaction with the system is also
common and it was the most likely case before the development of the laser (early

1960s). In the weak field case, there is a negligible build-up of population in the

excited state, so that Ci(0)=0 and c(Q(0)=f at t=0 while cO(t)»] and ICi(t)l 2« 1  for all
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the irradiation time. So, the probability of finding a system in the excited state after a

time t is given by

P,o=l c,(t)l 2=(coRA)2Sin2A"- Y= _M,,EZ;;){Sin2[((o-to,,,)t/2]/(co-t0,,,)} 1.26

This equation (eq.(26)) was produced considering boundary condition where Ni=0
and N=N¢( at t=0. The variation of !Ci(t)I2 is shown in fig. 1.6. In fig. 1.6, it is
indicated that the transition probability is maximum when the laser frequency is tuned
to the resonance (zero detuning) with the atomic or molecular transition. As the laser
wavelength is varied, the absorption intensity is maximised when the photon energy
matches the energy difference between two bound states of the atom or molecule

which is the basis ofthe RIS and REMPI and these will be discussed in later chapters.

-671/t -47Ch =271/t 0 27Ch
Detuning Frequency = --------------—- » (O

Figure 1.6: Transition probability as a function of detuning frequency.

The discussions carried out in this chapter can be found in most of the quantum
mechanical text books. The most useful text books, to the author’s knowledge, are
Lin et al., 1984; Demproder, 1982; Chin and Lambropoulos, 1984; Letokhov, 1987;
Mandl, 1992; McMurry, 1994;Yariv, 1997.
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2.1 Introduction

In the first chapter in this thesis, the quantum mechanical description of a simple two
level semiclassical model was described and the interaction of the laser light with this
system was discussed. In the remaining part of this thesis the processes will be
considered and discussed as multiphoton precesses where one photon of incident laser
light has not sufficient energy to induce an excitation into an excited or ionic state in

the molecule.

The multiphoton process was developed and has been applied to atomic spectroscopy
over the past 30-years (Voronov and Delon, 1966, Agostini ef al., 1968; Chin et al.,
1969). After the first experimental observation of the multiphoton ionisation process,
developments on laser technology and laser based spectroscopic techniques have been
made. Laser based techniques have become widespread and highly selective/sensitive
techniques with especially the development of the resonant ionisation spectroscopy
(RIS) in the early 1970s. The development of RIS has made the detection of a single
atom possible as well as the separation of isotopes (Letokhov et al., 1977; Hurst et
al., 1979; Letokhov, 1987; Hurst and Payne, 1988).

After multiphoton ionisation in atoms became reasonably understood the same
techniques were applied to molecules (Johnson, 1975a; 1975b; Johnson et al., 1975;
Lubman, 1988a; 1988b).

In this thesis, MPI processes in molecules rather than atoms is emphasised. In this
chapter, a brief description of molecular energy levels will be made, first. Secondly,
the photo-induced phenomena during the interaction of laser beam with molecules will
be discussed and- the rate equation modetling for dissociative ionisation process in a
molecule. Finally a brief introduction to ultrafast laser mass spectrometry will be

given.

11
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22 Energy Levels In Molecules

In order to understand the multiphoton phenomena in molecules, it is important to
learn about electronic energy levels in molecules. Electronic energy levels in single
and multi-electron atoms are sharply defined while the energy levels in diatomic or
polyatomic molecules are broad because of additional vibrational and rotational
degrees of freedom available to a mcrleeule. In fig. 2.1a, typical electronic energy
levels in a diatomic molecule are shown and it is clear from the figure that each
electronic energy levels contain vibrational (horizontal red lines) and rotational
(horizontal green lines) sub-energy levels. In the case of most molecules, energy
differences between two neighbour vibrational and rotational sub-levels are typically

«100() cm land "~ 10-100 cm"], respectively.

Excited
Electron”
Stale

Ground
Electronic
State

Internuclear Distance Internuclear Distance
(a) (b)

Figure 2.1: (a) Electronic energy level diagram of diatomic molecule showing dissociation
limits for bound ground state (D0’), bound excited state (Do") and separation between nuclei
(re) in the equilibrium and (b) basis of the Franck-Condon principle, showing no change in the
internuclear distance during an electronic transition either through absorption or emission. In
diagram (a): (i) typical bound ground electronic energy state (blue line), (ii) bound excited
electronic energy slate (blue line), (iii) unbound excited energy state (brown line), Vibrational
(v) and rotational (J) sub-energy levels are also shown.
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The bond energy curves in a diatomic molecule are a function of the internuclear
separation and are called Morse potentials. They represent a stable state of the
molecule when a minimum in the potential energy exists ((i) and (i) in fig. 2.1a). The
mimtmum in the curve arises due to the balancing of the strong nuclear repulsive
forces and the attractive forces arising from the interaction of nuclei with binding

electrons.

In the polyatomic molecules, the potential energy curves representing electronic
energy state are generally of the same form as the Morse curve shown in fig. 2.1a. In
the case of polyatomic molecules in contrast to diatomic molecules, the internuclear
separation must be replaced by some generalised co-ordinate, which could be a
particular bond iength or an angle between two bond etc. Unstable energy states can
also arise if the attractive forces are msufficient to overcome the nuclear repulsive
forces and in such a state as seen from (iii) in fig. 2.1a, there exists no potential energy

minimum. In this case, the molecule does not exist.

An electronic transition in a molecule takes place in a time scale which is shorter than
10%s and, therefore; due to the Borm=Oppenhimer approximation the nuele eannot
move within this short time scale and hence the internuclear distance remains constant
during the electronic transition, i.e., electronic transition in a molecule is always
depicted by a vertical line connecting the appropriate states involved in the transitions

forboth caused by absorption and emission, presented in Fig. 2.1b.

23 The Photo-processes During The Interaction of Laser
Pulses With Molecules
2.3.1 Multiphoton Excitation and Ionisation Schemes in Molecules

Several methods based on different excitation and ionisation schemes have been used
to investigate several molecules and discussed in some details (Antonov and
Letokhov, 1981; Letokhov, 1987; Fisanick et al, 1981; Gadenken et al., 1982,
Ashfold and Howe, 1994; Ledingham, 1995). Figure 2.2 shows several

13
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excitation/ionisation schemes for molecules, any one of which may be involved in the
process depending on the spectroscopic structure of molecule and the laser
wavelength chosen. Each vibrational level also contains rotational levels which are

not shown in figure but indicated in fig. 2.1a with horizontal green lines.

(a) (b) (¢) (d)
Figure 2.2: Possible different excitation/ionisation schemes (Ledingham, 1995).

In fig.2.2, (a) nonresonance multiphoton (5 photon) ionisation, (b) resonant two
photon ionisation via ground state vibrational level, (c¢) resonance two photon
ionisation via excited state vibrational levels, (d) resonance enhanced (2+2)

multiphoton ionisation (REMPI).

2.3.2  The Fate of Absorbed Energy in Molecules

During the interaction of laser light with molecules, from reagent to products, a
number of photoinduced processes are possible such as absorption, ionisation,
dissociation, isomerization, luminescence, internal conversion (IC) and intersystem

crossing (ISC).

For the mass spectrometric analysis used in this thesis, in general, the detection of

positive ions of parent molecule or the ionic fragments is the main purpose.
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Therefore, the aim in this work is the detection of parent ion or higher mass fragments
because it is believed (Ledinghamr et af, 1995b; Singhal et al., 1996; Kilic ef al,
1997; Kosmidis ef al., 1997) that if the molecular parent ion or higher mass ion peaks
exist in the mass spectrum, much more structural information is available than the case

of the fragmentation pattern which is dominated by small mass ion peaks.

The ionisation efficiency may be reduced by some loss mechanisms which occur in the
excited state of the neutral molecule. The loss mechanisms are dissociation,
luminescence, internal conversion (IC) and intersystem crossing (ISC). First of all,
the tonisation process and latter the other mentioned processes will be- discussed
briefly.

233 Ionisation Techniques in Molecules

The photoionisation of a neutral substance, M, as a result of the interaction of laser
light with a sample, means a subsequent removal of an electron from the neutral (M)
parent molecule resulting in the generation of a positive ion M" and a free electron

from the original molecule,
M+hv—>M'+e (2.1)

This process i1s known as the photoionisation process.

In general, all stable neutral organic molecules have an even number of electrons in
their highest occupied orbitals which may have bonding or non-bonding structure.
Removal of an electron from either a bonding or non-bonding orbital might take place
and the molecular ion obtaimed will subsequently be left with a sigle electron
configuration which does not have a very stable configuration and is called a radical
ion (M").

The ionisation process can be explained for diatomic molecules conveniently and
mnvolves two kinds of schemes which are simply described in fig. 2.3. Figure 2.3a

shows that the ion obtained is in the lowest vibrational level in its ground state. The

15
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diagram also indicates that the internuclear distance in its ionic ground state is slightly
larger than that in a bonding electronic state of neutral molecule. This happens when
a non-bonding electron is removed from the molecule by the ionisation process
(v'=0<-v‘-0 transition). In this case the process is called adiabatic ionisation. Ifthe
internuclear distance in the ionic ground state is much larger than that in the bonding
electronic state of the neutral molecule where the transition takes place from the
vibrational ground state in the bound state of neutral molecule to the vibrationally
excited level of the ion through v'=4<-v*“=0 transition (for particular presentation in
frg. 2.3b) and then this process is called the vertical ionisation. This latter case arises
as a result of removal of a bonding electron from a neutral molecule. Therefore, the
energy required to ionise the molecule through an adiabatic ionisation process is
smaller than that in the case of a vertical ionisation process. In both cases, the
Franck-Condon principle is valid and the transition strength between two particular

vibrational levels is governed by the Frank-Condon factor.

Internuclear Distance Internuclear Distance

(@) (b)

Figure 2.3: A schematic presentation of neutral (ng) and ionic (ig) bound ground energy states.
In both cases, the ionisation may involve in one of the excitation and ionisation schemes
shown in fig.2.2. A indicates adiabatic ionisation process (a) and V is vertical ionisation
process (b).

16
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234 Dissociation Processes

The dissociation of molecules is one of the most important chemical processes in
photochemistry since it is the first step in a photochemical reaction process which
generates radicals and initiates subsequent reactions. If the aim is the detection of
photoions, the photodissociation process can be defined as a loss mechanism because
a rapid dissociation mechanism reduces the ionisation efficiency of the molecular
parent ion but it leads the formation of fragment radical ions with subsequent

ionisation ofthe neutral fragments.

Photodissociation is the break up of a molecule as a result of photon absorption from

the laser beam. For a model three atom ABC molecule, the process can be described

as
ABC + hv -> AB + C (2.2)
.uraing Points
(nbds)
(bes
(bes
ABiC (nbds**AB+C
+
(kgs)' (bgs
Dissoc iation
’/ :ve Ene gy
'ABC 'ABC

Figure 2.4: Diagrams show two kind of dissociation processes; (a) photodissociation with
dissociation threshold, (b) predissociation. In both diagram: (bgs): bound ground state, (bes):
bound excited state, (nbds): non-bonding dissociative state

There are two kinds of dissociation processes which are direct dissociation and
predissociation as diagramatically shown in fig.2.4 and explained as follows: A

molecule may be excited to the vibrational continuum of either the ground electronic

17
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or excited electronic states with absorption of one or more photons as described in
fig.2.4a. If the energy of the ineident laser photons are chosen properly, the transition
from bound ground state to a bound excited state may occur. However, if the photon
energy absorbed is sufficiently large, the molecule can be excited into a continuum of
rovibrational states where all vibrational/rotational levels are unbound and the
subsequent break up of a particular molecular bond takes place (Fig. 2.4a). In
another case the molecule can be excited to an unbound excited state (blue arrow and
blue (nbds) non-bonding dissociative state), this excitation also results in break-up of
the molecule. These two kind of cleavage of a particular bond in molecules is known
as direct dissociation (Band and Freed, 1975).

On the other hand, the cleavage of a molecular bond may take place indirectly via a
non-bonding excited state as shown in fig. 2.4b and indicated as (nbds). In this case a
transition between two bound electronic state takes place and any or a number
¢especially in the case of broad band laser sources) of the vibrational levels in the
electronic excited state may be populated. In the populated vibrational levels for
example v'=2, 3, 4 and 5, molecule behaves like a harmonic oscillator obeying Morse
potential. In this case the oscillator spends most of its vibration time at the turning
pomts i the potentialt well and a very small portion is spent about its equilibrium
distance. During the vibration of the oscillator in the excited vibrational level of
electronic excited state a radiationless transition may occur from that bound
vibrational level to an unbound neighbouring state and this results in a break-up of the

bond in the molecule. This process is known as predissociation (Fig.2.4b).

2.3.5 Other Loss Processes

Fig. 2.5 shows absorption and emission processes as well as radiationless transitions
in a molecular system. Radiative loss mechanisms in the excited state is, in general
term, known as itminescence and can arise in two ways, known as fluorescence and
phosphorescence. A molecule undergoes a singlet(So)-singlet (S,) transition absorbing

photon(s). In the excited singlet (S;) state a molecule may undergo a radiationless

18
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relaxation through vibrational levels and finally reaches the lowest vibrational level in
the excited. Si, electronic state. From the lowest vibrational level in the electronic
excited state to a vibrational level in the ground electronic state, a transition takes
place by emitting a photon within a time scale of about 10 9. This emission process is

known asfluorescence.

Singlet (S,)

Intersystem )
Crossing Triplet(T,)

Radiationless
Transitions between
vibrational levels

,-SOtransition)
ence(T,-St transition)

Singlet (S0)

Figure 2.5: Radiational and radiationless transition mechanisms are illustrated.

Alternatively, a radiationless transition may take place from a singlet (Si) to a triplet
state (TO and radiationless transitions may continue to occur between vibrational
levels in the triplet (TO state until the system reaches the lowest vibrational level in
that state. A transition from the lowest vibrational level in the triplet (TO state to the
ground singlet state(S0) may take place by emitting a photon within a time scale about

several seconds. This emission process is called phosphorescence.

If a radiationless transition take place between states which have different multiplicity
(S-T or T-S transitions) the transition is ealled inter system crossing (ISC). If the
transition occurs between electronic states which have the same multiplicity (S-S

transition) the transition is called internal conversion (IC).
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2.3.6 Isomerisation Process

Isomerisation is one of the important rearrangement processes in organic chemistry,
which take place during the interaction of the laser light prior to ionisation and
dissociation of a molecule. The isomerisation of the molecular ion is also possible.
The radiationless transttions IC and ISC have already been discussed in the-previous
section. A molecule may be involved in a direct crossover from the electronically
excited state to a level of a lower lying electronic state (ISC) and is the main process

to explain the isomerisation of a molecule (Philips et al., 1968).

For isomerisation to occur, a molecule must be excited to a vibrational level which has
a critical energy to initiate this process. The isomer formed in a vibrationally excited
energy level may undergo collisional relaxation into its lower or the lowest vibrational
level. Additionally, the isomer may absorb further photon(s) and may dissociate or

ionise.

When the laser intensity is sufficiently high the molecule may absorb further photons
to tonise prior to the dissociationr or isomerisation. In the ionisation -proeess, the
neutral molecule may absorb photons whose total energy may be greater than the
ionisation potential of molecule. This case allows the molecule to have excess energy
in its ionic state and this energy of the ion may induce a rearrangement or
decomposition of the ton, or-altermatively the ion may stay in the vibrationally excited
level in its ground electronic state. This excess energy is known as internal energy of

the ion.

Figure 2.6a shows a sequence of the ionic state where the ion produced has excess
energy through phototonisation. Pue to its excess energy the ion may falt into one of
two energy range where the ion has sufficient energy to decompose (decomposing
ions) or insufficient energy to decompose (non-decomposing ions). In the former

case the ion may fragment easily but in the latter case the ion may have either
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sufficient energy to excess the isomerisation limit or it may relax into its ground state

through a radiationless process to form stable parent ion.

Decomposing Ions
[on-decomposing Ion”

Isomersation
energy lunit

Reaction Coordinate

Figure 2.6: (a) Sequence of the decomposition and isomerisation of ion produced with initial
energy, (b) different possible energy barrier for isomerisation depending on the constitution of
the ion. M+ indicates the molecular parent ion and NTis its isomer. Em is decomposition
energy for the parent ion, E¥ is isomerisation barrier and E\ is dissociation energy of a bond in
N+ isomer.

For the ions in the decomposition range, there is competition between fragmentation
and isomerisation. In most cases the fragmentation is much faster than the
isomerisation, and therefore in this case it is expected that the structural elucidation of

the ion is rather simple while the isomerisation complicates it.

In some cases, the isomerisation energy may be either much higher or lower. Fig.
2.6b shows two extreme cases for the isomerisation barrier, (i) In the case of
isomerisation barrier which is much lower than the decomposition energy of molecular
parent ion (upper diagram in frg 2.6b), i.e., E i«  m, the isomerisation is possible and
as mentioned above the situation is complicated because of the existence of
competition between decomposition and isomeration. (ii) In the case of the higher
isomerisation barrier (lower diagram in fig.2.6b), E®EM, no isomerisation is
possible. In any case, ifthe internal energy (x) ofion is smaller than the isomerisation
energy, i.e., £ <ki, the isomerisation is impossible and the ion relaxes into a vibrational

level to form a stable ion.
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24 Rate Equation Modelling for NO; System

The relationships between the laser intensity, the tonisation efficiency, dissociation,
etc., are-very complex inr the multiphotorn dissociative ionisation mechanism. In order
to investigate this relationship, several mathematical models have been suggested by
several groups for atoms (Ackerhalt and Shore, 1977; Singhal et al., 1989) and
molecules (Zakheim and Johnson, 1980). Singhal has developed a general solution
for the rate-equation model to- mvestigate-the dissociative-ionisation of the-molecules
(Singhal, 1997) and this rate equation model is used in this work to investigate the
dissociative ionisation of the NO, molecule. The model and relevant approximations

made are given below.

The multiphoton dissociative ionisation pathways which the rate equation model
considers is shown in fig. 2.7. The diagram at the left hand side shows the
multiphoton processes involved in the dissociation/ionisation of a NO, parent

molecule and at the right hand side a neutral, NO, dissociation product.

The rate equation model (Singhal, 1997) used in this work assumes that spontaneous
emission is not effective and therefore these effects in either molecules , NO, and NO,
were neglected. For the femtosecond lasers, this assumption is valid and the results
under this assumption show very good agreement with the experimental results
(Ledingham et al., 1995a; Singhal et al., 1996).

The initial dynamic equations for NO, molecule in its ground state are

Ry’ =-aorflp +a10M (2.3)
n;’= agiMo-(ar2 + aio + K1)y (2.4)
ny’= apm (2.9

where ny’= dny/dt, n;’= dn,/dt, n,’= dn,/dt, ny is the number of NO, molecule in its
ground state; m is the-number of NO, molecule-in its excited state; n; 1s the-number of

. m .
NO," ions produced and a01=001m01<1>01m°1, 210= Ct10201 and a1;=Cuzm P12 . In this
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model calculation procedure, the statistical weights of each states are taken to be

unity and therefore aio = a(ji. ki is the dissociation rate of the neutral N 0. parent

molecule in its excited state, my is the number of photon to be absorbed to induce'

relevant transition and O is the laser flux.

IPyo

NO.

NO

NO2

Figure 2.7: The energy level diagram and possible transitions considered in the rate equation
model are shown.

The initial number of the neutral NO in its ground state is determined by ki as a result
of the dissociative character of the parent molecule in its excited state. Therefore the

dynamic equations for the neutral NO can be written as

n3’= kini-assnz+assna (2.6)
n4’= as4n3- as3ns-as.Sn 2.7)
n.s,= a4 sS4 (2 .8)

where ns; ’=dns/dt, ns '=dns/dt, ns,=dns/dt, ns is the number of neutral NO in its ground

state, ns4 1S the number of neutral NO in its excited state, ns is the number of NO ions
1

and a%=a3au(f)3’M . a43= a4 as« and ads=adsn s The statistical weights of

each states are taken to be unity and therefore as« = a43.
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This model suggests a more complicated but a general solution for the populations of
each states. Solutions for this equattons were-made using the boundary conditions-as
ng=Np, m;;=0,n,=0,03=0,n,=0 and ns=0 at t = 0. The Nj is the initial number of

neutral parent molecule in its ground state.

The initial equation set, eqs. (2.3), (2.4), (2.5), for the NO, parent molecule can be
simplified-to- give-a second-order differential equation in-nr-

n;”*+Bny +Cny=0 2.9)
where n,”’=d’n,/dt* and n,’=dn,/dt. This equation, eq.(2.9), has two real positive
roots p; feading to a gemeral solution ny (t),

m(t)= D, Piexp(-pit) (2.10)

2
=1

1

which determines the number of excited NO, molecule. Substitution of eq. (2.10)

mto-eq: (2.5) and-integrating it, the number of the NO," ions can be-determined by
2
no(ty=ar ., (B/p:) [1-exp(-pit)] (2.11)
i=1

where p; are determined to be p,=(B-(B*-4C)")/2 and p,=(B+(B*-4C)"*)/2 with
B=aoFajotk ta;, and C=ap (a2 ¥K;). Bi are determined using initial conditions as

B1= Noao1/(p2-p1) and B, = Noao/(p1-p2)-

The dissociation rate, k;, of the parent molecule determines the number of the
dissociation product, NO; inits ground state-and the number of neutral NO-produects,
n;, changes as a function of time due to eq. (2.6). The general solution for the
equation set, eq. (2.6), (2.7) and (2.8), to calculate the number of NO" ions is

obtained by solving a third order differential equation in ns following a similar

procedure-for particular equation
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ns’”’+Pns’’+Qns’-a34a45k10;=0 (2.12)
where ns’”’=d’ns/dt’ , ns”’=d’ns/dt” and ns’=dns/dt and n, is given by eq.(2.10).
The eq. (2.12) can be written as

y’+Py’+Qy=ZR,; exp(-pit) (2.13)

Solving this differential equation,

n5(t)= :

1

4
(3/py)[1-exp(-pit)] (2.14)

=]

can be obtained, where p; are being p;, p, given above and ps = (P-(P*-4Q)"*)/2 and

p=(P+(P*-4Q)"?)/2 and P=ajs+tassFass and Q=asdys. &; determined using initial

conditions as 61:R1/(Q-Pp1+p12) with R1=a34a45k1[31, 62=R2/(Q-Pp2+p22) with

R2=a34a45k1B2, 63:[61(p1-p4)+ 62(p2-p4)]/(p4-p3) and 64 = -53-(61+52). n5(t), Cq(214),

is the number of NO" ion obtained.

Using this rate equation model, the analysis of the dissociative ionisation of the
molecule NO, dealing with a single bond dissociation, the NO,”/ NO" ratio gives a
significant information about the competition between the ionisation of the parent
molecule and the dissociation throughr this bond (Ledingham et af, 1995a; Singhat et
al., 1996). Therefore, the ratio of ny/ns was calculated using eqgs. (2.11) and (2.14)
and results of this equation model will be discussed in Chapter 4 for NO, molecule

comparing them with experimental results for 10 ns and 90 fs laser pulses.

2.5 High Laser intensity and Ultrashort Laser Pulse Dynamics

in Multiphoton Dissociative ionisation of Molecules: Ultrafast
Laser Mass Spectrometry.

Multiphoton dynamics in a molecular sample were discussed in earlier sections of this
chapter. The photon absorption is possible for either neutral or ionic samples within a

laser pulse where ions were produced by either the front part of the laser pulse or as a
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result of simultaneous absorption of the photons from the intense laser beam by the
neutral molecule. A quantitative investigation for large molecules is difficult since a
number of molecular bonds may be involved in the fragmentation process in the
molecule. Therefore; a qualitative treatment for large molecules is the only way for
analytical purpose. In this section a brief discussion will be made distinguishing
possible mechanisms involve in the multiphoton dissociative ionisation process

depending on the laser pulse width as well as the laser intensity.

In mass spectrometry, the source of information is the fragmentation pattern in the
mass spectrum of molecule. The fragmentation pattern could be attributed to two
different mechanisms which are an ID (ionisation followed by dissociation) or a DI
(dissociation followed by tonisation) processes which take- place- within a laser pulse
from reagent to the fragments (Gedanken et al., 1982; Yang et al., 1983). The
fragmentation pattern could be attributed to an ID process when only the
fragmentation of the ionised parent molecule occurs. The DI is the case where the
subsequent lonisation of the meutral fragments from the dissociation of the neutral
parent molecule in its excited state takes place. In the pure DI process however the
molecular parent ion cannot be detected. In the both cases, further photon absorption
and dissociation-ionisation-fragmentation processes continue until the final products
are obtained. These two , HD-and DI, processes are in competition depending on the
laser parameters as well as the spectroscopic nature of the sample under investigation.
In a particular case of the laser intensity, both of these, ID and DI, may be involved in

the process, i.e., the process may be a mixture of both mechanisms and elucidation of

the- spectrum becomes more comptlicated:

In order to overcome any fast relaxation processes or dissociation in intermediate
states, the photon absorption rate must be enhanced by an increasing laser intensity.
As the laser intensity increases, the rate of absorption of photons by molecule in the
dissocative- excited- state” increases and: these two channels, DI and ID, start to

compete. It is also known that the competition rate of these two mechanisms strongly
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depends on the laser pulse duration saying, i.e., if the laser pulse duration is shorter
than the- hfetime- of the- molecule i the dissociative excited state the- ID process
becomes dominant while the DI may be the dominant process in the case of the longer
pulse duration relative to the lifetime of the molecule in the excited state. Therefore it
is often concluded that, in the nanosecond laser pulse regime, the DI mechanisms
ofterr dominate-the-proeess while the ID-ts often observed when the-femtosecond laser
pulses were used. A comparison of the nanosecond and femtosecond laser mass’
spectrometry has been the subject of a number of recent articles (Wei et al., 1992;
Mollers et al., 1992; Weinkauf et al., 1994; Aicher et al., 1995; Ledingham ef al.,
1995b; Grum et al., 1996; Kilic- et af., 1997; Kosmidis et af., 1997; Ledingham and
Singhal, 1997; Weickhardt ef al., 1997; Smith et al., 1997) for a number of molecular
samples and the comparison of the nanosecond and femtosecond laser mass
spectrometry will be carried out in this thesis for a number of nitro aromatic

molecules and will be discussed in the result chapters starting from Chapter 4.
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3.1 Introduction

For spectroscopy or spectroscopic applications to be carried out, the first necessities
are the source of energy, a spectrometer and a data analysis system. The
photochemical application methods have gained considerable interest due to the

development and increasing availability of stable and reliable lasers.

For a molecule to be detected using mass spectrometry the molecular ion has to be
produced, collected in the detector and finally recorded in a spectrum. The
ionisation of large organic molecules, and especially thermally labile molecules, is
difficult and powerful lasers are needed for this procedure. The best way to obtain
high laser intensities is to use a laser system with ultrashort laser pulses. We carried
out a number of experiments using femtosecond laser pulses and compared the

results with these of nanosecond laser pulses.

Laser System
Catipled to
Time ofFlight Acqulmm
System system
(TOF) System

Figure 3.1: Outline of experimental set-up which is used to perform this work in this thesis.

A block diagram of the experimental system used in this work is shown in Fig.3.1.
This consists ofthe nanosecond/femtosecond laser system, a detector system (in this
case a time of flight mass spectrometer) and a data acquisition system. The same
detector and data acquisition systems were used in both nanosecond and

femtosecond laser mass spectrometry experiments.

In this chapter, some details of this above mentioned systems will be discussed

briefly.
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3.2 Laser Systems

The laser system consists of a pump and a dye laser. In this work two laser systems
have been used which deliver laser pulses at 10 ns and 90 fs durations. The laser
system was coupled to a linear time of flight (TOF) system to perform the detection
of the ions produced by the laser energy absorbed via the multiphoton process as

described in Chapter 2 in detail.

The nanosecond laser system is schematically shown in fig.3.2, which consists of a

tunable dye laser pumped by a XeCl excimer laser at 308 nm.

rTttel C-cmet

Luraonics EPD-330 Dye Laser

Figure 3.2: Diagram of a Lumonics-330 EPD dye laser
pumped by a XeCl excimer laser at 308 nm.

The femtosecond laser system with its components is shown in detail in fig.3.3. The
femtosecond laser system consists of a cw Ar-ion laser, Q-switched Nd:YAG laser,
a mode-locked TISUNAMI and an amplifier laser system. In the femtosecond laser
system, the components of the laser system will be described briefly. The detailed

description ofthe femtosecond laser system has been given by Langley et al., 1994.

A description of the XeCl, dye laser and Ti:sapphire laser systems will be given
below and some other components and some relevant optical phenomena will also

be discussed in this chapter.
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Injection Seeded
Q-Switched
NdYAG
Laser

Amplifier

loulemeter
TSUNAMI

M

Mod-Locked Titanium

Saphire Laser
UFM

AD-lInes
Argon-lon Laser

Autocorelator

Figure 3.3: Components of femtosecond laser system showing lasers; Argon-lon laser,
Titanium sapphire laser, Nd:YAG laser and three stage amplifier dye laser with optical
alignment and laser focusing conditions.

In figure; BS: Beam spliter, IJFM: Ultrafast mirror, M: Aluminium mirror, I: Ins, L:
Long focal length lens, PP: Prism pair, L2: Im focal length lens, LJ: 0.5 m focal length
lens, L3: 0.5m focal length lens, C: Glass compressor (STF10), B: Type 1, BBO (28.7°
Brewster angle) crystal.

3.2.1 Photochemical Operation of An Excimer Laser System

Generally speaking, excimer lasers are a group of pulsed lasers that incorporate
electronic transitions within short lived-molecules.  These lasers are usually
composed of a combination of a rare gas atom, (Xe), and a halogen atom, (CI).
These lasers are capable of producing high power pulses of ultraviolet/VUV

radiation with large beam cross-sections at high repetition rates.

Fig.3.4 shows a schematic energy level diagram of an XeCl excimer laser. This
class of molecule has its own characteristics showing a bound structure in the
excited state and repulsive/dissociative structure (unbound) in the ground states.
This system is therefore unstable in its ground state and dissociates rapidly in a

typical time scale of 10'12- 10'13s.
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'Excited bound state

XeCl*
Dissociative
grouncLstate
XeClrv.
Internuclear Distance r

Figure 3.4: Energy levels of an excimer molecule (XeCl) showing (a) repulsive ground
state, and (b) bound excited state.

This molecule can be formed only in the excited state by a chemical reaction
between Xe and Cl ions produced by various special excitation techniques such as
an electric discharge. After the excited state is formed, the population rapidly
decays to the repulsive ground state and molecule subsequently falls apart. Thus,
this molecule exists for only a time duration corresponding to the lifetime of the
excited state which is typically 1-5 ns. Since no population is trapped in the ground
state, the population inversion is easily achieved and high power pulses of UV
radiation are readily available. Transitions between the bound excited state and the
repulsive ground state result in the emission of radiation which constitutes the laser
output. Typical output parameters of the Lumonics TE 860-3 (XeCl) excimer laser

used in this work are given in Table 3.1.

Laser Parameters Corresponding
values

Wavelength 308 nm

Pulse length 8-12 ns

Beam size 8§ mm x 12 mm

Beam divergence 2.4 x 6 mrad

Maximum repetition rate 70-80 Hz

Average pulse energy 70 mJ

Stability (pulse to pulse) +5%

Table 3.1: Output characteristics of excimer laser (Lumonics TE-860-3).
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3.2.2 Photochemical Operation of A Dye Laser System

An energy level diagram for a typical organic dye molecule is shown in fig.3.5a.
During the interaction of a pump laser pulse (pulsed pump laser, in this case a XeCl
excimer laser) with a dye molecule, the dye molecule is excited from its ground state
(So) to the excited vibrational levels of (Si) state absorbing laser light from the
excimer laser beam. The molecule in the excited state (Si) undergoes several

radiational and radiationless photoprocesses

(a) (b)

Short
lived level

Internuclear Distance

Figure 3.5: (a) Electronic energy levels and possible radiational and radiationless transition
and absorption phenomena and (b) Ideal working four level laser system are shown.

The photochemical operation ofthis system can be explained in a similar way to that
discussed in Chapter 2 for the fate of absorbed energy in the excited state for gas
phase molecules but in this case we are dealing with a liquid sample. In the case of
dye lasers, the laser dye is generally dissolved in a solvent such as methanol, ethanol,
etc. The concentration of dye molecule in the solvent is very dilute allowing each
dye molecule to be isolated from each other and it can therefore be assumed that no

interaction between dye molecules takes place. But, on the other hand, dye
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molecules can interact with surrounding solvent molecules. Interaction (collisions)
between them is strong and vibrationally excited dye molecules thus are rapidly reset
to the vibrational ground state of the electronically excited (Si) state. This
collisional relaxation process in each state (SO, Si, Ti and T2) is shown by red

arrows in fig.3.5a and b and assigned as fast decay process.

The transition from the lowest vibrational level in the excited electronic (Si) state to
the highly excited vibrational levels in the ground electronic state of the molecule is
the most likely to take place and forms the basis of fluorescence. In this case this
transition is induced and so-called /laser action can be obtained under optical
pumping conditions. This laser action can be simply described as an ideal four level

lasing system as shown in fig.3.5b.

Lumonics EPD-330 Dye Laser

Laser Output

Oscillator
Dye Cell o .
Solvent Circilation pipes

Output Coupler

Figure 3.6: Components of dye laser system used to perform nanosecond laser experiments
for this thesis.

The heating of the solvent by the interaction of the dye and solvent molecules
induces radiationless transitions such as intersystem crossing (ISC). The Si-Ti
transition can be overcome by circulating the dye solvent continuously by a pump
through solvent circulation pipes shown in fig. 3.6. The solvent dye circulation is
passed through both the oscillator and dye amplifier cells in order to rapidly remove

dye molecules from the Ti state to the lasing volume.
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Laser Parameters Corresponding values
Tuning range 320-950 nm

Pulse length 6-10 ns

Spectral linewidth <0.02 nm

Beam size 2 mm X 2 mm

Beam divergence <1 mrad

Polarisation %95 vertical

Average pulse energy 10 mJ

Stability (pulse to pulse) | +5%

Table 3.2: Output characteristics of dye laser (Lumonics EPD-330).

A diagram of the dye laser system in which a Lumonics EPD-330 dye laser, pumped
by a Lumonics TE-330 excimer (Fig.3.2) is shown in fig. 3.6. The pump beam (at
308 nm) from the excimer (XeCl) laser is passed through a beam spliter and ~10%
of the pulse energy is focused into the oscillator cell by a cylindrical lens (L1) and
90% of the pulse energy delayed, travelling via mirrors M1, M2 and M3 and
focused into a laser amplifier cell by an other cylindrical lens (L2). The oscillator
dye cell initiates the laser action. In the amplifier dye cell, the oscillator beam causes
further stimulated emission and increases the oscillator power by a factor of ~15.
Typical output pulse energies of about 8-10 mJ were easily obtained. Typical dye

laser characteristic parameters are given in Table 3.2.

3.23 Wavelength Tuning System Connected to Dye Laser

Dye lasers are sources of tunable output over a large wavelength range. For a
particular operation wavelength to be obtained a proper laser dye should be chosen.
The lasing action at a wavelength near the peak of the fluorescence curve can be
achieved by aligning the cavity mirrors to this gain region. In lasers with a broad
gain bandwith it is often desirable to tune or select any specific laser wavelength
over that gain bandwidth without changing the cavity mirrors. A simple means of
providing such a wide range of tunability is to install a diffraction grating (or
dispersive prisms within the mirrors) as one of the mirrors of the cavity. Tuning the

wavelength is accomplished by rotating the grating. This arrangement is shown in
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an inset diagram at the left-lower comer in fig. 3.6. The most important advantage
of tunable dye lasers over other lasers is the relatively large tuning range and

continuous tuning by means ofthe compuscan.

The EPD-5- motor drive and EPD-60 Compuscan connected to the dye laser allows
the control of the wavelength parameters through a keyboard interface. The motor
drive consists of a stepping motor and a microstep drive module offering extremely
smooth motion. This motor drive unit controls the rotation of a mirror in the optical
cavity which alters the angle of the laser beam incident upon the holographic

grating.

3.2.4 Titanium Sapphire Laser

The titanium sapphire laser (Ti:Al20 3) is the most widely used tunable solid-state
laser pumped by an all line 5 W cw Ar-ion laser (Fig. 3.3). The principles and
photochemical operation system of an Ar-ion laser was given elsewhere (Svelto,
1989; Andrews, 1990). Typical operational parameters are given in table 3.3. The
pump absorption and laser emission band spectrum and energy level diagram of a

Ti:sapphire laser are shown in figs. 3.7a and b.

0.5

0
400 500 600 700 800 900

Wavelength (nm)
Figure 3.7: (a) Absorption and emission spectra of a titanium sapphire laser amplifier rod

(in most laser text books), (b) Energy level diagram and lasing action for titanium sapphire
laser and.
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In the excitation mechanism, the ground state and excited state of a titanium
sapphire laser is very similar to that of a typical four level laser system as explained

in detail in figs. 3.5a and b, for a real and ideal laser system, respectively.

Laser Parameters Corresponding values
Wavelength 750 nm

Pulse width 90 fs

Beam diameter at 1/e2pomts <2 mm

Beam divergence, full angle <0.6 mrad

Maximum repetition rate 82 MHz

Noise <2%

Polarisation >500:1 vertical

Stability (pulse to pulse) <5%

Table 3.3: Specific parameters of Ti:sapphire laser used in this work.

3,2.5 Pulse Evolution

Ultrashort optical pulses (a few ps or fs) allow chemical reactions to be investigated
in a time scale of about a vibration or even shorter time. The generation of such
ultrashort laser pulses has been made by many groups (Fork et al., 1981; Fujimoto
et al., 1984; Norris et al.,, 1985; Squier et al., 1991; Stingl et al., 1994; Zhou et al,,

1994) by using generally mode-locking technique.

1 4
90 fs
Oscillator .
S\ nclironise
Pulse Pulsed 700 fs Pulse
50 fs
Laser A Strecher 700 fs Compressor
£om \ Amplifier
Oscillator Stretched! Chirped-
Pulse Pulse Amlgiiﬁed l(_)3olmpressed
Pulse ulse

Figure 3.8: The pulse evolution stages indicating laser pulse widths for each stage with no

accurate scale.

The laser pulse evolution system consists of four steps, as shown schematically in

fig.3.8: the generation of ultrashort laser pulse (Fork et al., 1981; Fujimoto et al,
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1984; Norris et al., 1985; Squier ef al., 1991; Zhou et al. 1994; Stingl ef al., 1994;
Perry and Mouro, 1994), pulse chirping (stretching) (Perry and Mouro, 1994; Yariv,
1997), amplification of chirped pulses (CPA) (Fork et al., 1982; Duling et al.,
1985; Fleming, 1986; Knox, 1988; Perry and Mouro, 1994) and re-compression of
the chirped-amplified pulses (Shank et al., 1982; Strickland and Mourou, 1985;
Fork et al., 1987; Bergman ef al., 1994; Perry and Mouro, 1994).

In the case of the amplification of high repetition rate and high intensity laser pulses,
the most important undesirable disadvantage is that during the passage of high
intensity laser pulses through optics, the optics can be damaged by these high laser
intensity effect. This problem can be avoided by stretching the pulses to a longer
pulse width prior to amplification. This process reduces the laser intensity in the

medium as indicated in fig.3.8.

When a high intensity laser pulse passes through the medium, the refractive index of
a non-linear medium changes as a function of laser wavelength and laser intensity
(Hutchinson, 1989; Svelto, 1990; Singhal, 1995; Davis, 1996). Thus, such a
nonlinear medium disperses the laser beam as a function of the laser wavelength and

intensity.

As the pulse travels in a dispersive medium, the shorter wavelength (higher
frequency) is dispersed more than the longer wavelength (lower frequency),
therefore the lower frequency part of the pulse (red shifted) moves faster than the
higher frequency part (blue shifted) of the pulse. In this case the red part of the
pulse arrives at the exit of the medium relatively earlier than the blue part of the
pulse. This results in a pulse stretching and then the stretched beam has a time-
dependent frequency (Fig. 3.8).

In the pulse stretcher system the 100 fs laser pulses was stretched to 700 fs laser
pulse duration. The 700 fs laser pulses were amplified using a three stage dye
amplifier pumped by a synchronously Q-switched Nd:YAG laser (Fig.3.3). A
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simple diagram of the system used is shown in fig. 3.3. Details of the amplification

process were given by Langley ef al., 1994.

The chirped-amplified laser pulses need to be compressed to obtain shorter laser
pulses higher laser intensities. The chirped pulse has a time-dependent frequency
distribution as indicated in fig.3.8. When these pulses pass through a nonlinear
dispersive material (quartz class in this case) the red-shifted portion of the pulse is
slowed down (higher refractive index) and the blue-shifted portion of the pulse is
speeded-up (low refractive index). The leading edge of the pulse will arrive at the
exit of the medium relatively later than the trailing edge and the process results in a

shorter pulse length.

3.2.6 Experimental Measurement of Ultrashort Laser Pulse Width Using
An Optical Autocorrelation Technique

The direct measurement and monitoring of ultrashort laser pulses is not yet possible
because of the slow response of the detectors. In order to measure the width of
short laser pulses (fs) the non-collinear second harmonic generation technique has
generally been used (Weber, 1967; Fleming, 1985; Singhal, 1995; Yariv, 1997).

In order to measure the laser pulse width, an autocorrelator based on a Michelson
interferometer and second harmonic generation technique was used and is
schematically shown in fig.3.9. The laser beam enters the autocorrelator and is
divided into two arms with a 50% ratio by a beam-spliter (BS). The rotating pair
(RM) of parallel mirrors produces a variable delay on arm 1 with respect to the arm
2 as a function of the rotation speed of the shaft (Yasa and Amer, 1981).

A second harmonic signal was produced by focusing these two beams on to the
nonlinear rotating crystal. The second harmonic signal was detected using an
electron multiplier and displayed on the oscilloscope screen. The intensity of the

second harmonic was monitored as a function of the relative delay between the two
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arms (Singhal, 1995) and then the FWHM of the second harmonic signal was

measured.
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Figure 3.9: Configuration o f Model FR-103XL Rapid Scanning Autocorrelator used in the
experiments. Definitions are; RR: Retroreflector, F: Fundamental Blockmg Filter A:
Aperture, M 1: Mirror, M2: Focus Mirror, RM: Rotatmg Mirror Pair, BS: Beam Spliter,
SHG: Angle Tuned SHG Crystal (BBO)

This configuration of a pair of parallel rotating mirrors (RM) producing a repetitive
generation of linear delay makes it possible to continuously monitor the
autocorrelation function of the pulses after second harmonic generation. For the
monitoring procedure a conventional high impedance oscilloscope synchronised to

this rotation and the oscilloscope was triggered with escaped pulses from rotating

mirrors.

33 Detection and Data Acquisition System

3.3.1 Time-of-Flight (TOF) Mass Spectrometer and Basic Principles and
Operation of Time of Flight (TOF) Mass Spectrometer and Its
Components

A time of flight mass spectrometer is a simple and easy to operate system with only
an inlet system, an ionisation chamber and an ion acceleration region with an
electron multiplier as an ion detector, as shown in fig. 3.10. The time of flight mass

spectrometer separates ions of different masses due to their different velocities after
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acceleration through a potential (V). A general and detailed consideration of mass

spectrometer systems was made in a recent article (Boesl et al., 1994).

The mass spectrometer is based on a Wiley-McLaren (Wiley and McLaren, 1955)
design and shown in fig. 3.10. This time of flight (TOF) system has been described
in detail elsewhere (Marshall et al, 1992a; 1992b; 1992¢; Clark et al., 1993;
Ledingham et al,, 1995b; Singhal et al., 1996; Kilic et al., 1997; Kosmidis et al,
1997).

Ionisation Chamber

Electron Multiplier
Inlet System

Time ofFlight Tube ... 1
Sam pi<
lime of Flight (TOF) M ometetontainer

To Oscilloscope
Figure 3.10: Time of flight (TOF) mass spectrometer and its parts.

The TOF is a conventional linear system of 1.2 m length pumped by a turbo pump
to a base pressure of 108torr. Optical parameters of the extract optics are based on
a Wiley-McLaren design, and the ions were detected by a Thom EMI electron
multiplier. An einzel lens placed immediately after the extract optics increased the

ion transmission through the system.

A detailed diagram (Fig. 3.11) shows the ionisation chamber in the mass
spectrometer. This consists of a pusher plate, first optic, 2nd optic and an einzel
lens, located parallel to each other. These components have different electric
potentials to produce an electric field to accelerate the ions (see Vi>V2>V; in
fig.3.11) and the voltages on these plates were chosen to obtain maximum

resolution.
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The laser focusing condition is shown in fig. 3.11 indicating the laser spot size at the
focal point. Fig. 3.12 is an exaggerated scale to emphasise the interaction volume.
The ions are formed in the interaction region at some position in an accelerating
electric field. They then gain kinetic energy before being injected into the field free
drift region and are then separated due to their mass to charge ratios (m/q). They
therefore arrive at the detector (Fig.3.10, an electron multiplier in this case) at

different times. The time of flight, t, of an ion of mass m and charge q is given by

t = £ [(m/q)/(2eV)]"* (3.1)
where £ is the distance travelled by the ions and V is the accelerating potential. In

reality the determination of the length, £, is very difficult since the production of the

same mass 1ons at different positions are possible as indicated in fig.3.12.

In TOF mass spectrometer, the ideal situation arises when ions of the same mass
m/q ratio are formed in an infinitesimally thin volume which is perpendicular to the
acceleration fields, and with no kinetic energy, the case of A in fig.3.12. In this
situation, all ions of the same (m/q) ratio would arrive at the detector at precisely
the same time, and the available mass resolution would be defined entirely by the

electric characteristics of the ion detector.

However, in reality, the initial spatial, temporal and velocity distributions of the laser
produced ions limit the resolving power of the instrument, and all three effects will

be discussed below.

The cross sectional area of the ionising laser beam (Fig.3.12) is the sole cause of an
initial ion spatial distribution. This limits the resolution due to the variation in flight
time for ions of the same m/q ratio which are produced at different points in the
laser sample interaction volume as shown in fig.3.12. This may be reduced if beam
focusing is employed, although in doing so the actual number of molecules
interrogated by the laser beam is reduced due to the reduction in geometrical

overlap.
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Figure 3.11: The ionisation chamber which consists of a conventional double field
extraction system with singly charged ions produced as a result of the interaction of focused
laser pulses with neutral molecules. The ions produced gain an energy eVi before entering
to the field free time of flight tube (drift region).

The initial temporal distribution is due to only the finite length of the ionising laser
pulse (laser pulse length, -10 ns and 90 fs for nanosecond and femtosecond laser
pulse in our cases). Each isomass ion packet will therefore have a temporal spread
of at least this value at the detector position, and so this represents an upper limit on

the available mass resolution, the case of B in fig.3.12.

Lift Li[ ]

-9
Einzel In s Optics Pl.Ehll
Optics 1

Focusing Mirror

Figure 3.12: Diagram shows two extreme case for the positions where same mass ions
might be produced and for both case the appearances of a mass ion peak in the mass

spectrum.
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The mass resolution is also reduced due to the initial velocity distribution of ions
formed in the interaction region. In the very worst case, ions of equal mass having
the same speed but initially travelling in opposite directions, case of C in fig. 3.12,
arrive at the detector with a time difference equal to the turn-around time, At, of the
ion moving away from the detector and resulting peak is shown with broad peak in

pink colour in fig.3.12.

In the Wiley-Mclaren design, a compromise is met in overcoming the adverse effects
of initial spatial and velocity distributions. In the former cases, the potential drop
across the ionising laser beam width is kept low so that ions gain most of their
kinetic energy from the second acceleration region and therefore the fractional
difference in their final energies is smaller. In particular, they showed theoretically
that a suitable choice of the voltages V; and V, resulted in isomass ions being
spatially focused at the detector position. However, to minimise the effects of an
initial non-zero ion velocity distribution, it is desirable to have the electric field in
the source region as large as possible in order to reduce the turn-around time At. In
our experiments, the initial spatial distribution was kept at a minimum by focusing
the laser beam, so it is expected that the main source of resolution degradation is

from an initial velocity distribution.

3.3.2 Electron Multiplier

The ions produced within a single laser pulse arrive at the detector within a time as a
function of the flight path length (eq. (3.1)). In order to detect the ions a Thorn-
EMI electron multiplier was connected to a LeCroy 9304 digital oscilloscope. The
detector works on the principle that an ion strikes the dynode which then releases a
number of electrons for each strike. The liberated electrons are accelerated through
an electric field. If each accelerated electron hits a secondary dynode thus resulting
a number of electrons being released by dynodes caused by each electron then it
continues increasing the number of electrons ejected. The final number of electrons

build up an electric current which can be detected and displayed on an oscilloscope
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screen. The current produced by this process appears on the screen as a mass
spectrum in our application. In this way the electron multiplier behaves like an

amplifier.

333 Presentation of A Mass Spectrum

When a molecule absorbs photons it can ionise or fragment to produce smaller ions
and neutrals. These in turn can absorb more photons to produce still smaller

particles. This results in a mass spectrum being formed.

In the recorded mass spectrum (Fig. 3.13), the vertical axis is a measurement ofthe
number of ions produced for a particular mass and presented as a function of the
time of flight indicated by the lower horizontal axis of the spectrum. The m/q is

presented as a function of flight time in the upper horizontal axis.

m/q >
t
s
<
(4
S X /L
6.0 6.4 6.9 7.3 7.8 8.2 8.6

Time of Flight (ps)

Figure 3.13: A typical example for time of flight (TOF) mass spectrum.

In general, neutral molecules have an even number of electrons in their highest
occupied molecular orbital. When one ofthem is removed, the molecule is left with
a single electron and the molecular ion could be seen with a single positive charge
(g=1) thus the mass ion peak can often be labelled using only mass m instead of m/q

ratio because m/q becomes equivalent to the mass, m, ofion.
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3.3.4 Calibration and Identification of Particular Mass Ion Peaks

The ions arriving at the detector was recorded using a LeCroy 9304 digital
oscilloscope and the flight time for each mass ion can be read directly from the
oscilloscope in ps. The time of flight calibration was carried out by examining a
particular well known small molecular sample. NO, was considered as the best
sample to calibrate the system because it gives only the NO" and NO," peaks in the
spectrum. Once the flight time is calibrated other molecular mass ion peaks can
easily be determined using the relationship between flight time and ion mass given
by

t*= ma+b 3.2

The calculation of the a and b constants could be performed choosing two well
estimated mass ion peaks, m; and m,, and using corresponding flight times t; and t,.
Once a and b are calculated the mass for each peak can be determined using the

equation
m = (t*-b)/a (3.3)

3.3.5 Data Acquisition Systems

The data acquisition was performed using a LeCroy 9304 digital oscilloscope. This
was a multipurpose oscilloscope and was used for analysis, display and storing

waveforms.

Front panel knobs and buttons of the oscilloscope provide easy use. A 550 K
memory card has been installed for speed storage and a DOS format floppy disk to
extend the storage memory to 1.44 MB without a computer. The data was
recorded after performing a summed averaging over a number of laser shots. The
maximum number of laser shots can be initially chosen and when the maximum
number of sweeps has been reached, the averaging process stops. The oscilloscope
is triggered with a portion of laser light from beam spliter via a photodiode placed in
front of the dye laser. If a suitable and stable trigger is available, the resulting
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average has a reduced random noise component compared with the single shot
record. In this work the averaging was performed over a few hundred or sometimes

thousands of laser shots and a good signal to noise ratio was obtained.

The recorded signal can be plotted using an X-Y plotter. In this work the mass
spectra was converted into a PC computer format and the final form of the spectra
was obtained. This facilitates ease of manipulation of the data using a computer and

puts the spectrum into text format.

34 Laser Diagnostics
3.4.1 Measurement of Pulse Energy

For the laser pulse energy dependent experiments to be carried out, an accurate
measurement of the laser pulse energy is particularly important. The pulse energy
measurement is carried out before the laser beam enters the time of flight mass
spectrometer just in front of the entrance window. The laser beam is focused down
to the size of photosensitive surface of joulemeter to make sure that all photons in

the pulse are collected for measurement.

A Molectron J3-09 pyroelectric joulemeter was used for measuring the pulse
energy. The operation principles of the joulemeter lie on the photophysical
characteristics of a photosensitive lithium tantalate crystal. The crystal rapidly heats
after absorbing laser photons and becomes electrically polarised. This polarisation
produces a surface charge which is collected, electronically integrated and displayed
on the oscilloscope screen in the voltage units. The peak height of the signal is then
proportional to the absolute pulse energy with the calibration of our particular
model being 1.25 V/mJ. The Joulemeter is designed for operation with pulse widths

ranging from picosecond to 250 us.
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3.4.2 Optical Attenuation of Laser Pulse Energy

Power dependence experiments were carried out by recording time of flight mass
spectrum for different pulse energies. The pulse energy was measured each time
using a joulemeter. In the nanosecond experiments, the laser pulse energy was

altered using a Newport 935-5 model optical attenuator.

The femtosecond laser pulse energies were altered using neutral density filters and
measured using the same joulemeter used to measure the nanosecond laser pulse

energies mentioned above.
3.4.3 Determination of Spot Size of Focused Laser Beam

The spot size of the focused laser beam can be determined by theoretically using the
relationship between the diameter of laser beam before and after the focusing
operation and the focal length of optics used. If it is assumed that the laser power
distribution is Gaussian shaped then the radius of the focused beam can be

calculated (Langley ef al., 1995) by

wo= (1.22 fA)/nD (3.4)

where f is the focal length of optic (a mirror or lens) and D is the diameter of the
collimated laser beam before focusing. It can be seen from eq. (3.4) that the spot
size of the focused beam is a linear function of the laser wavelength used and the

focal length of lens/mirror.

In the experiments carried out in this work, two laser wavelengths 375 nm and 750
nm have been used. In the nanosecond experiments only 375 nm has been
performed while both wavelength were used in the femtosecond experiments. In
both laser pulse experiments either a 30 cm focal length lens or a 10 cm focal length
mirror was used. The diameter of the laser beam on the lens or mirror before
focusing was measured as 1 cm. Typical calculated parameters of focused laser

beam are given in Table 3.4.
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Laser 10 cm Focal Length Mirror 30 cm Focal Length Lens
Wavelength | Radius Spot Intensity Radius Spot Intensity
(nm) (pum) Area (W/em?) (um) Area (W/cm?)
(cm?) (cm?)
375 4575 | 6.59x107 | 1.69x10™ | 13.73 | 5.93x10° | 1.87x10"
750 9.15 2.63x10° | 1.27x10™ - - -

Table 3.4: Laser waist, laser spot area and laser intensities at the focal point for 10 cm
focal length mirror and 30 cm focal length lens at 375 nm and 750 nm.

3.4.4 Calculation of Laser Intensity in the Interaction Region

In our application, the laser pulse energy was measured using a molectron
joulemeter in joule and the pulse power was calculated using a relationship, eq.(3.5),

between laser pulse energy and laser pulse duration.

P (W) = E(J)/x(s) (3.5
where E is the laser pulse energy and 7 is laser pulse width. Using the result of this

equation, the laser intensity was calculated using eq. (3.6)
I (W/ cm®) = P (W)/Spot Area(cm’) (3.6)

The results for laser pulse energies of 10 pJ at 375 nm and 30 pJ at 750 nm at 90 fs

laser pulse width are given in Table 3.4.
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4.1 Introduction

The nitrogen oxides are commonly found as pollutants, because they can be formed
during combustion, and generally labelled together as NO,. Nitric oxide is
chemically very reactive, and is easily oxidised by oxygen to nitrogen dioxide.
Nitrogen dioxide, NO,, is also very reactive with organic molecules, and under
atmospheric conditions it is a key factor in producing smog because it combines
with unburned hydrocarbon emissions in the exhaust gases of cars. Combustion,
production and chemical reaction mechanisms of NO and NO, have been

mvestigated in detail in a recent article (Warnatz et al, 1996).

The nitric oxide (NO) molecule, which is a heteronuclear diatomic molecule and one
of the smallest molecules studied in this thesis as well as one of the simplest
molecular structures in chemistfy, is one of the first molecules which was
investigated using resonance enhanced multiphoton ionisation (REMPI) technique
(Johnson et al. 1975). Its photophysical and photochemical properties have been
extensively studied for many years (Brook and Kaplan, 1954; Gero and Schmid,
1948; Hesser, 1966, Warnatz et al., 1996). The NO molecule is chemically very
active and the knowledge of its reactions and structure are of great importance since
the molecule participates in many atmospheric, polluting and industrial processes.
The absorption, emission and fluorescence spectrum of NO from infrared to
ultraviolet range has been analysed since 1920s. The spectroscopic structure and
parameters of the NO molecule have been determined and well documented using
different methods from discharge to modern laser spectroscopy, by several groups
(Leifson, 1926; Gaydon, 1944; Gero and Schmid, 1948; Sutcliffe and Walsh, 1953;
Brook and Kaplan, 1954; Barrow and Miescher, 1957; Lagerqvist and Miescher,
1966; Hesser, 1968; Jungen and Miescher, 1968; Suter, 1969; Callear and Pilling,
1970a and 1970b; Miescher, 1971; Brzozowski et al., 1974, Johnson , 1975a).
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The electronic excitation and ionisation spectrum of NO can easily be produced
over all spectral ranges from far infrared to the vacuum ultraviolet (Zacharias et al.,
1980; Zacharias ef al. 1981; Rottke and Zacharias, 1985; Rudolph et al., 1988;
Zakheim and Johnson, 1978) since it is a very stable molecule and has long lived
excited states (Benoist D'azy et al., 1975; Brozowski et al., 1974). The NO" ion is
usually formed by the ionisation of the neutral NO molecule produced from the

dissociation of a neutral parent molecule containing NO.

While the absorption, emission and ionisation spectra of simple diatomic molecules
can easily be analysed, the spectra of molecules with more than two atoms show a
complicated structure and to analyse them becomes more difficult. Small
polyatomic molecules, such as NO, commonly possess complex band systems in the
visible or ultraviolet regions of the spectrum (Hsu et al., 1978; Okabe, 1978;
Calvert and Pitts, 1966). These kinds of molecules were an unsolved problem for a
long time. One of the reasons that ultimately lead to the solution of the structure in
many complex molecules was the realisation that small polyatomic molecules may
change their electronic shape on the electronic excitation. Absorption, excitation,
dissociation and ionisation dynamics of the NO, molecule have been of great interest
for scientists (Delon et al., 1995; Jackels and Davidson, 1976a; Jackels and
Davidson, 1976b; Gillispie et al., 1975; Merienne ef al., 1995; Douglas and Huber,
1965; Stevens et al., 1973; Smalley et al., 1975; Georges et al., 1995a and 1995b;
Aoki et al., 1996) and will, in some aspects, be discussed in this and later chapters
of this thesis.

4.2  Energy Levels in NO and NO, Molecules

4.2.1 Electronic Energy Levels in NO

The ground state of the NO molecule was firmly established as a °II state. The
electronic configuration in the X’IT ground state of the NO has a 15 electron

structure with one electron in the anti-bonding valance orbital n*. When one of the
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electrons from the antibonding orbital is removed, the electronic structure of the
remaining 14 electrons has an electronic configuration of the ground state of NO"

which is expressed as NO'(X'ZH.

The absorption spectrum of NO has been well documented and in the literature, the
absorption bands from X’IT to the electronic excited states A’II, B’II, C*II and
D’T" are called the v, B, 5 and € bands, respectively (Gaydon, 1944). Most of the
electronic excited states in NO have high energies and lie just below the ionisation
limit (Gilmore, 1966, Lagerqvist and Miescher, 1966; Miescher, 1971; Jungen and
Miescher, 1968; Suter, 1969).

For the particular laser wavelengths used in this work, the multiphoton excitation
and ionisation processes take place through the € band system in the NO molecule.
A simple energy diagram of the € band system of NO molecule, which is relevant to

our work in this thesis at 375 nm and 750 nm, is shown in Fig. 4.1.
4.2.2 Energy Levels in NO, Molecule

The absorption spectrum of NO, shows a very complex structure and no regularity
in the rotational bands. In the ps regime the dynamics of the spectrum shows a
chaotic structure, while for shorter times, the dynamics exhibits a regular behaviour
and it is suggested that it can be observed with a fs pump-probe experiment
(Georges et al., 1995a).

The first excited state of NO, is A’B, and lies above 9737 cm™ (Delon and Jost,
1991a) and is strongly mixed with the vibrationally excited levels of the XA,
ground state, which is indicated in Fig. 4.1. The Bi«-A, and ’By«’A; are
allowed, electric dipole transitions, but the 2A,«—*A, transition is weaker (Gangi and
Burnelle, 1971; Walsh, 1976). The visible spectrum of NO, is dominated by the
A’B,<X’A, transition. It is well known that there are some contributions to the

absorption spectrum in the visible region coming from the B,«X’A, transition.
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The electronically excited state, A’B,, has been the subject of a number of recent
articles, and the vibrational and rotational energy levels are mostly identified over an
energy range from 9737 cm™ to 23600 cm™ in a series of experimental and
theoretical works (Delon and Jost., 1991a; Delon et al., 1991b; Aoki et al., 1993;
Georges et al, 1995a; 1995b; Delon ef al., 1995; Aoki et al., 1996). To the author's
knowledge, there is no information about the vibrational energy levels in this
electronic state with energies higher than 23600 cm™ in the literature, but it is
known that the strength of the interactions between the higher vibrational states of
X?A; and A’B, increases as the vibrational quantum number, v, increases (Miyawaki

et al., 1993; Tonov et al., 1993; Rohlfing and Valentini, 1985).

4.3 Dissociation and Ionisation Mechanisms In NO and NO,

Resonant enhanced multiphoton ionisation (REMPI) is one of the most sensitive and
selective spectroscopic techniques which has proved to be of considerable value in
the study of atomic and molecular states ( Johnson and Otis, 1981, Clark et al.,
1993; Marshall et al., 1993; 1994a). The sensitivity and selectivity is the main

reason that REMPI is used to study trace elements and molecules.

In this work, we have carried out a series of experiments on NO, molecule using the
nanosecond and femtosecond laser mass spectrometry. For this experiments, we
have used only one laser wavelength at 375 nm for the nanosecond laser mass
spectrometry and two different laser wavelengths at 375 nm and 750 nm for the
femtosecond laser mass spectrometry. The results of these experiments are
presented and compared with theoretically calculated results of rate equation
modelling.

The extensive spectroscopic studies on NO, suggest that the complex structure of
this molecule is due to the strong interactions between the ground state and the low
lying electronic excited A’B,, A’B, and A’A, states. A simple energy level diagram
in fig. 4.1 shows the ground state X?A; and the low lying excited A’B, and higher
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excited B2B2 state of N 02 which are particularly relevant to the work in this thesis

(Gangi and Bumelle, 1971; Aoki et al., 1996; Singhal ef al., 1996).

i Photodissociative Ionization pathways on N 02
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Figure 4.1: The dissociation and ionisation pathways of NO and NO? are shown.

Figure 4.1 shows the dissociation and ionisation routes of NO and N 02 molecules.
The dissociative ionisation processes in N 02 have been discussed using different
laser wavelengths and laser pulse widths in a number of articles and it is now well
known that there are two different dissociation states, as indicated in Fig. 4.1, that
have been identified and partially characterised (Hallin and Merer, 1976; Robra et
al., 1990; McFarlane et al., 1991; Miyawaki et al, 1991; Kumar et al., 1994,
Ledingham et al., 1995a; Jost et al, 1996; Singhal et al, 1996). The first
dissociation limit of N 02 was determined some time ago (Chen ef al., 1980; Robra
et al., 1990) and has been recently confirmed (Jost et al., 1996) and found to be

397.95 nm which is in good agreement with the previous values of 397.92 nm
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(Robra et al., 1990) and 397.93 nm (Chen et al., 1980). The second dissociation
channel lies just below the B’B, electronic excited state (Herzberg, 1966) and the
dissociation limit was measured to be 249.1 nm (Hallin and Merer, 1976).

Principally these are two dissociation channels which can be opened to produce
NO(X’IT) and O(CPy) through eq.(4.1) from the first dissociation limit with energy
threshold of 3.11 €V,

NO(X?A,) + hv—>NO(X*IT) + OCPy) 4.1)

and NO(X’IT) and O('Dy) through eq.(4.2) from the second dissociation limit with
an energy barrier 4.977 €V,

NO, (X*A;) + hv— NO(X?IT) + O('Dy) 4.2)

It is also known that the first dissociation channel leaves NO in the lowest
vibrational level of the ground electronic state (Miyawaki et al., 1993), X2II, and
the second dissociation channel produces NO in the vibrational excited levels of the

ground state (McFarlane ef al., 1991).

44  The Mass-Spectrometry of NO and NO;; Dissociation and
Resonance Enhanced Multiphoton Ionisation (REMPI)
Dynamics

4.4.1 Experimental Arrangement

The details of the nanosecond and femtosecond experimental systems as well as
detector system were given in chapter 3 and elsewhere (Marshall et al., 1993;
1994b; Kosmidis et al., 1994a; 1994b; Langley et al., 1994; Ledingham et al.,
1995b; Singhal et al., 1996; Kilic et al., 1997; Kosmidis ef al., 1997).

In a brief description of nanosecond system, it consists of a Lumonics (TE 860-M
XeCl) excimer (308 nm) laser pumping a Lumonics dye laser system (EPD 330
Models) with pulse and line widths being nominally 10 ns and 0.01 nm and operated

at 10 Hz. The laser dye used in the experiment was TMI whose output covers a
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wavelength range from 353 nm to 384 nm with a peak power about 370 nm. The
pulse energy was measured using a Molectron Model J3-09 Pyroelectric Joulemeter.
The laser pulse energies were a few mJ and the beams were focused using a 30 cm

focal length lens to give intensities of 10*° Wem™.

The femtosecond laser system (Fig.3.3) gives an output of laser light at the
wavelength of 750 nm with 90 fs pulse width. The laser Light at 375 nm was
generated by focusing the fundamental output of the laser to a type 1 BBO crystal
(B in Fig.3.3) cut at 28.7 degrees. The experiment at 750 nm was carried out using
the fundamental output wavelength of the laser system. The band widths of the
laser pulses at 90 fs are about 5 nm and 10 nm for 375 nm and 750 nm, respectively.
The laser beam was collimated with a 0.5 m fused silica lens (L3 in Fig.3.3) to give
a beam diameter of 1 cm. The femtosecond laser pulses were directed towards the
mass spectrometer with UV mirrors. Before entering the TOF mass spectrometer,
the 375 nm and 750 nm pulse energies were typically 10 uJ and 40 yuJ. The laser
beam was tightly focused in the interaction region using a 10 cm focal length mirror,
which was placed in the vacuum. The spot size of the focused beam was a function
of the wavelength and determined using eq. (3.4). Intensities of about 10'*** W/cm’
could be generated (Table 3.4), although smaller pulse intensities were generally

used.

A conventional home made time of flight mass spectrometer with a linear system of
1.2 m length (Fig.3.10) were used for both the nanosecond and femtosecond
experiments with similar experimental conditions. The spectrometer was pumped by
a turbo pump to a base pressure of 10~° Torr. The NO and NO, samples were
admitted effusively from the inlet system to the high vacuum system through a
needle valve. Typical sample pressure during data taking were a few times 10~
Torr. The time-of-flight mass spectra were recorded by taking the electron
multiplier output directly into a LeCroy 9304 digital oscilloscope and averaging

over hundreds or thousands of laser shots.
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The wavelength dependent spectra in nanosecond regime were obtained by scanning
the wavelength over the resonance range using a tunable dye laser and compuscan.
The ion signal was recorded using a Stanford Research "SR 250" boxcar averager

which was interfaced with a Macintosh IIfx computer.

4.4.2 Nanosecond Resonance Enhanced Multiphoton Ionisation (REMPI)
of NO from the Dissociation of NO, Molecule

The dissociation and ionisation processes in NO and NO, has been discussed in
previous section. The purpose of this chapter is to describe the experimental
application of REMPI to both nitric oxide (NO) and nitrogen dioxide (NO,) with
particular emphasis to the NO" ion, using different laser pulse widths and different
REMPI processes. The REMPI process has been used to produce NO* ion from

NO; over the wavelength range 370-283 nm using nanosecond laser pulses.

In this experiment, a TMI dye molecule was used, whose output covers a
wavelength range over 353-384 nm and the fundamental laser light output at the
wavelength of 375 nm was used. The wavelength dependence spectrum was
produced by scanning the wavelength over a range from 370 nm to 383 nm by

means of a compuscan.

For the neutral NO molecule, the resonance D*X*(v'=0)<«-X’II(v"=0) transition at
the wavelength about 187.5 nm can be reached with absorption of two photons of
375 nm (Singhal et al. 1996; Ledingham et al. 1995b; Kilic et al. 1997) with a
corresponding excited state energy of 6.605 eV (Heicklen and Cohen, 1968). This
transition energy is given elsewhere as 6.67 eV, (theoretical), and 6.61 €V,
(experimental), (Delaney et al., 1982). Previous measured dissociation energies of
NO were 6.5 eV (Gaydon, 1944) and 6.48 eV (Herzberg, 1950; Brook and Kaplan,
1954). These values are all in agreement and lie just below the electronically exbited
D" level. The ionisation potential for NO is ~ 9.26 eV (Reiser et al. 1988) and
the molecule can be ionised absorbing three photons of 375 nm from its ground

state since the total energy of three photons of 375 nm is ~ 9.92 V.
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¢ 2n(v=0)<-x2n(v'=0)

D2SH(v’= 0)<-\2H(v"=0)

370 375 380

Wavelength (nm)
Figure 4. 2: The wavelength dependence of NO from pure NO: gas.

The wavelength dependence of NO over 370-383 nm at 10 ns is shown in fig.4.2.
In this study, the strong wavelength dependent signature of the NO molecule was
observed due to the very high enhancement of the ionisation efficiency on the
resonant wavelengths. The resonance enhanced multiphoton ionisation of the NO
molecule in the relevant range are shown about 375 nm and 382 nm corresponding
D21 (v-0)<—X2n(v"=0) and C2n(v-0)<-X2n(v’-0) transitions, respectively, via

a two photon excitation and one photon (2+1) ionisation scheme.

4.43  The Femtosecond and Nanosecond Laser Mass Spectrometry on N 02
at 375 nm

Multiphoton ionisation and dissociation dynamics for 90 fs and 10 ns laser pulses at
375 nm were carried out. The pulse width dependence of dissociation process
changes depending on the lifetime of the sample in the excited state since the
lifetime of the N 02 depends on the laser pulse width whether it is femtosecond or

nanosecond (Ledingham et al., 1995a).

The multiphoton absorption of NO02 gas and the competition between direct

photoionisation to NOT ion and dissociation to NO+O and subsequent multiphoton
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absorption and ionisation, has been the subject of recent papers (Fig.4.1)
(Ledingham et al., 1995a; Singhal ef al., 1996) for a number of different laser pulse
widths from nanoseconds to femtoseconds. For the case of 375 nm laser photons,
the N 02 molecule reaches the first dissociation limit after absorbing one photon of
375 nm and two more photons are needed for the N 02 molecule to be ionised
(Ledingham et al., 1995b; Singhal et al., 1996; Kilic et al., 1997). The experiment
was carried out on N 02 gas for different pulse energies at 375 nm for ns and fs laser
pulses. The laser pulse energy was changed using a neutral density filter for the
femtosecond and a Newport model 935-5 optical attenuator for the nanosecond
experiments and measured using a joulemeter. The laser pulse energy dependence
of the NO and N 02+ will be discussed with the theoretical results from the rate

equation model later in this chapter.

2.25 mJ 375 nm a 10 ns

8.5 pJ 375 nm a 91 fs

Time of Flight

Figure 4. 3: A comparison of femtosecond and nanosecond spectra of NO: is shown. The
spectra were taken using a) 10 ns, b) 90 fs width laser pulses at wavelength 375 nm.

The NO ion was obtained by ionising the neutral NO molecule which comes from
the dissociation of N 02 The result with ns laser pulses shows only one peak

appearing at the mass 30 for NO (Fig. 4.3a). There were no peaks visible at the
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masses 14, 16 and 46 for N+, O and N 02+ In the fs laser mass spectrum (Fig.4.3b),
a significant signal is visible at m/q=46 corresponding to the N 02 peak and the
NO:V NO ratio is about 6%-1 1% in the case of 375 nm for the laser intensities

about It)12 4W/cm2 (Fig. 4.3b).

A comparison of the nanosecond and femtosecond laser mass spectra of NO:
molecule is shown in fig.4.3. Both spectra were taken under similar experimental
conditions apart from different laser systems used. The laser focusing conditions
were also different. The laser was focused using a 10 cm focal length mirror for fs
and 30 cm focal length lens for ns laser pulses. The nanosecond laser system gives
an output laser pulse width of 10 ns with typical laser intensities about 1089 W/cm2,

but these are 90 fs and 1012 14 W/cm2for femtosecond laser pulses.

4.44  The Femtosecond Laser Mass Spectrometry on N02at 750 nm

An experiment also was carried out on N 02 molecule using 750 nm laser
wavelength at 90 fs laser pulse width. A typical time of flight mass spectrum of
NO02is shown in fig. 4.4, which was taken under similar experimental condition of
the experiment carried out at 375 nm. Only difference arises from the different laser
wavelengths and therefore different laser bandwidths which were mentioned

experimental arrangement section in this chapter.

36 pJ 750 nm
Time of Flight

Figure 4. 4 : Typical femtosecond laser mass spectrum of NO? is shown. The spectra was
taken using 90 fs laser pulses at the wavelength of 750 mn.
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For the 750 nm laser photons, the NO, molecule can be excited to the first
dissociation limit with two photons of 750 nm. The bandwidth of the 90 fs laser
pulse at 750 nm covers an excitation region of approximately 400 cm™ and a
number of excited states of the molecule are populated. When this effect is
considered, the energy of three photons at 750 nm is sufficient to allow NO, to be
excited just above the second dissociation limit. This means that the second
dissociation channel of NO, is opened as well as the first with the absorption of
three and two photons at 750 nm, respectively. When both dissociation channels
are opened simultaneously, the multiphoton dissociative ionisation processes of NO,

at 750 nm become completely different than that at 375 nm, shown in fig.4.1.

The comparison of the time of flight mass spectra taken using 375 nm at 90 fs (Fig.
4.3b) and 750 nm (Fig. 4.4) shows a significant difference between both spectra.
The NO,/NO" ratio is 100% or even higher when the 750 nm laser wavelength is
used and this was 6-11% at 375 nm. This difference in the mass spectra shows that
the ionisation efficiency of NO, at 750 nm is higher than that at 375 nm indicating

different multiphoton dissociation-ionisation processes.

4.5  Application of the Glasgow Rate Equation Model to the NO,
Molecule at 375 nm

The recent developments of the rate equation model for analysing the dissociation
and ionisation efficiencies shows that the rate equation model becomes a reasonable
method for the description of the system under examination. The agreement
between the experimental results and the results of the rate equation model
calculations has been discussed in a number of articles (Ledingham ef al., 1995a;
Singhal et al., 1996; 1997).

In the visible range of the optical spectrum, the absorption of the NO, molecule is
dominated by the A’B, electronic excited state, shown in fig. 4.1. This electronic
excited state dissociates to NO + O at the wavelengths shorter than 397.95 nm. The

photodissociation rate, k and the lifetimes of the dissociative states in the excitation
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region below 400 nm have been determined in a series of recent experiments to have
a value 8.5x10° s~ for ns laser pulses (Rohlfing and Valentini, 1985; Miyawaki et
al., 1993; 1994; Ionov et al., 1993).

The results of our study of multiphoton ionisation and dissociation of NO, at the
laser wavelength of 375 nm and for a 90 fs and 10 ns laser pulse widths are
described in this thesis and presented in a recent article (Singhal ef al., 1996) which
shows the capability of the Glasgow rate equation model. It is expected that for the
ns laser pulses the dissociation rate dominates during the multiphoton process, but
for the fs laser pulses, the fast dissociation of NO, in the shorter lived dissociative
excited state is substantially defeated by the multiphoton ionisation (MPI) rates in
NO, and both NO, and NO ion peaks are expected. A quantitative explanation of
such observation is of great importance for understanding the dynamics of

photoexcitation and photodissociation of molecules.

It is generally accepted that the rate equations can be used when the coherent effects
do not play an important role on the multiphoton process (Ackerhalt and Shore,
1977; Zakheim and Johnson, 1980; Singhal et al., 1996). In the case of NO, the
quantum effects are expected to be small since the molecule is characterised by
"chaotic dynamics at ns laser pulses (Georges ef al., 1995a) especially in its higher
electronic states. Additionally, the bandwidth of the 90 fs laser pulses at 375 nm
covers an excitation region approximately 200 cm™' and several eigen states of the
molecule are populated. In the case of broad bandwidth, it is not clear how

important coherence effects are.

4.6  Interpretation of the Results of Rate Equation Model and
Comparison of Theoretical and Experimental Results

The dissociation and ionisation pathways which a NO, molecule may follow after
excitation to above the first dissociation threshold having absorbed one photon of

375 nm is shown in fig. 4.1
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For the application ofthe rate equation model, the values for the dissociation rate,
k, were used as 2.76x1012 s'l for the fs and 8.5x109%'l for ns laser pulses,
respectively. The lifetime of the second dissociation channel at 248 nm (Hallin and
Merer, 1976) was measured to be 42+5 ps for 15 ns laser pulses and we use this
value for 10 ns laser pulses at 375 nm for the first dissociation channel. If the
lifetime of dissociative state is not longer than 100 ps, the NO ion yields at the
longer pulse widths are insensitive to the exact value of the lifetime of the

dissociative state chosen.

100.0

NO(Theo)
¢ NCr(Expl)
A NO+KE\p2)

107 108 109 1010
Laser Intensity (W/cm2)

Figure 4.5: Experimental and theoretical data shows a good agreement for the nanosecond
laser pulses and intensities about 10810 W /em\

The values ofoexc = 3.2x10"19 cm?2 for single photon excitation o fN 02 (Calvert and
Pitts, 1966), oexc = 4.8x10"mcm4s for two photon excitation of NO (Cremaschi et
al., 1978) and ajon = 9x10'I8 cm2 for one photon ionisation of NO molecule
(Watanabe et al., 1967). The two photon ionisation of N 02 is not available in
published literature and its value was chosen to reproduce the experimental

NO, /NO ion yield for the 90 fs laser pulses.

The laser beam spot has a Gaussian intensity profile, and the calculations take into

account this intensity profile. Since the experimental ion yield results from a range
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of intensities, for comparing experimental data with the results of the calculations,
the laser intensity has been used as the variable. In fig. 4.5, the laser intensity
dependence ofthe NO ion yield for the 10 ns pulse duration is presented and seen to
be reproduced excellently by the model. For the ns laser pulse widths, the NO, ion
peak was predicted to be 2.5x10"' times the NO ion peak. This peak height is below
the sensitivity of the mass spectrometer and was not seen even in a high statistics

run especially carried out to observe the NO, ions.

w
w
10% A NCT(Expl)
m  NO+HExp2)
NO+Theo)
1 K No2«Expl)
& NO02HExp2)
101 NOy(Theo)
as
& 12

Laser Intensity(W /cm 2)

Figure 4.6 : A comparison of theoretical and experimental data. The data was taken
focusing laser light with a 30 cm focal length lens.

In fig. 4.6, the measured laser intensity dependencies ofthe NO and NO, ion peaks
are compared with the predictions of the rate equation model for fs laser pulses.
Since the NO and NO, ion yields were measured under identical experimental
conditions, the same scaling factor was used to compare experimental and
theoretical results, and a very good agreement between them is clearly seen from the

graph in fig.4.5 and 4.6.

Fig. 4.7 shows the ratios of NO, and NO ion yields as a function of laser intensity.
While individual points were measured with high statistical accuracy, it is evident

from the data that the absolute measurements could only be relied to within a factor
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of two to three. This is thought to be due to the different experimental
arrangements when the size of the laser focus and its position in the mass
spectrometer might be slightly different (Kilic et al., 1997). This experimental data
was obtained using a laser intensity between 101I'13 W/cm2. In this case, the laser
beam was focused using 10 cm focal length mirror. The curve (red line) in fig. 4.7
is the prediction of the rate equation model for the two photon ionisation cross

section of NO, = 10"3 cmds.

0.35 -r
¢ NO2/NOHExpl)

0.3 A NO2t/N0+Exp2)

(V]
ﬁ N 02¢/NOA(Theo)
G 0.25 --
¢
S 02
0.1
0.05 -

2\w 2 4xHF 6x102 8x10R2 KkxIOB IxlIOB

Laser Intensity(W /cm 2)

Figure 4.7 : The ratio of NCT /NO is shown. The data was taken irradiating NCb by 375
nm and 90 fs laser pulses. The curve shows the results obtained using Glasgow rate
equation model (Singhal, 1997) and two experimental data series were compared with the
theoretically calculated curve.

For the rate equation model calculations, the laser pulse was assumed to have a
square shape. For the 90 fs laser pulses and for the laser intensities used, the rate
equation model supports our experimental results that a pure multiphoton
dissociation and subsequent ionisation processes take place for the NO, and NO
particularly for the intensity range used in our experiment which is about

1011*13 W/cm?2.

The laser intensity dependencies of NO and N 02 in fig 4.5 support the idea that the
multiphoton ionisation process is dominant mechanism indicating some of the
excitation steps are saturated due to smaller laser intensity dependence. The two

photon ionisation transition of NO, molecule is unsaturated. The single photon
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excitation of NO, is partially saturated and the overall calculated intensity
dependence of NO, is 2.8. In NO, excitation cross section was determined by the
excitation cross section of NO, as well as by the excitation and ionisation cross
sections of NO. All three cross sections are partially saturated and give the overall
intensity dependence of about 2.9. For the ns data, the ionisation cross section of
NO 1s saturated and n = 2.2. For the intensity range used for the experiments in this
work, the ability of the rate equation model to explain the data for different pulse
widths from nanoseconds to femtoseconds suggests that in NO and NO,, the
excitation and ionisation dynamics are not dominated by the coherence effects even

for very short laser pulse widths.
4.7 Conclusions

In Fig. 4.3, a comparison of the mass spectra of NO, which were taken using 90 fs
and 10 ns laser pulses at 375 nm. Typical pulse energies used were 10 puJ and about
a few millijoules for fs and ns laser pulses, respectively. The detection of NO, parent
ion is a spectroscopic challenge since its absorption cross section iS very small.
After absorption of one photon, the dissociation of NO, to NO+O takes place within
a time which might be much shorter than the time required for the further two
photon absorption for NO, to be ionised. It was observed that the NO, molecule
cannot be ionised using nanosecond laser pulses at 375 nm with intensities about
10*° W/cm®’ because the molecule has a dissociative lifetime about a few
picoseconds (Ledingham et al, 1995a). But, the femtosecond laser pulses can defeat
the lifetime of the dissociative excited state by fast up-pumping with absorption of
further photons within the lifetime of the dissociative excited state and the laser

pulse width.

We have investigated and observed the dissociation and ionisation dynamics for the
NO, molecule using femtosecond and nanosecond laser mass spectrometry. The

NO,"/NO" ratio has been investigated and the results of the present experiment has
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been compared with the results of a rate equation model calculation. It has been
shown that the results of present experiment is supported by rate equation modelling

and agreement between theoretical and experimental results is very good.

It is known that there two observed dissociation thresholds in the NO, molecule.
The measurement of the N02+/N O’ ratio is a favourable way to discuss the relative
dynamics for the dissociation-ionisation of both dissociation channels. This ratio has
been measured for the first (Singhal et al., 1996) and second (Ledingham et al.,
1996) dissociation limits for different wavelengths and pulse widths. We have found
that the NO,/NO" ratio is about 6-11% at 375 nm and 100% or higher at 750 nm
for 90 fs laser pulses.

It has been observed that the dissociation-ionisation process differs from 375 nm to
750 nm. It appears that the difference in the ratios for both dissociation thresholds
is considerable and can be explained by the different multiphoton processes involved

in each case.
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5.1 Introduction

Nitro, NO,, containing molecules show significant biological and chemical
activity, and contribute to pollution of the atmosphere and serve as essential
ingredients in many propellants and explosives. Nitromethane is a simple and
prototypical energetic material for organo-nitro compounds and is the simplest
nitro explosive molecule and falls in to the class of nitro-alkanes in organic
chemistry. Because of its prototypical peculiarities, it is a very attractive
molecule for scientists, and therefore a considerable number of papers have been
written on nitromethane. Many research groups are still working on it to
understand its electronic structure and dissociation/ionisation dynamics. A
number of recent articles have shown that it is also an interesting sample to study
the multiphoton dissociative ionisation and fragmentation dynamics and is an
outstanding example for discussion of ladder climbing and switching processes
(Ledingham ef al., 1995b; Kilic et al., 1996; Kilic et al., 1997).

Nitromethane is a seven atom molecule and consists of a methyl (CH;) and nitro
(NO,) group, which join to each other with a C-N bond to construct H;C-NO,
structure. The photophysics and photochemistry of nitromethane is not
completely understood despite several experimental (Kandel, 1955; Nicolson,
1961; Napier and Norrish, 1966; Paszyc, 1973; Wodtke et al., 1986; Honda et
al., 1969; Nagakura, 1960) and theoretical (McKee, 1985; 1986; 1989a; 1989b;
Saxon and Yoshimine, 1991; Marynick et al., 1984; Flicker et al., 1980; Harris,
1973; Rabalais, 1972; McEwan, 1960; Mijoule et al., 1987) studies done to
identify its structure.

Absorption and electronic spectra of nitromethane show dominant
characteristics of the nitro group but the absorption spectrum of nitromethane
is much simpler than that of the NO,. The complicated band system in the

visible region is absent, and the near UV spectrum permits assignments with
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reasonable certainty. The nitromethane molecule absorbs photons in a broad
continuum from 370 nm into the VUV and shows very characteristic
absorption dynamics, which consists of three absorption peaks. The weak
band peaking at 270 nm has been assigned as a n—7* transition and the strong
band at about 198 nm has been assigned as n—n* transition localised on the
NO, moiety. The third absorption peak has a maximum at 281 nm and
assigned as a weakly allowed n*—n* transition (Nagakura, 1960; Cundall et
al., 1967; Honda et al, 1972, Robin, 1974; Spears and Brugge, 1978;
McEwan, 1960; Wagniere, 1969; Balyiss and McRae, 1954; Loos et al.,
1968). The observed and calculated transition wavelengths and assigned

systems are given in table 5.1

Table 5.1: The Transition system, transition wavelengths are shown.

Transitions A(nm) Calc.” A (nm) Observed "
non* 214 198
n—H>7n* 272 270
n*—>n* 281 -
* McEwan, 1960 ® Nagakura, 1960

Since they exhibit both diffuse electronic spectra and a propensity for
dissociation, direct experimental observation and characterisation of the electronic
excited states in nitro containing components is very difficult and the theoretical
characterisation of their electronic states have mostly been studied. Some of
these excited states have been observed experimentally, but, to the author’s
knowledge there is little agreement between experiment and theory (Rebbert and
Slagg, 1962; Honda et al., 1972; Flicker et al., 1980; Nagakura, 1960; Mijoule et
al., 1987).

5.1.1 Dissociation Pathways for the Neutral Nitromethane Molecule

Elucidation of the mechanism of the primary processes in photochemical and
thermochemical decomposition of the nitromethane molecule has been studied

extensively. In the early studies of photochemistry of nitromethane, two primary

68



CHAP.5 Photodissociative Ionisation of NITROMETHANE H.S Kilic/1997

dissociation processes were suggested by several research groups, these were
eq.(5.1) and eq.(5.2) (Hirschlaff and Norrish, 1936; Brown and Pimentel, 1958).
Some of the later experimental works (Nagakura, 1960; Spears and Brugge,
1978; Schoen et al., 1982; Blais, 1983; Butler et al.,, 1983; Renlund and Trott,
1984; Mialocq and Stephenson, 1986; Lao ef al., 1990; Moss et al., 1992) agreed
with these pioneering studies that the primary dissociation process at either the
absorption maxima is cleavage of the C-N bond to produce CH; and NO,
radicals. On the dissociation pathway through the rupture of the C-N bond, two
possible dissociation channels exist, in agreement in the literature, which are
classified as major and minor dissociation channels (Blais , 1983; Butler et al.,
1983; Moss et al., 1992). The major dissociation channel leaves the NO, radical
in the A’B, excited state (Schoen ef al., 1982; Honda et al., 1972; Blais et al.,
1983; Butler ef al., 1983) which rapidly dissociates to NO + O with a decay rate
about 8.5x10° s (Miyawaki et al., 1993; 1994). The corresponding CH; radical
is produced with a little internal energy. The minor channel produces NO, in the
X?A, ground state and it absorbs an extra photon to dissociate to NO + O.

CH;NO, + hv —» (CH;NO,)* — CH; + NO, (5.1)
CH3N02 +hv — CH20 +HNO (52)

The dissociation cross section, o, of the C-N bond has been measured recently

(Blais, 1983) to be 1.7x10™"" cm? with near unity quantum yield at 193 nm.

The nitromethane molecule has a very fast dissociative character and the NO,
fragment is produced through the reaction of eq.(5.1) within a time scale shorter
than 5 ps (Schoen et al., 1982). This result for the dissociative lifetime of the C-
N bond in nitromethane shows a good agreement with other measured lifetime for
the dissociative state (Mialocq and Stephenson, 1986) which was measured to be
6 ps.

The other important rearrangement process in photo-excited nitromethane

molecule is isomerisation to the methyl nitrite (CH;ONO), which was considered
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for the first time about 40 years ago (Brown and Pimentel, 1958). It has been
concluded that the molecule dissociates first to produce methyl (CH;) and
nitrogen dioxide (NO,) radicals through eq. (5.1) and then they undergo a
recombination to produce methyl nitrite (CH;ONO) (Brown and Pimentel, 1958;
Hirsclaff and Norrish, 1936; Gray et al., 1955b; Napier and Norrish, 1966).
Recombination of methyl and nitrogen dioxide will produce methyl nitrite in the
excited state of 2.43 eV (Gray et al., 1955a). This excited molecule cannot
longer survive and suddenly undergoes some further rearrangements because of
deactivation competes with two fragmentation process. These are the reverse
reaction of eq. (5.3) or the reaction to produce CH;O and NO fragments may
take place through eq.(5.4). It is argued that eq. (5.4) is dominant because of the
weakness of the O-N bond (Gray et al., 1955a) which has a bond energy of about
1.609 eV.

CH;NO, +hv —» (CH;NO,)* — (CH;0NO)* (5.3)
(CH;ONO)* — CH;0 + NO (5.4)

The barrier to the isomerisation of nitromethane to methyl nitrite, eq.(5.3), is low
enough to compete with reaction of eq.(5.1) (Dewar ef al., 1985; McKee, 1989b;
Wotke et al., 1986b). After absorption of one or more photons and
rearrangement of nitromethane to methyl nitrite through eq.(5.3), the CH;ONO
should contain enough internal energy (Gray et al., 1955a) to dissociate to CH;O
and NO by itself through eq.(5.4). If CH;O" is created during a laser pulse, it
spontaneously decomposes to form HCO" and H, since it is an unstable radical.
Another possible and important dissociation route for the metoxy radical (CH;0)
is the formation of the CH,O and H fragments through the breaking of H-CH,O
bond (Geers et al., 1993).

The opening of the OH loss channel was investigated as a primary dissociation
channel with recent article (Zabernick, et al, 1986; Greenblatt et al., 1987).
Under collision-free conditions, Zabernick et al. has identified that the
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observation of the OH radical from nitromethane at 266 nm occurs through the
primary dissociation process. But, under the same collisional conditions at 282
nm, Greenblatt et al. have observed that the OH production cannot be observed

from nitromethane either as a primary or a secondary process product.

c
1489 ¢V —————p» CH3+0O+NO y4
CIV+NQ
> CIIj+NOp a
D
D
5.7-1 tA A CHIj+O+NO
4.07 tV“——P» CHjNO+O
3.92 ¢V ——»  (ir NO,+11
3.72 Vo » CH,+HONO

(11,+NO+OH
Cm3+NOi
Cll: 0+NO

CH.+11NO

Figure 5.1: Energetically allowed and identified fragmentation pathways in the neutral
and ionic manifolds of states. The absorption of four photons of 375 nm and seven
photons of 750 nm will permit access to the parent ion and the most important ionic
dissociative pathways.

The production of the HNO02 fragment from some of the nitro-alkanes has been

identified and reported by several authors (Pazycs, 1973; Wodtke et al. 1986;
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Butler et al., 1983). To the author's knowledge, no significant HNO, signal from

nitromethane was observed.

Table 5. 2
Opened Channel Required Energy | Method of Detection | Wavelength used
CH;0 + HNO 0.68 eV Photolysis 200-300 nm*
Photolysis 240-360 nm®
CH;0+NO 1.87 eV Multiphoton Process 266 nm°
Flash Photolysis 199.9-206.4 nm*
CH;+NO, 2.61 eV Photolysis 253.7-313 nm®
Photolysis 313 nm’
Flash Photolysis 193 nm®
CH,NO+OH 2.78 eV Pump-Probe 266 nm"
CH,+HONO 372 eV Emission Spectroscopy |193 nm®
CH,NO,+H 3.92 eV Photolysis 253.7-313 nm°
CH;NO+0O 407 eV Photolysis 253.7-313 nm®
CH;+NO+O 5.74 eV Multiphoton Process 193 nm'

a Hirschlaff and Norrish, 1936
d McGarvey and McGrath, 1964
g Butler et al., 1983

b Brown and Pimentel, 1958 ¢ Kwok ef al. , 1981
e Cundall et al., 1967
h Zabernick et al., 1986

f Honda et al, 1972
i Moss et al., 1992

The production of nitromethyl, CH,NO, has been reported through an H loss
channel using a photolysis technique in the vicinity of 313 nm (Cundall et al.,
1967). It has been concluded that this channel requires an energy which is more
than most of other channels require. The nitromethyl radical dissociates to
CH,NO+O or CH,O+NO at the wavelengths of 240 nm, 255 nm and 270 nm. In
contrast to the nitromethane, the cleavage of C-N bond to give CH,+NO, has not

been observed at the above mentioned wavelengths (Cry et al., 1993).

Figure 5.1 shows possible dissociation channels and related products for the
nitromethane neutral molecule and parent ion. The existing information about the
identified and observed dissociation channels, the experimental techniques and

related wavelengths used are given in table 5.2.
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5.1.2 JIonisation of the Neutral Nitromethane Molecule and the
Fragmentation Process of the Nitromethane Ion

To the author’s knowledge, there is no available information in the literature
about the formation of the nitromethane ion using multiphoton processes. There
exists valuable information about the formation and rearrangement of the
nitromethane ion which was obtained using techniques other than multiphoton
processes; such as, electron impact, thermochemical and photoelectron-photoion
coincidence techniques (Fields and Meyerson, 1971; Meyerson and Fields; 1974;
Weiss and Meisels, 1979; Niwa et al., 1981; Ogden et al., 1983; Gilman et al.,
1983; Egsgaard ef al., 1986; Qian et al., 1990; Qian et al., 1991).

Figure 5.1 shows some of the energetically allowed dissociation channels (Kilic ez
al., 1997) for both the neutral nitromethane molecule (Butler ez al., 1983) and its
ion (Ogden ef al., 1983). The ionisation potential of nitromethane is 11.28 eV
(Allam et al., 1981), and hence, it takes four photons of 375 nm and seven
photons of 750 nm to ionise this molecule. The ultraviolet absorption spectrum
of nitromethane (Nagakura, 1960; Loos et al., 1969; Paszyc, 1973) shows that
the absorption probability of the nitromethane at 375 nm is very small. Therefore,
the absorption of two photons at 375 nm and three or four photons at 750 nm are
necessary to permit most of these channels to be opened for the nitromethane

neutral molecule with sufficiently high probability.

The primary fragmentation and rearrangement pathways in the nitromethane
parent ion have been investigated and it is agreed that the cleavage of the C-N
bond is the dominant dissociation channel (Allam et al, 1981; Meyerson and
Fields, 1974; Niwa et al., 1981; Gilman et al., 1983). The rearrangement of the
nitromethane ion to the methyl nitrite ion through ionic isomerisation was not
found to be an important intermediate step in the fragmentation process

(Meyerson and Fields, 1974).
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5.2 Investigation of Multiphoton Dissociative Ionisation (MPD
/ MPI) Dynamics in Nitromethane and Fragmentation of
the Nitromethane Ion Using Different Laser Pulse Widths
and Wavelengths

A series of experiments have been carried out on the nitromethane molecule using

different laser pulses and wavelengths. The results have been partially discussed

in a number of recent articles (Ledingham et al., 1995b; Kilic et al., 1996; Kilic et
al., 1997). It has been observed and reported that the excitation, dissociation and
ionisation processes show different fingerprint in the time of flight mass spectrum
depending on the laser pulse width, laser intensity, laser wavelength and
spectroscopic structure of molecular sample used (Herring ef al., 1981; Weinkauf
et al., 1994; Ledingham et al., 1995a; 1995b; Singhal et al., 1996; Kilic et al.,

1997; Kosmidis ef al., 1997, Singhal ef al., 1997). Mainly, using nanosecond and

femtosecond laser pulses, a series of experiments have been carried out and a

comparison of the time of flight mass spectra has been made. The nanosecond

spectra will be discussed first and then femtosecond spectra. Finally a comparison

of the nanosecond and femtosecond spectra will be made
5.2.1 Experimental

The application of nanosecond laser mass spectrometry and the resonance
enhanced multiphoton ionisation (REMPI) has been carried out.  The
femtosecond and nanosecond experimental systems used are described in detail in
Chapter 3 of this thesis and was described in a number of articles (Marshall ef al.,
1993; Langley et al, 1994; Kosmidis et al, 1994a; Kosmidis et al., 1994b;
Ledingham et al., 1995b; Singhal ef al., 1996; Kilic ef al., 1997; Kosmidis et al.,
1997). Briefly, the femtosecond laser system gives an output of laser light at the
wavelength of 750 nm with a 90 fs pulse duration. The laser light at 375 nm
were generated through frequency doubling by focusing the fundamental output
of the laser to a type 1 BBO crystal cut at 28.7 degrees. Before entering the TOF
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mass spectrometer, the pulse energies were measured to be 10 wJ and 40 uJ at the
wavelengths of 375 nm and 750 nm, respectively. The laser beam was tightly
focused in to the interaction region using a 10 cm focal length mirror, which was
placed in the vacuum system. Intensities of about 10!215 Wem? could be
generated, although smaller pulse intensities were generally used. The pulse
intensities were calculated using the radius of the beam spot at the focal point,
determined by means of eq.(4.3), to be 4.6 um for 375 nm and 9.2 um for 750

nm.

The experimental set-up is also quite similar to the experimental arrangement
which was used to carry out experiments on NO and NO, in Chapter 4. The
significant differences will be mentioned below in the text when it is necessary.

5.2.2 Femtosecond Time of Flight Mass Spectrometry and A Comparison
of Femtosecond and Nanosecond Mass Spectra

The nanosecond resonance enhanced multiphoton ionization (REMPI) process
has been applied to the nitromethane molecule over the relevant wavelength
range. The laser wavelength was scanned by using a Lumonics EPD 330 tuneable
dye laser pumped by Lumonics TEM 860-M excimer laser (at 308 nm) and
compuscan. The wavelength dependence of the nitromethane in the nanosecond

time scale has been observed and presented that it is due to the NO fragment.

Fig. 5.2 shows the wavelength dependent spectrum of the NO fragment from
CH;NO, for the wavelength between 373 nm and 384 nm showing the (2+1)[D’Z
*(v=0) «X’TI(v=0)] NO transition at 375 nm and (2+1) [CTI(v=0)« X’TI(v
=()] NO transition about 382 nm. It takes three photons of both 375 nm and 382
nm to ionise either the ground state NO, or NO molecules. It has been observed
that using nanosecond laser pﬁlses at both 375 nm and 382 nm, no NO;" ion
could be obtained. For the NO neutral molecule it has been discussed in Chapter
4 of this thesis and presented elsewhere (Kilic et al., 1997) and it can be seen

from the wavelength dependent spectrum of nitromethane that the ionisation
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efficiency at 382 nm is relatively higher than that at 375 nm despite relatively
lower laser energy. For the nanosecond laser experiment, the fundamental laser
wavelength directly from the dye laser used was TMI, which gives an output of
wavelength between 353 nm and 384 nm. The energy profile of laser output is
shown above the wavelength dependent spectrum for the wavelength range used,

shown in Fig.5.2.

Pulse Energy
NO Ion Yield

« 3.75-
u
1 35
c D2EHv= 0) <- X2H(v=0)
(1)
(0) 3.25¢«
Z
373 375 380 384

Laser Wavelength (nm)

Figure 5.2: The wavelength dependence of the NO radical from CH;NO: between 373
nm and 384 nm is clearly in a resonance position, about 375 nm and 382 nm.

The typical femtosecond and nanosecond time of flight mass spectra of
nitromethane obtained using 90 fs and 10 ns laser pulses at 375 nm is shown in
fig. 5.3a and b, respectively. Only one peak at the m/q = 30 (NO) has been
observed for the 10 ns laser pulses and there were no other peaks visible. This
results from the fact that the fast dissociation occurs within the lifetime of the
CH3NO2 molecule in the excited state which is less than the laser pulse duration.
Since, the dissociative excited state has a lifetime shorter than 5 ps (Schoen et al,

1982) which is much shorter than the laser pulse duration, in this case, the
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molecule cannot absorb further photons before the dissociation takes place
(Ledingham et al., 1995a and b; Singhal et al., 1996; Kilic ef al., 1997).

A typical femtosecond time of flight mass spectrum of nitromethane taken using
the 90 fs laser pulses at 375 nm is shown in Fig. 5.3a. The pulse energy used for
the spectrum were about 8 \J and the sample pressure was about a few times 10™
Torr. The wavelength dependent spectrum cannot be produced for the 90 fs laser
pulses, because the bandwidth of the 90 fs laser pulses is very broad and covers
several rotational and even vibrational levels. The short pulse laser oscillators
generally give an output with a fixed wavelength and it cannot be scanned

continuously.

We have observed (Kilic ef al., 1997) and discussed in Chap. 3 that the collection
efficiency of the ions by the detector changes as a function of the laser beam
position in the interaction region. Therefore, before data was taken for the
femtosecond spectra, the laser beam position was considered to be optimised

when a maximum parent ion peak was obtained.

A comparison of the femtosecond and nanosecond multiphoton ionisation and
dissociation for nitromethane at 375 nm can be made by comparing the time of
flight mass spectra shown in fig. 5.3a and 5.3b for 90 fs and 10 ns laser pulses,
respectively. The time of flight system and experimental conditions for both
femtosecond and nanosecond laser experiments were identical. Only differences
for both spectra were the laser systems and their parameters, such as the
intensities, laser pulse widths and bandwidths are completely different for both
laser systems used, which were 10*'® W/cm’, 10 ns and 0.01 nm for the

0" W/ecm?, 90 fs and 5 nm for the femtosecond laser

nanosecond laser and 1
pulses at 375 nm, respectively. The nanosecond laser time of flight mass
spectrum shows only one peak at mass 30 (NO) with no parent or any other ion
peaks visible. This indicates that with nanosecond laser pulses, apart from the

NO ion, neutral fragments are created through the dissociation process but they
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cannot be subsequently ionised with the laser fluxes available. Alternatively, the
femtosecond spectrum shows a large number of peaks with the principle peaks
being m/q = 61 (CH3N 02), 46 (N02), 30 (NO) and 15 (CH3). Many other peaks
are also visible. While the N O/ peak cannot be produced using the nanosecond
laser pulses, for the femtosecond laser pulses, a large N 02+ ion peak is produced
and the NO//NO ratio is about 35-45% (in Fig. 5.3a) at 375 nm. The
NO//NO ratio for the nitromethane molecule is very much larger than that from
the ground state N 02 molecule which is about 6-11% (discussed in Chapter 4) for

the 90 fs laser pulses at the wavelength of 375 nm.

375 nm@90 fs
8 jiJ

VR

(b)

375 nm it 10 ns
3.28 mJ

Time of Flight (p S)

Figure 5. 3 : Typical time of flight mass spectrum of nitromethane at 375 nm with 90 fs
laser pulses.
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Figure 5.4 shows the femtosecond laser time of flight mass spectrum of
nitromethane at the wavelength of 750 nm with 90 fs laser pulse duration. The
laser pulse energies used at 750 nm (in Fig. 5.4) were relatively higher than that
was used to produce the spectrum at 375 nm (in Fig. 5.3a). The sample pressures
used for the experiment at 375 nm and 750 nm were similar and about Ix10 s
Torr and 3.3x105 Torr, respectively. The existing number of molecules due to
the change of interaction volume are different and the relative ion yield hence is

relatively higher for the case of 750 nm than the 375 nm.

NQ

ot
NO

BA = oo

L 47.5 gIJ@ 90 fs
J 111 .

Time of Flight (p S)

Figure 5. 4: Typical time of flight mass spectrum of nitromethane at 750 nm with 90 fs
laser pulses.

A comparison of the femtosecond laser time of flight mass spectra of
nitromethane for the wavelengths of 375 nm (in Fig. 5.3a) and 750 mn (in Fig.
5.4) shows that both spectra are rather similar, although the fragmentation
patterns differ slightly. In the both cases there is a major peak at the m/q = 61

(CH3N 02) corresponding to the nitromethane parent ion and three major
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fragment peaks at m/q = 15 (CH;,"), 30 (NO") and 46 (NO,") with many other
weak peaks.
Table 5.3: A list of observed fragmentation products from nitromethane is shown with

their relative ion intensities, ionisation potentials and the number of photons required to
ionise each neutral fragment from their ground state.

Fragment Mass [LIntensity |IIntensity IP.(eV) Photon  number
Products at 375 nm |at 750 nm 375nm 750 nm
H* 1 271mV | 3.09mV 11.25 eV 4 7
C 12 1.42mV | 0.78 mV 11.25 eV 4 7
CH* 13 2.26 mV | 0.74 mV 11.1eV 4 7
CH,* (NY) 14 | 587mV |384mV |11.8(145eV | 4G5) | 7(9)
CH;* or (NH") 15 | 279mV [ 489 mV [9.8(13.10)eV | 3 (4) 6 (8)
O+ 16 2.1 mV 1.97 mV [13.6eV 5 9
OH" 17 057mV | 043 mV [13.17eV 4 8
H,0* 18 | 147mV |59.8 mV [12.61eV 4 8
CN* 26 1.29mV | 099 mV [144eV 5 9
CHN* 27 397mV |6.63 mV [13.73eV 5 9
CO*or (CH,N"Y) 28 [ 1.75mV [ 1625mV [14eV 5 9
CHO* 29 6.94mV | 13.15mV [10.03eV 4 7
NO* or (CH,0%) 30 778 mV | 1254 mV [9.25(10.9)eV 3 6 (7)
NOH* or CH;0* | 31 | 497mV [15.98mV [-—— (108)eV | 3(4) | 6D
0,* 32 | 1.32mV [16.6 mV [12eV 4 8
CNO* 42 0.72mV { 0.85 mV

CHNO* 43 1.69mV | 3.36 mV

CH,NO* 44 142mV | 436 mV

CH;NO* 45 6.84mV | 16.67mV |82eV 3 5
NO,* 46 308 mV | 709 mV |9.78 eV 3 6
HNO,* 47 0.16 mV | 0.58 mV

CH,NO,* 60 7.75mV | 1234mV |7.6eV 3 5
CH;3NO,* 61 98.4mV | 113.8mV |11.28eV 4 7

In the both spectra for both wavelength, an ion peak at m/q ~ 1 corresponding to
the H' ion was detected. This peak may be contributed by several primary and
secondary dissociation channels. It is also believed that H' ion comes directly
from ionisation of the neutral H atom from the dissociation of the nitromethane
parent ion through the primary fragmentation channel, which is opened to give
CH,NO," + H and some other secondary opened channels. As seen from the
femtosecond laser mass spectra the CH,NO," + H is almost certainly opened,

since a large number of CH,NO," was detected.

80



CHAP.5 Photodissociative lIonisation of NITROMETHANE H.S Kilic/1997

Table 5.3 shows a list of mass units for the ions detected from the nitromethane
with relative ion yields. The relative ion intensities were read using a LeCroy
9304 oscilloscope with mV units on the screen. Ionisation potentials are given
for each neutral radicals to be ionised and the number of photons required to

ionise each radical are also given for the case of both wavelengths.

The H,O" is one of the major peaks in the spectra taken for the case of both laser
wavelengths but it is relatively small in the case of the 375 nm due to the lower
pulse energy used. In the previous experiments no significant H,O" ion peak has
been detected (Kilic ez al., 1997) and it is believed that some contributions to this
peak may come from water contamination. The efficiency of ionising H,O
molecule at 750 nm is much higher than this at 375 nm which is due to the high
ldser power available at this wavelength and broader laser bandwidth for 90 fs
laser pulses at 750 nm. The H,O molecule has no excited energy level to be
resonantly populated by 375 nm, but the A('B,) electronic excited state with
energy of 53800 cm™ and C'B, excited state with energy of 80624.8 cm™ in H,O
are in resonance with four and six photons of 750 nm considering broad
bandwidth (10 nm) of 90 fs laser pulses. The laser bandwidth at 375 nm for 90 fs
laser pulses is not as broad to cover this electronic excitation levels. The
resonance excitation to the C'B; excited state has been observed and reported in a
recent article (Ledingham et al., 1995a) at 248 nm which is in envelope of the
bandwidth of three photons of 90 fs laser pulses at 750 nm.

Another important subject in the mass spectra for both wavelength is detection of
a peak at m/q = 45 mu corresponds to nitrosomethane (CH;NO") fragment ion.
This peak appears in the mass spectra over the laser intensity range used in both
experiments. For the case of rearrangement of the neutral nitromethane
molecule, this peak was observed by several groups (Nappire and Norrish, 1966;
Cundal et al., 1967; Honda et al., 1972; Pazyc, 1973) and suggested that the

nitromethan molecule undergoes several dissociation and fragmentation processes
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to produce neutral methyl and nitric oxide radicals (Fig 5.1 and Table 5.2) and
then the CH; are scavenged by existing nitric oxide in the chamber, 1e., the
nitrosomethane (CH;NO) neutral radical can be created through a recombination

process via €q.(5.5)
CH3;+NO—CH;NO (5.5

In an earlier study, Cundal ef al. (Cundal et al., 1967) have radiolysed
nitromethane positive ion (CH;NO,") and suggested that the nitrosomethane ion
(CH;NO") could be obtained directly from the dissociation of nitromethane ion
through a primary dissociation process of eq. (5.6).

CH:NO," + ¢ >CH;NO+O (5.6)

According to the conclusion made by Cundal et al., the detection of this ion
suggests that a dissociation channel of CH;NO'+O in the nitromethane ion state is
opened and most likely it is the source of the CH;NO' radical ion appears in the

mass spectra, in figs. 5.3a and 5.4.

Fig. 5.5 shows the energy dependence of nitromethane and other four major
fragment, CH;", NO', CH;NO" and NO," with a number of smaller fragments at
375 nm and 750 nm. The sample pressures for both experiments were very similar
and typically 1x10” torr. The pulse energy was changed using a variable neutral
density filter and measured using a joulemeter just in front of the entrance
window of the time of flight mass spectrometer. The pulse energies for each
spectrum are shown at the right end of each spectrum in figs. 5.5a and b for 375
nm and 750 nm, respectively. Before data was taken, the laser beam position was
optimized by maximizing parent ion peak. As seen from the fig. 5.5a and b, for
the case of both wavelengths, appearances of both spectra are very similar and as
laser pulse energy changes from high energy to lower, the fragmentation patterns
changes and small mass fragment peaks disappear first and the parent ion is

dominant peak for the case of lower laser intensities. This behaviour of the
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spectra implies that an ID process is dominating the multiphoton dissociative

ionisation process in the nitromethane molecule.
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Figure 5.5: The energy dependence of the nitromethane parent ion and its fragmentation
pattern are shown for 90 fs laser pulses at the wavelengths of (a) 375 nm and (b) 750 nm.

Fig. 5.6 shows the laser intensity dependencies for the nitromethane parent
molecule and some of the most intense fragment ions. The four principal peaks
show similar laser intensity dependencies, which are shown in fig. 5.6a and b for
the wavelengths of 375 nm and 750 nm, respectively. The relative ion intensities
in fig. 5.6 does not show real values for the ion intensities. The ion yields for
each fragment have been multiplied by different constants to put them in arbitrary

ascending order.

The laser intensity dependencies of the parent ion and other fragments, N 02+
CH3NO+ NO+and CH3+ions, are about 3-4 for the 375 nm and 4-5 for the 750

nm, shown in fig. 5.6a and b, respectively, plotted as ion yield versus laser
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intensity in a log-log scale. For the same laser intensity range, the difference
between the intensity dependencies for the cases of the 375 nm and 750 nm is
expected due to the nature of the non-linear chemistry. The ion intensities are a
function of the number of photons absorbed. The calculated photon numbers (n)
for the case ofboth laser wavelengths support the conclusion that the multiphoton
process dominates the dissociative ionisation dynamics in the nitromethane
molecule under the conditions ofpresent experiment. For both case, all fragments
shows similar laser intensity dependencies with nitromethane parent ion and this

supports the idea that the molecule follows an ID route.

(a) 106
¢ CH3NO
ACH2NO2+
ANOZF
* CH3NO+
* CH2NO+
*CHNO+
X°2+
+NOP

~ 101 *NO+

¢ CHO+

£ 10° -pChv

'S AH20

m

5 10-1

a

10-2
102 1013 104 1015 102 103 104 10B

Laser Intensity (W/cm2) Laser Intensity (W/cm2)

Figure 5.6: The laser intensity dependence of the nitromethane parent ion and three other
major fragments, CH3+ NO+ and NO2+ are shown for 90 fs laser pulses at the
wavelengths of (a) 375 nm and (b) 750 nm.
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5.3 Conclusion

The multiphoton ionisation and fragmentation of nitromethane at the wavelengths
of 375 and 750 nm have been carried out using a time of flight mass
spectrometer. The nitromethane molecular parent ion has been obtained, first
time in this work, using multiphoton process and earlier observations was
presented in a number of recent articles (Ledingham ef al., 1995b; Kilic et al.,
1996; Kilic et al., 1997). In the nanosecond regime there is only one strong peak
at mass m/q=30 (DI). In the case of 90 fs laser pulses, a large number of strong
peaks are observed with the principle peaks being m/q=61 (CH;NO,*), 46
(NO;%), 30 (NO*) and 15 (CH3*). At the laser intensities of 101215 W/cm?, the
parent ion peak shows a laser intensity dependence between n = 3- 4 for the 375
nm and n = 4-5 for the 750 nm, respectively. The small intensity dependencies
can be explained by absorption of four photon of 375 nm and seven photons of

750 nm from the ground state assuming one or two of the steps are saturated.

It could be concluded that the ionisation-dissociation (ID) process dominates the
multiphoton ionisation process in the nitromethane molecule. The reasons for this

conclusion are;

(a) there is a large parent ion peak which is dominant in the time of flight mass

spectrum for almost the entire the intensity range used in the experiments,

(b) the laser intensity dependencies of the principal peaks are very similar,

suggesting a common parent precursor,

(c) the NO,*/NO* ratio from nitromethane (Fig. 5.5) is very much larger (35-
45%) than that from ground state NO, (6-11%, in Chap.4) for 375 nm and 90 fs,
which follows a DI route (Singhal et al., 1996).

The present work has shown that, analytically, multiphoton ionisation i the

nanosecond regime has severe limitations for nitromethane because of fast
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dissociative states in the neutral excited state manifold. It would have been very
mstructive if it could have been ascertained whether the nitromethane molecule
reached a dissociative state after the absorption of one or more photons at 375
nm and 750 nm, but to the author’s knowledge, no detailed information about the
dissociative excited states in nitromethane have been identified.  Using
nanosecond laser pulses, little analytical information could be obtained from the
nitromethane since neither the parent ion nor any other ion peak is visible in the
spectrum. Alternatively, by application of very short laser pulses, it has been
shown in the present work that the dissociative state can largely be bypassed and
can produce fragments whose mass spectra again are characteristic of the
compound under investigation. Thus, ultrafast laser mass spectroscopy does

extend the multiphoton analytical techniques for these difficult molecules.
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6.1 Introduction

In this chapter, the multiphoton dissociation and ionisation dynamics of nitrobenzene
are discussed comparing the time of flight mass spectra at different laser wavelengths
and laser pulse widths. The photochemistry and photophysics of nitroaromatic
molecules have been extensively studied over the years. This group of molecules
easily fragments and hence they have ideal structures and properties to study the
dissociation pathways. This group of compounds is of great significance in the
science of energetic materials and presently have been studied in our and many other
laboratories (Kosmidis et al., 1994a; Kosmidis et al., 1997; Marshall et al., 1992a;
Marshall ef al., 1992b; Kosmidis et al., 1994b; Marshall et al., 1993; Marshall ef al.,
1992c¢; Clark et al., 1993; Marshall et al., 1994a; Marshall et al., 1994b; Ledingham
et al., 1995b; Abd El-Kader and Ahmed, 1984; Gallowey ef al., 1993, Glenevinkel-
Meyer and Crim, 1995; Lemire et al., 1993; Rabalais, 1972; Nagakura ef al., 1964;
Zhu et al., 1990; Rao, 1969).

The electronic absorption spectra of the nitroaromatic molecules have already been
reported in the literature and is similar to the aromatic absorption. The absorption
bands due to the nitro group are generally hidden under the intense bands due to the

n—n* transitions of the aromatics. Nagakura and co-workers (Nagakura ef al.,
1964) have examined the electronic absorption spectrum of nitrobenzene m the
vapour state down to the vacuum ultraviolet region and have identified a strong band

at 164 nm and another band at 193 nm.

In order to present the multiphoton dissociative ionisation of nitrobenzene and the
fragmentation of the nitrobenzene ion, the dissociation pathways of the nitrobenzene
neutral molecule and the nitrobenzene ion will be summarised in the next section of
this chapter. The femtosecond laser mass spectrometric results will be presented and
discussed in a later section. Finally, conclusions will be drawn after the presentation

of the laser pulse width dependence of the ionisation dynamics of the neutral
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nitrobenzene molecule and the dissociation/fragmentation pattern of the nitrobenzene

ion have been discussed.

6.2  Dissociation and Ionisation Processes of Nitrobenzene
(C¢HsNO;) and the Fragmentation of the Nitrobenzene Ion
(CsHsNO,H

Nitrobenzene is one of the most attractive molecules to investigate the

dissociation/fragmentation dynamics for either the neutral or ionic molecular

structures and, therefore, the molecule or its ion have been frequently studied using
different techniques over the years (Hastings and Matsen, 1948; Benyon ef al.,1965;

Porter and Ward, 1968; Brown, 1970a; 1970b, Mukhtar et al., 1980; Harris ef al.,

1981; Abd El-Kader and Ahmet, 1983; Panczel and Baer, 1984; Apel and Nogar,

1986, Nishimura et al., 1986; Bunn et al., 1986, Zhu et al., 1990; Marshall et al.,

1992a; 1992b; 1992bc; Lemire et al., 1993; Galloway et al., 1993; Clark et al., 1993;

Simeonsson et al., 1993; Kosmidis ez al., 1994a; Ledingham et al., 1995b;, Hwang et

al., 1996; Kosmidis et al., 1997).

In this work the nitrobenzene is considered to be a prototypical molecule for
nitroaromatic explosives. A knowledge of the photodissociation pathways of this
molecule with respect to the characteristics of the fragmenting laser is necessary, since
such a fragmentation pattern can be used as a unique fingerprint in the sensitive
detection of the molecule. Although nitrobenzene is one of the simplest of the
nitroaromatics, it is still complicated and there remain considerable uncertainties about

its fragmentation pathways.

Various dissociation pathways of nitrobenzene have been observed using different
techniques and reported in the literature (Porter and Ward, 1968; Brown, 1970a;
1970b; Mukhtar ef al., 1980; Bunn ef al., 1986; Apel and Nogar, 1986; Galloway et
al., 1993). It has been proposed that the dissociation of the C-N bond takes place as
a primary process to give nitrogen dioxide and phenyl radicals through eq.(6.1)

C6H5N02 —> C6H5+ N02 (6 1)
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The isomerisation is one of the important processes and complicates the elucidation of
the system. The -NO loss dissociation channel detected in nitrobenzene can be more
easily explained if a molecular rearrangement takes place prior to the fragmentation.
A change of nitrobenzene to the phenylnitrite structure, i.e. a change of C-NO, to a
C-ONO bond, could be such a rearrangement, eq.(6.2). The isomerisation of the
nitrobenzene has been studied and presented theoretically in a recent work
(Clenewinkel-Meyer and Crim, 1995). It was concluded that phenylnitrite is stable
with respect to dissociation into phenoxy (CsHsO) and nitric oxide (NO) radicals eq.
(6.2), and the estimated barrier between the two isomers (nitrobenzene-phenylnitrite)
is about 1.13 eV. In this model, after internal conversion of the energy, the excited
nitrobenzene molecule undergoes a rearrangement into vibrationally excited
phenylnitrite which subsequently dissociates. The NO loss channel giving C¢HsO has
been identified and it is suggested that the C¢HsO further dissociates to give
CsHs+CO via eq.(6.3) which was suggested by Budzikiewicz et al.(Budzikiewicz et
al., 1967) to explain the fragmentation products in the 70 eV electron impact (EI)

mass spectra of nitrobenzene.

CsHsNO,— C¢H;ONO—>C¢HsO+ NO (6.2)
C6H5O—)C5H5+ CO (63)

The observation of the CsHsNO molecule has been made by Hastings and Matsen
with an earlier work (Hastings and Matsen, 1948) and they have suggested that it
could be detected through an O loss channel via eq.(6.4);

C6H5N02—) (C6H5ONO)*-)C6H5NO+ O (64)
These three dissociation channel have been extensively studied and discussed in the
literature in a number of articles (Apel and Nogar, 1986; Marshall ef al., 1992b;
1992¢; Galloway ef al., 1993; Lemire et al., 1993; Kosmidis ef al., 1994a; Ledingham
et al., 1995b). Galloway et al. have recently studied the dissociation of the

nitrobenzene in the UV range of spectrum and the ionisation of the neutral fragments

using VUV laser and have shown evidence for these three channels.
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Table 6.1 shows the most probable dissociation channels for the nitrobenzene neutral
and ionic molecules with energies required for these channels to be opened. The

numbering of reactions in Table 6.1 does not follow these in the text.

Table 6.1: Dissociation of Nitrobenzene and its ion with the appearance potentials.

Neutral Appearance Eq. Ionic Reactions Appearance  Eq.
Reactions Potentials Potentials
CHsNO, 3.05eV* (1) CgHsO"+NO 10.89 eV® @
CeHsO+NO  0.74 eV* (2) NO'+ CsHsO 10.89 eV* (5)
CeHsNO+O  3.96 eV* (3) CsHs +NO, 11.08 eV (6)

CeHs' +NO+O 11.08 eV (7)

C;H;' +C,H,+CO+NO 12.63 eV* (8)

C.H; +C,H,+NO 15.66 eV® 9)
* Galloway ez al., 1993 ® Nishimura ef al., 1986

The dissociation and fragmentation of the nitrobenzene ion have been observed and
discussed extensively in a number of previous articles (Brown, 1970a; 1970b; Panczel
and Baer, 1984; Bunn et al., 1986; Nishimura et al., 1986; Kosmidis ef al., 1994a;
Ledingham et al., 1995b; Osterheld ez al., 1996; Hwang et al., 1996; Kosmidis ef al.,
1997). It is generally agreed that CsHsNO,* can be photofragmented. With respect
to the dissociation pathways identified in Table 6.1, three major channels in the
nitrobenzene ion have been observed and these specifically are discussed by Bunn et
al., Nishimura et al., Osterheld et al. and Hwang et al.. Osterheld ef al. have shown
that three dissociation channels in the nitrobenzene molecular ion are in competition
and this argument has recently been confirmed by Hwang et al. who conclude that
these are in competition having similar reaction rate constants.
CsHsNO;” — CsHs +NO,
— C¢H;0+NO"
— C¢Hs;O"+NO
CsHsO" —» CsHs+CO (6.5)

In addition to these three dissociation channels, the NO and CO neutral fragments
produced thorough eq.(6.5) can, however, recombine and produce CNO, radical via
€q.(6.6) (Abd El-Kader and Ahmet, 1984), which can subsequently be ionised by

absorbing photons from intense laser beam.
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NO + CO — CNO, (6.6)

In the present work, the fragmentation of nitrobenzene has been studied at A= 375 nm
and 750 nm laser light using different laser pulse widths. The dissociation studies
with femtosecond lasers can be very useful from many points of view. In the
particular case of these molecules it leads to simplified mass spectra compared to
those observed using ns laser pulses. In the fs time of flight mass spectra the
dissociation channels may be identified with less ambiguity. This is because of the
suppression of secondary dissociation and/or ionisation processes which complicate

mass spectra measured with longer (nanosecond) laser pulses.

6.3 The Dissociative/Ionisation of Nitrobenzene and the
Fragmentation of the Molecular Parent Ion at Different Laser
Wavelengths and Laser Pulse Widths

6.3.1 Experimental

The femtosecond time of flight mass system used has been described in detail in
Chapter 3 of this thesis and elsewhere (Langley ef al., 1994; Kosmidis et al., 1994a;
Ledingham et al., 1995b; Singhal et al., 1996; Kilic et al., 1997, Kosmidis et al.,
1997). Briefly, 700 fs at 750 nm laser pulses were re-compressed to the 90 fs using a
4 cm block of SF10 glass. The pulses at A = 375 nm were produced by focusing the
output of the laser into a 200 pum thick type 1 BBO crystal. The pulse energy was
measured typically 8 uJ and 36 puJ for the 375 nm and 750 nm, respectively, before
entering the time-of-flight (TOF) chamber and being focused with 10 cm concave
mirror to provide estimated intensities about 10'>"* W/cm®. The laser bandwidths at

375 nm and 750 nm are calculated to be 5 nm and 10 nm, respectively.

The nanosecond laser system consists of a XeCl excimer pumped dye laser (Lumonics
TEM 860-M and EPD 330) with pulse width about 10 ns. The fundamental output of
the TMI dye was used (for A = 375 nm). The mass spectra were recorded with a

linear TOF spectrometer of length 1.2 m, based on a Wiley-McLaren design with a
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typical mass resolution of 200 at 100 Da. The samples were introduced effusively
from the inlet system to the vacuum chamber through a needle valve. The ions were
detected by a Thorn EMI electron multiplier connected to a LeCroy 9304 digital

oscilloscope.

The same mass spectrometer and signal processing system were used in the
experiments with both the femtosecond and nanosecond lasers system. The samples
were obtained from the Aldrich Chemical Co and were used as supplied by the

manufacturers.
6.3.2  Laser Time of Flight Mass Spectrometry on Nitrobenzene

The multiphoton ionisation and dissociation dynamics of benzene (CH,) and
nitrobenzene (C¢HsNO,) have been studied and a number of articles have been written
about these molecules (Boesl ef al., 1990a; 1990b; Weinkauf et al., 1994; Kosmidis et
al., 1994a; Ledingham et al., 1995b; Kosmidis et al., 1997). In nitrobenzene, the NO,
group replaces one of the H atoms on the benzene ring. The benzene shows a close
shall structure while the nitrobenzene is an open shall molecule. Therefore, as
discussed in the previous section of this chapter, the C-N bond is seen to be
responsible for the dissociation and fragmentation patterns of either the nitrobenzene
neutral molecule or the nitrobenzene molecular ion. The dissociation energy of the C-
N bond in nitrobenzene is 3.05 eV and only one photon of 375 nm and two photons
of 750 nm are required for the nitrobenzene molecule to be dissociated through the
cleavage of this bond. For the case of the nitrobenzene molecular ion only one

photon of either wavelength is required for this bond to be broken, Table 6.1.

The ionisation potential (IP) for nitrobenzene has been reported to be 9.86 eV
(Matyuk et al., 1979). Therefore, multiphoton ionisation requires at least the
absorption of three photons at 375 nm and six photons at 750 nm. The absorption of
the first photon (A = 375 nm) is not a resonant step, while the second photon brings

the molecules to an excited electronic state (6.6 eV), whose broad one photon
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absorption spectrum implies short lifetimes and determined to be less than 10 ps
(Takezaki et al., 1997) and thus the existence of very fast non-radiative processes
(Nagakura ef al.,, 1964). For the ionisation to take place these non-radiative
processes must be "defeated" and it is believed that this can be achieved by using ultra
short laser pulses. Although in the case of some small molecules the fragmentation
prior to the ionisation has been observed even with ultra short laser pulses, i.e. a DI
mechanism (Kumar et al., 1994). However, for polyatomic molecules the dominant
mechanism seems to be the ID route when short pulses are used and the fragment ions
are generated through a ladder climbing mechanism (Weinkauf et al., 1994; Yang et
al., 1983). The latter means that for extremely short laser pulse widths the photon
absorption occurs only in the parent molecular ion from which all smaller fragments

originate either directly or indirectly.

Fig. 6.1 shows a comparison of the laser induced mass spectra of nitrobenzene with
a) A=750 nm and b) A = 375 nm with 90 fs pulse duration and ¢) A = 375 nm with 10
ns laser pulse duration. All spectra have been recorded using the similar experimental
set up. Fig. 6.1d shows the background signal taken before the femtosecond laser
experiment carried out on the nitrobenzene. Before nitrobenzene was introduced to
the time of flight (TOF) mass spectrometer, the background pressure was about
6x10°° torr and in the background spectrum, four peaks have been identified namely,
m/q = 18, 19, 28 and 32 corresponding to the H,O, DHO, N, and O, ions. In a recent
article, Allam et al. (Allam et al., 1981) have given a list of the fragment ions from
nitrobenzene and ds-nitrobenzene. There was no evidence for the mass 19 and they
have not reported this peak in their work. On the other hand, in our laboratory, a
number of experiments on nitrobenzene were previously carried out using the same
sample which was used for the experiments presented in this work and the peak at
m/q=19 effect has never been observed (Ledingham ez al., 1995b; Kosmidis et al.,
1997). In fig.6.1a, the femtosecond laser time of flight mass spectrum of the
nitrobenzene shows a peak corresponds to the mass at m/q=19. It is believed that this

peak is due to the d,-nitroethane contamination, since an experiment on d,-

93



CHAP.6 Multiphoton Process on NITROBENZENE H.S Kilic/1997

nitroethane was carried out just before the nitrobenzene experiment was initiated and

this is a significant peak in its spectrum.

As far as the different dissociation pathways are concerned, it is obvious that their
identification is almost impossible from the mass spectrum produced using a ns laser
at A= 375 nm, because this is dominated by the small mass ion peaks as seen from
fig.6.1c. These peaks are generated from the sequential dissociation/ionisation of the
daughter fragments, DI. This is due to the long laser pulse duration and the relatively
high laser intensities needed for the molecular ionisation (three photon process). In
the ns excitation regime at shorter wavelengths, much lower laser intensities are
sufficient for the molecular ionisation as discussed in a recent article (Kosmidis ef al.,
1997). For the case of 246 nm, the molecular ionisation can be achieved via a (1+1)
excitation process and heavier mass ion peaks have been detected although their
intensities are very small (Kosmidis et al., 1994b; Kosmidis et al., 1997). However,
for the case of the 375 nm wavelength with 10 ns laser pulse duration (Fig. 6.1c), at
least three photons of 375 nm are required to ionise the nitrobenzene molecule and
the highest masses observed are C4H, radical ions with no parent ion. Using a
femtosecond laser at A = 375 nm and A = 750 nm, the heavy mass ion peaks become
dominant in the mass spectrum (Fig. 6.1a and b). Thus, for the femtosecond laser
pulses, the mass spectrum represents more precisely the primary fragmentation pattern

of the parent molecule.

A comparison of the femtosecond laser mass spectra taken using 750 nm and 375 nm
wavelengths with 90 fs width laser pulses is shown in fig.6.1a and b, respectively.
The efficiency of production of either primary or secondary dissociation mass ions as
well as parent ion using 750 nm is much higher than this obtained using 375 nm
regarding a different number of molecule in the interaction volume. While the highest
peak is C4H;" ion peak with a small C¢HsO" peak in the 375 nm spectrum, C¢Hs" ion
peak is the dominant with strong parent ion and CsHsO" ion peaks in the 750 nm mass

spectrum.,
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Figure 6.1: Laser induced time of llight mass spectra of nitrobenzene. The spectra were taken
using (a) 750 nm laser wavelength with 90 fs laser pulses, (b) 375 nm laser wavelength with
90 fs laser pulses, (c) 375 nm laser wavelength with 10 ns laser pulse width and (d)
background spectrum was taken before experiment using 90 fs width laser pulses.

A further comparison ofthe two spectra show three significant differences which can
easily be seen from the spectra namely at m/q = 58 and 46 and 15 which correspond
to the CNO2\ N O2and CH3\ respectively. The peaks for these three radicals exist
in the mass spectrum (In Fig. 6.1a) for 750 nm, but in the 375 nm spectrum (in Fig.

6.1b) only a very weak N 0 2+ion peak appears with no CH3+and CNOf ion peaks.

The peak at m/q = 58 corresponds to the CNOTf, and to the author’s knowledge, has

never been observed before this work using multiphoton processes (Bunn ef al., 1986;
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Nishimura et al., 1986; Kosmidis et al., 1994a; Marshall et al., 1992a; 1992b; 1992c;
Ledingham et al., 1995b; Osterheld et al., 1996; Hwang et al., 1996; Kosmidis et al.,
1997). The CNO, fragment from the nitrobenzene ion was investigated using the
kinetic energy release technique (Abd El-Kader and Ahmet, 1983) and it was
proposed that the radical ion at m/q=58 can be obtained in the nitrobenzene ion
through a -NO loss process followed by recombination of the fragments via eq.(6.5)
and (6.6) and subsequently ionised by absorbing some photons.

CNO,+ hv—> CNO," (6.7)

This peak has also been observed in both CID and EI spectra of picric acid. In EI
spectrum, it was attributed to the loss of NO+CO neutrals from the TNP (2,4,6-
trinitrophenol) molecular parent ion (Zitrin and Yinon, 1978) which has a H atom
joined to the C atom in the metha position to the hydroxyl group and hydroxyl group
replaced with a methyl group in the TNT structure.

Through the dissociation of either the neutral or ionic nitrobenzene molecule, the NO,
neutral fragment is produced via the reactions (1) and (6) in Table 6.1. In the case of
the neutral ground state NO, molecule, the results are dissussed in the 4th chapter of
this thesis and it is shown that the NO,"/NO" ratio is about 100% in the case of 750
nm and 10% for the 375 nm. This spectrum shows that the neutral NO molecule
produced through a number of possible reactions in Table 6.1. The NO,/NO" ratio in
the femtosecond laser mass spectra of nitrobenzene at both wavelengths is much
smaller than what observed from the neutral ground state NO, molecule. Therefore,
the smaller NO,/NO" ratio in the mass spectra suggests that a considerable
contribution to the NO' ion peak could be made by a number of opened channels
apart from the NO, loss channel.

Panczel and Baer (Panczel and Baer, 1984) concluded that the -NO; loss occurs from
an excited electronic state of the ion by a simple C-N bond cleavage. This implies the
preservation of the nitrobenzene structure at least for this reaction and it was the first

time that the direct dissociation from an excited state was reported for such a large
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ion as nitrobenzene. It should be noted that the -NO, loss channel and all the other
reactions of Table 6.1 are also compatible with the isomerization to phenylnitrite
structure by breaking the C¢Hs-ONO bond or the CsHsO-NO bond and so on. The -
NO loss channel is favoured in a phenylnitrite structure and can be formed through the
vibronic relaxation of electronic excited states of the nitrobenzene ion. This is
consistent with the relatively low appearance potential (AP) of the -NO loss channel.
The internal conversion of the electronic excitation energy of the ion requires the
absence of strongly repulsive excited states, which would cause fast decomposition
before much of the electronic energy is degraded. This condition could be satisfied
for excitations from molecular orbitals (MO) which are not localised in one particular
bond. Such as the 1-MO of the aromatic ring, which are spread all over the ring and
therefore their excitation causes a small weakening of all bonds. On the other hand,
excitation from a MO localised on one bond results in a drastic weakening of this
particular bond, causing the resulting electronic state to be strongly repulsive. It has
been proposed for nitrobenzene that the first two IP correspond to excitations from a
ring n-type MO (Rabalais, 1972). Thus, the excitation to these ionic states is likely to
be followed by electronic to vibronic energy redistribution and the resulting molecular

rearrangement could provide the reasons for the observation of CsHsO" and NO" ions.

Fig. 6.2a and b show the laser pulse energy dependencies of the nitrobenzene
molecule at 375 nm and 750 nm, respectively. The sample pressures for both
experiments were typically 10° torr. The laser pulse energy was altered using a
neutral density filter and measured with a joulemeter. The pulse energies for each

spectrum are shown at the right end of each spectrum (Fig. 6.2a and b).

The dissociation pathways presented in Table 6.1 are verified by the ion peaks which
appear in the fs mass spectra (Fig. 6.1a and b). It can be easily seen that the ions
produced in reactions 4-9 in Table 6.1 are the ones which are generated first in the fs
spectra at the lowest laser intensities. As the intensity increases numerous other peaks

become visible almost certainly produced by an ID process. In addition, peaks with
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m/q = 27 and m/q = 17 have been observed. The latter is attributed to OFT, while the
m/q = 27 peak could be assigned to HCNf or C2H3.

8.1 pJ .
1 _
JLk. 4.5 pJ
u
2.7 pJ
1.2 pJ
0.8 pJ
Time of Flight (jus) Time of Flight (fis)

Figure 6.2: Laser induced time of flight mass spectra of nitrobenzene. The spectra were
taken using (a) 375 nm and (b) 750 nm laser light with 90 fs laser pulse width.

Fig. 6.3a and b show the laser intensity dependencies of the nitrobenzene and related
fragments. The ion intensities for each ion were multiplied by a different constant to
put them in arbitrary ascending order and plotted as ion yield versus laser intensity in
a log-log scale. The laser intensity dependence (Fig. 6.3a) ofthe parent molecular ion
production was found to be about n » 2 for 375 nm and the gradients of all other
fragments are very similar to that of the parent ion suggesting a common parent

precursor.

For the case of the wavelength of 750 nm, much higher pulse energies are available
and some of the neutral fragments have been ionised, such as N02 and CNO02 ions
have been observed in the case of 750 nm. The intensity dependence of the

nitrobenzene parent ion decreases as the laser intensity increases. In the lower laser
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intensity range, the intensity dependence ofthe nitrobenzene parent ion is about n « 3-
4, while in the higher laser intensity range it becomes about n « 1-2. In the lower
laser intensity range, the difference between the calculated number of photons
absorbed for both wavelengths used is some evidence for the assumption that a non-
resonance multiphoton process is responsible for the molecular ionisation. In the case
of the weakness of the nitrosobenzene ion peak and the laser intensity dependence of
the parent molecular ion support the hypothesis that, the ionisation follows the
multiphoton process; a non-resonance molecular excitation and ionisation take place

first, followed by fragmentation processes.

02 1083 104 1015 102 103 104 1015
Laser Intensity (W/cm2)  Laser Intensity (W/cm?2)

Figure 6.3: Laser intensity dependencies of nitrobenzene at the wavelengths of (a) 375 nm
and (b) 750 nm. In both ease, 90 fs width laser pulses were used. The solid circles at the
right hand side of some of the labels indicate that these radicals were observed using only one
wavelength but could not observed using other. Blue and red solid circles indicate that the
radical were only observed in the spectra using 375 nm and 750 nm wavelengths,
respectively.
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64  The Laser Pulse Width Dependence of the Dissociative-
Ionisation and Fragmentation Pattern of Nitrobenzene Time
of Flight Mass Spectra

Recently, the short pulse laser technology has opened a novel window for scientists to
investigate the larger molecules using multiphoton process. The efficiency of the
resonance enhanced multophoton ionisation (REMPI) process in large organic
molecules cannot be increased by increasing the laser intensity in the interaction
region since the photofragmentation rate increases parallel to the laser intensity. In a
number of recent studies, it is proposed that the degree of molecular fragmentation
depends on the laser intensity, laser wavelength, laser pulse width and the structure of
molecule (Weinkauf et al., 1994; Ledingham et al., 1995a; 1995b; Singhal et al.,
1996; Kilic ef al., 1997, Kosmidis ef al., 1997, Singhal et al., 1997). Singhal ef al.
(Singhal et al., 1997) have recently shown that the laser pulse width plays a role on
the ionisation-fragmentation dynamics which is much more effective than that the
laser intensity plays due to the fact that the NO,/NO" ratio shows a little change as
the laser intensity changes, but this ratio dramatically decreases as the laser pulse

width increases.

A comparison of the time of flight mass spectra at 375 nm with 90 fs (in Fig. 6.1b)
and 10 ns (in Fig. 6.1c¢) has already been made in the previous section of this chapter
and elsewhere (Ledingham et al., 1995b; Kosmidis ef al., 1997). In the nanosecond
regime, the time of flight mass spectrum is always dominated by the small mass ion
peaks as discussed previously (Kosmidis et al., 1997). It has also been shown that on
the ns time scale, the nitrobenzene molecular parent ion is always missing for the case
of the 375 nm. In the case of 90 fs laser pulse duration, the molecular parent ion is

one of the prominent peaks in the mass spectrum (Fig. 6.1b and 6.2a).

Fig. 6.4 shows femtosecond laser induced time of flight mass spectra of nitrobenzene

taken using different laser pulse widths at the wavelength of 750 nm. The laser pulse
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energies and relevant laser intensities are shown at the left end of each spectrum and

the laser pulse widths at the right end of each spectrum.

A comparison of these three spectra shows a significant dependence on the laser pulse
width for the ionisation efficiency and fragmentation patterns of the parent molecule
since they have been taken with nearly the same laser intensities. Particularly a
comparison of fig.6.4a and 6.4c shows the importance and significance of use of ultra
short laser pulses. It is clearly seen that in the case of shorter laser pulses, the mass
spectrum shows a dominant parent ion peak with a little fragments (in Fig. 6.4a), but,
in the case of longer laser pulses (742 fs in Fig.6.4c), the ionisation efficiency of the
parent ion is small and the fragmentation of excited neutral molecule occurs and the
neutral fragments are subsequently ionised. In Fig. 6.4c, the H" and C' fragment ion
peaks are seen with 1.69x10"> W/cm® laser intensity. As the laser parameters are
changed to shorter pulse widths (from the conditions of Fig. 6.4c to Fig. 6.4b), the
number of H" and C"ions decreases while the number of parent ion and higher mass
fragment ions relatively increase. When the shortest laser pulses are reached (in Fig.
6.4a), no H and C' fragment ions are detected but the parent ion peak becomes
much higher.

In the case of 90 fs laser pulses (Fig. 6.4a), there might be significant information
about the fragmentation pathways in the nitrobenzene molecular ion. In accordance
with a recent conclusion made by Hwang et al. (Hwang et al., 1996), the results
presented in this work supports the idea that the dissociation rates for the production
of NO¥, C¢Hs" and C¢HsO" are in competition and the spectra in fig. 6.4a shows an
agreement with the previous conclusion since these three products start to appear
together in the case of lowest laser intensity and they increase as the laser intensity
increases. Using longer laser pulses, it is almost impossible to obtain such structural
information about the dissociation pathways of either the neutral or ionic nitrobenzene

molecule.
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In Table 6.1 the known dissociation channels ofnitrobenzene and its molecular ion are
presented. In the time of flight mass spectrum of nitrobenzene, shown in fig.6.1a and
b for the case of 90 fs laser pulses, a peak appears at the mass 107 and this
corresponds to the nitrosobenzene ion (C6HsNO+). In the previous experimental
studies (Bunn et a.,, 1986; Nishimura et al., 1986), it was shown that no
nitrosobenzene ion peak was observed in the photodissociation of nitrobenzene ion.
A conclusion has been made in a recent article (Kosmidis et a [ 1997) that the
presence of the m/q = 107 peak in the mass spectra of nitrobenzene could be an

evidence of a DI route.

(a)
3.7 pJ 90 fs

1.54x10B3W/cm2

S (b)

0 19.6 pJ Jjt o -il jl - 1 o 371 s
2x10 BW/ecm2

3

cc ’
g:})‘] A JI i d . JLI 742 fs

1.69\1013W/cm?2

Time of Flight (ps)

Figure 6.4: Laser induced mass spectra of nitrobenzene were taken using (a) 90 fs, (b) 371 fs
and (e) 742 fs laser pulse widths. The laser pulse energy and corresponding laser intensities
used to illuminate sample are given at the left end of each spectrum.

In fig.6.4, the fragment ion peak at the m/q=107 changes as a function of laser pulse
width rather than the laser intensity used. These results support the conclusion made
by Singhal ef al. in a recent article (Singhal et al., 1997). As the laser pulse duration
changes from 90 fs (in Fig.6.4a) to 742 fs (in Fig.6.4c) the height of the mass 107

102



CHAP.6 Multiphoton Process on NITROBENZENE H.S Kilic/1997

peak increases with increasing pulse width, indicating that the dissociation of the
neutral nitrobenzene molecule starts to happen when the laser pulse duration becomes
longer. From the results presented in fig 6.4, the conclusion can be made that the
production of m/q = 107 peak from a DI route has a higher probability relative to the

ID route for longer pulse widths.

The thermochemical threshold for the -O loss channel (reaction 3) is 3.96 eV, and
therefore the absorption of two photons of A= 375 nm and three photons of A= 750
nm are required for this channel to be opened. The absorption of two photons of 375
nm corresponds to the n—n* transition of benzene (Nagaqura et al., 1964). In the
femtosecond laser mass spectrum of nitrobenzene (Fig. 6.1b) at 375 nm, the
nitrosobenzene ion is almost absent. For the case of 750 nm, the femtosecond laser
mass spectrum of nitrobenzene (Fig.6.1a) shows m/q =107 ion peak which is much
stronger than that at the 375 nm mass spectrum but it is still weak compared to other
ion peaks. The weak appearance of the m/q=107 peak at 375 nm and 750 nm could
be explained by a) the assumption that the radiationless processes are much slower,
which has a lifetime of <10 ps (Takezaki et al., 1997), than the time duration of the
laser pulse, and/or b) that the molecular ionisation takes place via a non-resonant

multiphoton process.

In addition to the preceding concerning the 107 mu ion peak, its laser intensity
dependence in fig. 6.3b is rather similar to that of parent ion suggesting that, assuming
the conclusion made by Bunn ef al. and Nishimura et al. are true, the ionisation and
dissociation process for nitrobenzene at both wavelengths is likely to be a mixture of

DI and ID processes.

6.5 Conclusions

In this chapter, the photodissociation of the nitrobenzene has been studied using 90 fs

laser pulses at A = 375 nm and 750 nm. The laser mass spectra at 90 fs are compared

103



CHAP.6 Multiphoton Process on NITROBENZENE H.S Kilic/1997

with those observed with a 10 ns dye laser at the same wavelength using the same
experimental set up. The recorded mass spectra are different, as expected. The
parent ion and the heavier fragment peaks have been clearly observed only in the
spectra with fs laser pulses. The 90 femtosecond mass spectra show a prominent
parent ion peak and very large C¢Hs', C4H;" and NO" ion peaks for 375 nm while the
nanosecond mass spectrum at 375 nm, has only prominent C;H,", C;H,", C:H, and
NO" ion peaks with a very weak C4H, group. The large parent and heavy mass
peaks are characteristic of ID process where the dissociative below-ionisation states
are "defeated" to some degree by the fast up-pumping. The nanosecond nitrobenzene
spectrum is very similar (apart from the NO" peak) to the spectra described by DeWitt
and Levis (DeWitt and Levis, 1995) when cyclic aromatic hydrocarbons are ionised

and fragmented using a ns laser at 532 nm and fluxes of about 2x10® W/cm’.

On the other hand some fragmentation pathways follow from a molecular
rearrangement.  The present experiment shows that most of the observed

fragmentation takes place from the nitrobenzene structure rather than phenylnitrite.

At the 750 nm, the results being presented in this chapter is very similar to that
observed at 375 nm for 90 fs laser pulses and shows very much different process than
that at 10 ns. The femtosecond laser mass spectrum at 750 nm is dominated by
heavier mass ion peaks with a prominent parent ion. The results shown in fig.6.1a and
6.2b shows a significant large ion peak at m/q=107 corresponding to the CsHsNO”
which comes from a rearrangement process of nitrobenzene to phenylenitrite
CsHsONO" and subsequently loss of an oxygen through the dissociation of the N-O
bond.

The absence of the 107 mass ion peak from nitrobenzene has already been attributed
to a DI process (Bunn et al.,1986; Nishimura et al., 1986; Kosmidis et al., 1997)
which means that the presence of this peak suggests an ID process. The results being
presented shows presence of this peak suggests that a mixture of an ID and DI

processes takes place with the laser parameters used.
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7.1 Introduction

In this chapter, the multiphoton dissociation and ionisation dynamics of medium mass
nitroaromatic explosives; three isomers (ortho-, metha- and para-) of nitrotoluene, 2,
4-dinitrotoluene and 2, 4, 6-trinitrotoluene are discussed. The photochemistry and
photophysics of this group of compounds is of great significance in the science of
energetic materials and have been extensively studied over the years. This group of
thermally labile molecules easily fragment through a photorearrangement process
prior to ionisation. It is, hence, thought that they have the ideal structure and

properties to study the dissociation pathways.

NO2 CH3 CTL CH,
NO, O,N NO-

T

NO, NO-

(a) (b) (0 (d)
Figure 7.1: Geometric structures of (a) nitrobenzene, (b) o-nitrotoluene, (c) 2-,4-
Dinitrotoluene and (d) 2-, 4-, 6-trinitrotoluene.

Fig. 7.1 shows the geometries of nitrobenzene, o-nitrotoluene, dinitrotoluene and
trinitrotoluene. The main characteristic structure for this group of molecules are the
existence of N 02 and CH3 groups joined to the benzene ring through C-N and C-C
bonds, respectively. There is a basic difference between some of these molecules and
this difference appears in the mass spectra due to the interaction between the methyl
and nitro groups. The difference in the mass spectra is known as the ortho-effect
which was reviewed and discussed in detail by Schwartz (Schwartz, 1978). The ortho
effect for nitro-containing molecules has also been discussed in a number of previous
articles (Ramana et al., 1990; Konnecke et al., 1980) for some nitro-containing
molecules and (Bulusu and Axenrod, 1979; Yinon, 1987; 1988; 1992; Ledingham et

al., 1995b; Kosmidis et al., 1997) for nitroaromatic explosives.
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In the previous chapter the nitrobenzene molecule was investigated as a prototypical
molecule for nitroaromatic explosives with only an NO, group joined to the benzene
ring (Fig.7.1a). The difference between nitrobenzene and other molecules examined
in this chapter is existance of an extra CH; group in the nitrotoluene isomers (Fig.7.1b
shows o-nitrotoluene), dinitrotoluene (Fig.7.1c) and trinitrotoluene (Fig.7.1d).
Dmitrotoluene and trinitrotoluene have also two and three NO, groups, respectively,

which have different localizations with respect to the CH; group on the benzene ring.

On the other hand, it has already been shown in the literature that there are many
similar characteristics between nitrobenzene and three isomers of nitrotoluene.
Therefore, it is expected that many common characteristics would appear in their
ionisation and photodissociation processes.  Hence, the knowledge of the
photochemistry of nitrobenzene is essential for understanding that of the nitrotoluene
isomers which is also expected to contribute to the understanding of the entire group

of nitro-explosives including dinitrotoluene (DNT) and trinitrotoluene (TNT).

This group of molecules has already been investigated by a number of groups using
several methods and most of the studies done using laser based techniques were in the
nanosecond regime. It is believed that in the nanosecond time scale there exists little
useful information in the mass spectrum about dissociation pathways in these
molecules or their ions (Marshall er al., 1992a; 1992b; 1992c; 1993; Clark et al.,
1993; Lemire et al., 1993; Kosmidis et al., 1994a; 1994b; Marshall et al., 1994a;
1994b; Ledingham et al., 1995b). In order to better understand the mass spectral
fragmentation pathways, it is the thought that the femtosecond laser mass
spectrometry offers a useful tool and was used to investigate the photoionisation and
photofragmentation processes in this class of molecules. Thus femtosecond laser
mass spectrometry has been applied and some parts of the data from our experiments
have been presented in a number of recent articles (Ledingham et al., 1995b; Kilic et
al., 1997; Kosmidis et al., 1997) and will be discussed in greater detail in this chapter.

In this chapter, the nitrotoluene isomers will be discussed first comparing their
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nanosecond and femtosecond laser mass spectra. Secondly, nanosecond and
femtosecond laser mass spectra of dinitrotoluene and trinitrotoluene will be discussed
comparing the mass spectra of o-nitrotoluene, dinitrotoluene and trinitrotoluene in
either nanosecond or femtosecond regimes. The multiphoton processes in DNT will

finally be made in the femtosecond regime.

7.2 Femtosecond Laser Mass Spectrometry (FLMS) on the Three
Isomers of Nitrotoluene and An Investigation of Multiphoton
Processes at 375 nm

7.2.1 Experimental Arrangement

The experimental set-up has been described in detail in chapter 3 of this thesis and
elsewhere (Langley et al., 1994; Ledingham et al., 1995b; Singhal et al., 1996; Kilic
et al., 1997; Kosmidis et al., 1997). Briefly, 700 fs laser pulses were the output of the
laser system after the amplifier. The pulses were re-compressed to 90 fs by a 4 cm
block of SF10 glass. The pulses at A = 375 nm were produced by focusing the output
of the laser into a 200 mm thick type 1 BBO crystal. Before entering the time-of-
flight (TOF) chamber the pulse energy was typically 10 uJ at 375 nm before being
focused with 30 cm fused silica lens to provide estimated intensities about
10" W/em?.

The nanosecond laser system consists of a XeCl excimer pumped dye laser (Lumonics
TEMS860-M) with 10 ns pulse duration. The 375 nm fundamental output of TMI dye
from a tunable dye laser (Lumonics EPD 330) was used in the experiment. The mass
spectra were recorded with a linear TOF spectrometer of length 1.2 m, based on a
Wiley-McLaren design with a typical mass resolution of 200 at 100 Da. The samples
were introduced effusively from the inlet system to the vacuum chamber through a
needle valve. The ions were detected by a Thorn EMI electron multiplier connected

to a LeCroy 9304 digital oscilloscope.

The same mass spectrometer and signal processing system were used in the
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experiments with both the femtosecond and nanosecond lasers. The samples were
obtained from the Aldrich Chemical Co and were used as supplied by the
manufacturers. The sample in the sample holder and inlet system was externally
heated to obtain sufficient sample pressure in the ionisation chamber from
4-nitrotoluene, dinitrotoluene and trinitrotoluene. For other samples heat was not

needed since enough gas pressure could be obtained at room temperature.

7.2.2 A comparison of Nanosecond and Femtosecond Laser Induced Mass
Spectra of o-Nitrotoluene at 375 nm

The photodissociation of the nitrotoluene isomers have been extensively studied using
multiphoton process in the nanosecond regime (Marshall et al., 1992c; 1993; 1994a,
Kosmidis et al., 1994a; 1994b) and femtosecond regime (Ledingham et al., 1995b;
Kosmidis et al., 1997). It was concluded that the dissociation occurs through the
multiphoton process and has been interpreted by two main (DI and ID) fragmentation
mechanisms. In the first mechanism fragmentation of the neutral molecule is followed
by the ionization (DI mechanism (Yang et al., 1983)) of neutral fragments, while in
the second the ionization of neutral parent molecule is followed by the dissociation

(ID mechanism) of molecular parent ion.

Fig. 7.2 shows a comparison of the fragmentation pattern of o-nitrotoluene in the
femtosecond (a) and nanosecond (b) laser induced time of flight mass spectra.
Sample pressures for both case were about 6-8x10° torr and other experimental
conditions were similar apart from different laser pulse widths and laser pulse energies
used in both experiments. The difference between these two spectra is clear and it is
seen that in the nanosecond regime small mass ion peaks dominate the mass spectrum
while the femtosecond laser induced mass spectrum of o-nitrotoluene molecule shows
the heavier mass fragments including a strong parent ion, which is one of the strongest
peaks in the mass spectrum. It clearly indicates that the femtosecond laser mass
spectrum has a much greater potential for analytical and structural interpretation than

the nanosecond spectrum.
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Figure 7.2: A comparison of femtosecond (a) and nanosecond (b) laser induced time of flight
mass spectra of o-nitrotoluene.

In the nanosecond laser induced mass spectrum (Fig. 7.2b), there are two dominant
peaks which correspond to C and NO ions and their ion yields in the mass spectrum
are much greater than these in the femtosecond laser induced mass spectrum. It was
described in Chapter 4 of this thesis and repeated in a number of articles (Herzberg,
1950; Ledingham et al., 1995b; Singhal et al., 1996; Kilic et al., 1997) that the 375
nm is in resonance with the D2Z+ X 2n transition in neutral NO molecule. It can
clearly be seen that the resonance enhancement in the nanosecond regime takes place

in the neutral NO molecule.

The ionization potentials (IP) for three isomers of nitrotoluene were reported in the
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literature to be 9.45 eV, 9.48 eV and 9.4 eV for o-, m- and /7-nitrotoluenes (Lias et
al.,, 1988), respectively. One laser photon at 375 nm carries 3.3 eV energy, and
therefore, it takes three photons at 375 nm to ionise the three isomers of the
nitrotoluene molecule. In offresonance circumstances, it is expected that the gradient
of the laser intensity dependent graphs for three isomers of nitrotoluene would have
similar gradient due to the power index law (oc oIn, where n is the number of photons

absorbed).

*C NO

cont
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cHV

*NOH+
« NO*

1012 1013 1014 10v 1012 1013 10" 1012 1013
Laser Intensity (W/em?) Laser Intensity (W/cirf) Laser Intensity (W/cm?)

Figure 7.3: Laser intensity dependencies of o-nitrotoluene (a), m- nitrotoluene (b) and p-
nitrotoluene (c). All three experiments were carried out using 90 fs laser pulses at 375 nm.

Fig. 7.3a, b and ¢ show the laser intensity dependencies for the parent ion peaks and
the most prominent fragment ion peaks for o -, m- and p-nitrotoluene. The laser
intensity dependencies in this case are about 3 for o-nitrotoluene parent ion and
fragment ions, but are only between 1 and 2 for the m- and /?-nitrotoluene parent ions
and the fragments. The laser intensity dependencies of m-nitrotoluene (Fig. 7.3b) and
/?-nitrotoluene (Fig. 7.3c), particularly in the similar intensity range (about 101l
W/cm2), are very similar but these are different than that observed for o-nitrotoluene
despite higher laser intensities being used in the o-nitrotoluene experiment. These
results suggest that the multiphoton excitation, ionization and fragmentation

processes in the o-nitrotoluene are slightly different than that in the m- and p-
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nitrotoluene. The case of o-nitrotoluene suggests a three photon multiphoton
excitation and ionization processes with non of the intermediate steps being saturated.
In the case of m- and p-nitrotoluenes, smaller laser intensity dependencies can be
explained assuming that one or two of the steps are close to the saturation at these

laser intensities.

The laser intensity dependence of the parent ion in the nanosecond regime at the
wavelength range of 210-270 nm was investigated by Kosmidis et al. (Kosmidis et al.,
1994b) and shown that the laser intensity dependence of m- nitrotoluene parent
molecule was also about 1 whereas the intensity dependence of the NO ion was about
3. Kosmidis et al. indicated that there were both DI and ID channels operating in the
nanosecond regime. In the present experiment, at the vicinity of 375 nm the laser
intensity dependencies of o- and m- nitrotoluene isomers were carried out using
nanosecond laser pulses but no parent ion has been observed in the mass spectra as
shown in fig. 7.2b. The laser pulse energy dependence of the fragmentation pattern in
the time of flight mass spectra and the laser intensity dependencies for some of the
major fragments from the o-nitrotoluene are shown in fig. 7.4a and b, respectively.
The laser intensity dependencies of the most of the fragment ions are slightly different
and this is about 2.6 for NO" which supports three photon multiphoton excitation and
ionization processes in the neutral NO molecule. The similar gradient for the laser
intensity dependence of neutral NO molecule was found from the dissociation of

neutral NO, molecule (Singhal ef al., 1996) and discussed in chapter 4 of this thesis.

From the laser intensity dependence graph of the major fragment ions in the
nanosecond regime (Fig. 7.4b), it is difficult to conclude which is the precursor of
most of the fragments. However, in the case of femtosecond laser pulses there exists
a dominant parent ion and the slopes of the graphs are very similar for parent ion and
the fragment ions in the case of each isomers. This might suggest that an ID route in
the multiphoton process is the principal dissociation mechanism in the three isomers

of nitrotoluene.
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Figure 7.4: (a) Laser pulse energy dependence of fragmentation pattern in the mass spectra of
o-nitrotoluene. (b) The laser intensity dependencies of major fragment ions from neutral o-
nitrotoluene molecule. Data was taken using 10 ns laser pulses at 375 nm.

7.2.3  Identification of Three Isomers (Orthometha- and Para-) of
Nitrotoluene at 375 nm

We have carried out a series of experiments on the nitrotoluene isomers using 10 ns
and 90 fs laser pulses at 375 nm. The comparison of femtosecond and nanosecond
laser induced mass spectra for o-nitrotoluene molecule was discussed in section 7.2.2.
It has already been shown that there exist very significant differences in the
femtosecond and nanosecond laser induced fragmentation pattern of the mass spectra
of o-nitrotoluene. It should also be mentioned that for the analytical purpose no or
little information for the identification of nitrotoluene isomers or the
dissociation/fragmentation pathways could be obtained when the nanosecond laser is
used to investigate these. For the identification of these molecules, many techniques
have been used, including liquid and gas chromatography, ion mobility spectrometry
(Yinon and Zitrin, 1993), cyclotron resonance mass spectrometry (Cassady and
McElvany, 1993) and laser mass spectrometry (Kosmidis et al., 1994b and 1997).
The detection of nitroaromatic explosives and understanding their dissociation and
fragmentation mechanisms has gained an increasing interest because of their high

strategic importance.
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Figure 7.5: (a) A comparison of the nanosecond laser induced fragmentation patterns of o- and
/w-nitrotoluene molecules, (b) Heavier mass ion part of the spectra in (a).

Fig. 7.5 shows a comparison of the nanosecond laser induced time of flight mass
spectra of o-nitrotoluene and m-nitrotoluene isomers. Since the most of the fragment
ion peaks may have some contributions from several dissociation channels, it is very
difficult to have a conclusion for the dissociation and fragmentation pathways in the
molecules. The comparison of both spectra (Fig. 7.5a) shows that no significant
difference between these two spectra exists apart from the relative ion yields. Fig.
7.5b shows the heavier mass ion peaks part ofthe mass spectra shown in fig. 7.5a. It
should be pointed out that no significant difference has been mentioned for the
fragmentation patterns of three isomers of nitrotoluene in the literature at the
nanosecond regime, apart from some works which investigated above ionization
threshold fragmentation pattern (Kosmidis ef a/., 1994b). The mentioned differences

in the work of Kosmidis et al. appear in the heavier mass part ofthe mass spectra.
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Figure 7.6: The femtosecond laser induced mass spectra are shown for (a) o-nitrotoluene, (b)
m-nitrotoluene and (c) p-nitrotoluene. Geometry of each isomer is shown at the left hand side

of each spectrum.

Fig. 7.6 shows the femtosecond laser induced mass spectra of the three isomers of

nitrotoluene at 375 nm. The three spectra in fig. 7.6 have been recorded under
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identical experimental conditions apart from the need of heating up the p-nitrotoluene
isomer to obtain sufficient vapour pressure in the ionization chamber. In the case of
90 fs laser pulses, a strong parent ion peak and a number of heavier mass peaks are
clearly recorded for all isomers, while these were missing when nanosecond laser
pulses were used at the wavelength of 375 nm as discussed above. It is clearly seen
from the comparison of femtosecond laser mass spectra of three isomers of
nitrotoluene (Fig. 7.6) that the femtosecond laser mass spectrometry is a powerful
technique to elucidate the dissociation and fragmentation pathways of these thermally
labile molecules. The differences in the femtosecond laser induced mass spectra of the

nitrotoluene isomers facilitate the identification of the three isomers.

In order to detect three isomers of nitrotoluene several techniques have been used as
was mentioned above. Most of these studies do not deal with the three isomers of
nitrotoluene. There was some work done using multiphoton process in our laboratory
which present comprehensive studies on the three isomers of nitrotoluene (Kosmidis
et al., 1994b; 1997). In the present work for this thesis a series of experiments were
carried out using 90 fs laser pulses at A = 375 nm. It is clear from fig. 7.6 that the
time of flight mass spectra of nitrotoluene isomers offer some unique 'fingerprints',
which allow their easy distinction taking into account only the four heavier mass ion
peaks (m/q= 92 (CsHsN"), 107 (C;H;,0Y), 120 (C;HNO"), 121 (C;H;NO")). Thus,
apart from the relatively intense parent ion peak in the mass spectra of the isomers,
which is very important for analytical purposes, in the mass spectrum of o-
nitrotoluene (Fig. 7.6a), the peak at m/q= 120 (corresponds to C;HsNO") (-OH loss)
with no peak at m/q= 107 (C;H;0") (-NO loss) has been observed. The peaks at
m/q= 121 (C;H,NO) (-O loss) and m/q= 107 (C;H;0") (-NO loss) together have
been recorded only in p-nitrotoluene while in the mass spectrum of m-nitrotoluene
neither of the peaks at m/q= 120 (C;HsNO") (-OH loss) and 121 (C;H;NO") (-O loss)
have been detected and the parent ion peak is accompanied only by the m/q= 107
(C/H;0") (-NO loss) peak. The peak at m/q=92 (CsH¢N) (-HCO;) is a prominent

feature only in the o-nitrotoluene spectrum and has been seen in nanosecond
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fragmentation parent (Kosmidis ez al., 1994b). In the femtosecond laser induced
spectrum of o-nitrotoluene shows a significant peak at m/q=45 corresponds to the

HCO," ion peak which is absent in the mass spectra of the other isomers.
7.2.4  Multiphoton Dissociative Ionization Processes at 750 nm

Another series of experiments on o- and m-nitrotoluene were carried out using 90 fs
laser pulses at 750 nm. In these experiments, a 10 cm focal length mirror inside the
vacuum was used to focus the laser beam to obtain an intensity about 10" W/cm’.
Fig. 7.7 shows a comparison of o-notrotoluene (a) and m-nitrotoluene (b) mass
spectra at 750 nm. Similar laser pulse energies about 20 pJ were used for both
experiment and as seen from fig.7.7, the o-nitrotoluene parent ion peak has almost
disappeared and the parent ion peak of m-nitrotoluene is clearly present. This data
indicates that the ionization efficiency in m-nitrotoluene is higher than that of the o-
nitrotoluene. This supports the conclusion made for the three isomers of nitrotoluene
at 375 nm that while some of the excitation/ionization steps are close to the saturation
in the m- and p-nitrotoluenes for the laser intensities used, the three photon excitation

and ionization processes which takes place in the o-nitrotoluene are unsaturated.

In the o-nitrotoluene spectrum similar to the multiphoton processes at 375 nm the
rearrangement plays an important role and competes with the ionization and
fragmentation of the parent molecule. The OH loss peak has grown substantially and,
therefore, a small OH' ion peak visible in the mass spectrum (Fig. 7.7a) of
o-nitrotoluene. In the mass spectrum of m-nitrotoluene, the peak at m/q=107 1s also
visible but very small which is shown in an enlarged scale (Fig. 7.7b). In the mass
spectrum of o-nitrotoluene, the peak at m/q=92 (CsH¢N") (-HCO, loss) in the mass
spectra taken at 375 nm was smaller than the peak at m/q=91 (-NO; loss channel) but
in the case of 750 nm, the peak at m/q= 92 is larger than 91 peak. This feature of the
mass spectrum may suggest that the photorearrangement process at 750 nm is a

preferable process relative to that at 375 nm.
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Figure 7.7: Femtosecond laser induced mass spectra of (a) o-nitrotoluene and (b) m-
nitrotoluene. Parent ions, and heavier mass fragment ions in an enlarged scale are shown.
Data was taken using 90 fs laser pulses at 750 nm. Similar laser pulse energies were used to
obtain both spectra and it was about 20 plJ.

Fig.7.8 shows the laser pulse energy dependencies of the fragmentation patterns of o-
and m-nitrotoluene isomers at 750 nm. The spectra were obtained changing the laser
pulse energy for each spectrum. The pulse energy was changed using a neutral density
filter and measured using a joulemeter just in front of the entrance window ofthe time of
the flight mass spectrometer. The sample pressure was constant during the data taken
and about a few times 10° torr. At 750 nm, the fragmentation pattern of o-nitrotoluene
slightly changed relative to the m-nitrotoluene fragmentation pattern. In contrast to the
case of mass spectra at the 375 nm, very small parent ion for both isomers are visible.
The laser pulse energy dependencies show that, as the laser pulse energy decreases,
heavier mass ion peaks starts to disappear first (Fig. 7.8). Across the entire range of
energy FT C and NO ions are strong peaks in the mass spectrum for the case of both

isomers (Fig. 7.8).
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Figure 7.8: Laser pulse energy dependencies of the fragmentation patterns of o-
nitrotoluene and m-nitrotoluene isomers. Laser pulse energy used for individual mass

spectrum is shown at the right end of each spectrum.

The laser intensities in both experiments seems at about the intensity threshold for the
parent molecular ions to be obtained and as laser intensity changes the fragmentation
pattern slightly changes. This change of fragmentation pattern in the spectra suggests
that at the 750 nm the fragmentation ofthe neutral molecule and subsequent ionisation of
the fragments, i.e., an DI mechanism, is dominating the system in the case of relavant
laser pulse energy range which is different than the case of 375 nm, since it was
discussed and concluded that an ID process is dominant at the 375 nm over intensity

range used in the experiment.
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Figure 7.9 : Laser intensity dependencies of parent molecule and major fragment ions in
the mass spectra of o-nitrotoluene (a) and w-nitrotoluene (b) at 750 nm.

Fig. 7.9 shows the laser intensity dependencies of both parent and fragment ions from
both o- and w-nitrotoluene. It takes six photons ofthe 750 nm to ionise nitrotoluene
isomers. The parent ion and the most ofthe fragment ions show similar laser intensity
dependencies which are about 4-5. The similar intensity dependencies of the parent
ion and the most of the fragment ions suggest an ID route for the fragmentation

pattern in relevant laser intensity range.

The data presented in figs. 7.8 and 7.9 suggest that the multiphoton dissociative
ionisation of the three isomers of nitrotoluene at 750 nm and in the laser intensity

range used is a mixture ofthe ID and DI processes.
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7.2.5  General Discussions on The Dissociation/Fragmentation Pathways of
The Three Isomers of Nitrotoluene

The irradiation of o-nitrotoluene with nanosecond laser pulses in the 210-270 nm
wavelength region (Kosmidis et al., 1994b) has shown the existence of some other
reactions like the -NO loss, the -O loss and -OH loss channels. Using nanosecond
laser pulses, the first two channels were detected also for the other two isomers. The
appearance of the -NO loss reaction in the nanosecond laser induced spectra is
attributed to a DI route after a rearrangement of the C-NO, bond to a C-ONO
structure (Kosmidis ef al., 1994b).

In the present work no peak has been recorded in the mass spectra of o-nitrotoluene
at m/q= 121 (-O loss) while an extremely weak peak at m/q= 107 (-NO loss) has been
observed at 375 nm (Fig. 7.6a) but at 750 nm none of these peaks are visible in the
spectrum of o-nitrotoluene (Figs.7.7a). Thus, the absence or the near absence of the
m/q= 107 (C;H;0") (-NO loss) is again consistent with the conclusion that the
fragmentation in this experiment is mainly an above ionization dissociation, precluding
the dissociation from a molecular excited electronic state at 375 nm and 750 nm.
Since, a significant peak at m/q=107 (-NO loss) could not be detected, on the other
hand, the problem within this interpretation seems to be a significant ion peak
recorded, in the case of both wavelength, at m/q= 30 (NO") which is one of the
dominant peaks in the mass spectra of o- and m-nitrotoluene at 750 nm (Fig.7.7) and
its size is relatively small in the mass spectrum taken using 375 nm laser wavelength
(Fig. 7.6). There are however a number of other dissociation channels n o-
nitrotoluene which yield NO" ions and neutrals (Cassady and McElvany, 1993). In
addition, the generation of the NO" ions could come from the fragmentation of NO,
produced by the -NO, loss channel. The generation of NO" ions in a number of
dissociation mechanisms was the subject of a recent paper (Marshall ez al., 1992c)
which dealt with the dissociation of the neutral nitrobenzene parent molecule rather
than its ion. A very small NO," ion peak has been observed in the mass spectrum of

o-nitrotoluene (Fig. 7.2a) at 375 nm and shows an agreement with the recent
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measurement of photodissociation of NO, gas by 90 fs laser pulses (Singhal et al.,
1996). -In the case of 750 nm however the NO,/NO" ratio from nitrotoluene is in
disagreement with what was observed for neutral ground state NO, molecule, which
was presented in chapter 4 of this thesis. The NO,"/NO" ratio was observed with
100% from NO, at 750 nm but in the case of nitrotoluene it is 10% which suggests
that the NO" jon peak contains contributions from some other channels as well as the

dissociation of neutral ground state NO, radical.

In the femtosecond laser induced mass spectrum of o-nitrotoluene, it is clearly seen
(Fig. 7.6) that, as discussed above, two peaks at m/q=92 and 120 are the unique
fingerprints of the o-nitrotoluene isomer. The peak at m/q=120 suggests an
additional dissociation channel, related to the -OH loss. This channel can proceed
only after a molecular rearrangement and has been studied extensively (Beynon et al.,
1965; Meyerson et al., 1966; Herbert et al., 1984; Shao and Bear, 1988) but there
still exist some unclear points on the structure of the intermediate species. The
observation of the -OH loss reaction (peak at m/q= 120) in the present experiment in
conjunction with the results of the study where nanosecond laser pulses were used
(Kosmidis et al., 1994b) shows that the -OH loss channel proceeds after the

molecular ionization (Kosmidis et al., 1997).

As far as the -OH loss channel in the o-nitrotoluene parent ion is concerned, it is
found that the OH group is generated by a -H transfer from the -CH3 to the -NO»
group (the ortho effect) (Beynon et al., 1965; Meyerson et al., 1966). In a
femtosecond pump-probe experiment, Herek et al. (Herek et al, 1992) have
determined that the time needed for hydrogen atom intramolecular transfer in methyl
salicylate is shorter than 60 fs. To the author’s knowledge, there is no information in
the literature about the time scale for hydrogen transfer in o-nitrotoluene. Particularly
for o-nitrotoluene, Murrey et al. have studied the hydrogen transfer from methyl to
nitro group and they found that further rearrangement takes place to produce
anthranil (C;HsNO) and water (H,O) (Murrey et al., 1990). In the mass spectra from

121



CHAP. 7 FLMS on EXPLOSIVES H.S Kilic/1997

our latest experimental work for the case of both laser pulse durations (10 ns and 90
fs) no peak at m/q=18 (H20f) or 119 (CTHSNOH have been observed. The OH loss
channel was clearly observed showing a small peak at m/q=17 (OH) and a large peak

at m/q= 120 (CANO™").

o-NT* Isomer

(111) (1V) (V)

Figure 7.10: Proposed mechanisms for the rearrangement and hydrogen transfer m the o-
nitrotoluene molecular ion (a), the molecular ion has an internal energy to activate to lose OH
radical (b) and the proposed structures for the radical detected at m/q=120 (c). Figures are
not in exact scale.

Figure 7.10a shows the discrete rearrangement steps in the o-nitrotoluene ion after the
ionization of the o-nitrotoluene neutral molecule and then the -OH loss mechanisms
which were suggested by Meyerson et al. (Meyerson et al., 1966). Fig.7.10b shows
the energy barrier for the dissociation of the o-nitrotoluene ion to give the

CTH6NO +OH ionic and neutral radicals. The dissociation limit for the OH loss
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channel has been calculated by Shao and Baer (Shao and Baer, 1988) to be 9.310.1
eV. This value is below the ionization limit and they have calculated that the
isomerized parent ion lies in a well of depth 1.5 eV relative to the dissociation limit.
The ion peak at m/q=120 has been experimentally observed by Kosmidis et al. using
267.5 nm laser wavelength and this observation shows a good agreement with this
calculated value since two laser photons at 267.5 nm carry an energy of 9.27 eV
(Kosmidis ez al., 1994b). The radical ion at m/q=120 has been studied extensively
and at least three main structures have been proposed for this radical. Figure 7.10c
shows the proposed structures for the C;HsNO" ion (after -OH loss). In fig. 7.10c, VI
and VII were suggested by Beynon ef al. and VIII by Meyerson ef al. Herbert et al.
suggested that possibly the best structure for this radical is Fig. 7.10c(VII).

The dissociation/fragmentation of the CyHsNO' fragment ion has been subject of a
number of articles (Beynon et al., 1965; Meyerson ef al., 1966; Herbert et al., 1984;
Shao and Baer, 1988) and it has been suggested that this radical could undergo
further dissociation absorbing some more photons to give CO (m/q=28) fragment
through the equation (7.1);

C;HNO" +hv — C¢HeN' (m/q=92) + CO (m/q=28) 7.1

In the present work at both wavelengths of 375 nm and 750 nm with 90 fs laser
pulses, the ion peaks at m/q= 92 and 28 have clearly been observed shown in fig. 7.2a
and 7.7a, respectively. The efficiency of the production of the 92 mass peak at 750
nm is greater than that at 375 nm. It can easily be seen from the comparison of the
femtosecond laser induced mass spectra of o-nitrotoluene at 375 nm (Fig. 7.2a) and
750 nm (Fig. 7.7a) that at the 375 nm peak at m/q=91 (C;H;")(-NO, loss) is much
higher than the peak at m/q=92 (CsHsN")(M-OH-CO loss) but this is opposite in the
case of the 750 nm, the peak at m/q=92 is much higher than the peak at m/q=91.
Therefore it can clearly be said that the rearrangement process in the o-nitrotoluene
ion at 750 nm has a higher probability than that at 375 nm and the -NO, loss has less
probability.
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The spectra of m- and p- nitrotoluene with respect to the different dissociation
pathways are very close to those observed previously using nanosecond laser pulses
with the exception of the near absence of the -O loss channel for m-nitrotoluene. The
absence of the -O loss channel in the m-nitrotoluene could be attributed to the
different relative position of the CH; group in the aromatic ring. It is known that in
the case of methylpyridines the higher occupied MO is not the same for the three
1somers (Kosmidis ef al., 1993). It has been demonstrated that for the o- and m-
methylpyridine, the highest occupied MO is a w-type, while for the p-methylpyridine it
is an n-type MO. For the case of nitrotoluenes there is no such data available in the
literature, but because of the close relation between the type of the MO and the
molecular dissociation, a similar explanation might be possible (Kosmidis et al.,
1997).

7.3. Femtosecond Laser Mass Spectrometry (FLMS) on 2, 4-
Dinitrotoluene (DNT) and 2, 4, 6-Trinitrotoluene (TNT)
In the work of this thesis, a systematic study has been carried out using nanosecond
and femtosecond laser mass spectrometry and a comparison of the nanosecond and
femtosecond laser induced mass spectra has already been carried out for nitrogen
dioxide, nitromethane, nitrobenzene, three isomers of nitrotoluene. It is believed that
the results discussed in the previous chapters for the above mentioned samples would
help us to have some more fundamental understanding about the dissociation and
fragmentation processes in larger nitro containing aromatic molecules. In this part of
the work, the multiphoton dissociation/fragmentation processes in DNT and TNT will
be investigated using femtosecond laser mass spectrometry. The nanosecond laser
induced fragmentation patterns of the mass spectra will also be compared with these

in the femtosecond regime.

TNT is one of the most dangerous molecular explosives and DNT is used as an
intermediate to obtain the TNT molecule. The understanding of the reaction

mechanisms in DNT might also help us to better understand and investigate the
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reaction mechanisms in the TNT molecule. The dissociation pathways in the DNT
and TNT neutral and molecular ions have been investigated using different techniques
such as collision induced dissociation (CID) (Yinon, 1987; 1988; 1992), electron
impact (EI) (Bulusu and Axenrod, 1979), chemical ionization (Yinon, 1980) and
multiphoton process (Apel and Nogar, 1986; Marshall ez al., 1994a; Ledingham ef al.,
1995b). There is agreement in the literature that the main dissociation and
fragmentation pathways in the nitroaromatic molecules including the 2,4-
dinitrotoluene and 2,4,6-trinitrotoluene are either -NO, loss or -OH loss through a
rearrangement process (the ortho effect). Most of the laser based techniques used to
investigate the dissociation and fragmentation pathways in these molecules were in the
nanosecond regime and it is typical for the nanosecond laser induced mass spectra that
the mass spectra are dominated by lighter mass ion peaks (Apel and Nogar, 1986;
Marshall et al., 1994a; Ledingham et al, 1995b). Apel and Nogar studied the
dissociative ionization of TNT using 248 nm laser wavelength in a one photon
resonance excitation and two photon ionisation scheme and they could not observe
the molecular ion peak. The laser induced detection and identification of a number of
explosive molecules have also been carried out in the nanosecond time scale with

some early works from our laboratory (Clark et al., 1993; Marshall et al., 1994a).

In this thesis, the femtosecond laser induced time of flight mass spectra of DNT and
TNT will be discussed comparing these with the mass spectrum of o-nitrotoluene. In
nanosecond fragmentation pattern of m-nitrotoluene will be compared to these of

DNT and TNT.
7.3.1 Experimental

In the detection of some of the medium size nitroaromatic explosives, there exists a
problem since the sample must be heated to obtain sufficient vapour pressure in the
ionisation chamber. The vapour pressure of a number of explosives including DNT
and TNT have been measured by Marshal et al. as a function of temperature and
given in a recent article (Marshall ef al., 1994a). In the case of the TNT molecule, it
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would be a very interesting development if any mass spectrometric technique could
detect this molecule at a low temperature. The multiphoton dissociation and
fragmentation processes were studied in the literature at a temperature of 90 °C which
is the lowest temperature until this work. In our experimental set up, the sample
source was heated up with an external heater up to 80°C and the temperature of the
reagent in the chamber was measured to be 23°C. The sample pressure was typically
about 6x10° Torr and it was constant during data taking.

The laser, TOF and data acquisition systems as well as the laser focusing condition

were similar to those used in the nitrotoluene experiment carried out at 375 nm.

7.3.2 Interpretation of The Laser Induced Time of Flight Mass Spectra of
Dinitrotoluene (DNT) and Trinitrotoluene (TNT)

The photofragmentation of these compounds have been studied extensively in the
nanosecond regime in a number of recent articles (Lemire ef al., 1993; Simeonson et
al., 1993; Marshal et al., 1994a; Ledingham ef al., 1995b). A significant differences
between the nanosecond and femtosecond laser induced mass spectra of medium size
nitroaromatic explosives will be discussed in this chapter for o- and m-nitrotoluene
isomers (CsHsCH3NO;), 2,4-dinitrotoluene (CsH;CH3;(NO);) and 2,4,6-
trinitrotoluene (C¢H,CH; (NO,) 3). The fragmentation patterns of the time of flight
mass spectra for both nanosecond and femtosecond laser pulses will also be
compared. In this section we shall discuss the nanosecond laser mass spectra first and
the femtosecond laser mass spectra will be described later. A comparison of the
nanosecond and femtosecond laser mass spectra will also be made. Finally the
multiphoton processes in DNT and the laser intensity dependence of the
fragmentation pattern of the mass spectra of DNT in the femtosecond regime will be

discussed.

126



CHAP. 7 FLMS on EXPLOSIVES H.S Kilic/1997

7.3.2.1 Nanosecond Laser Induced Mass Spectra

We have carried out a series of experiments on o- and m-nitrotoluene, dinitrotoluene
and trinitrotoluene molecules using nanosecond laser pulses at 384 nm, 375 nm and
226 nm laser wavelengths. The nanosecond laser induced time of flight mass spectra
of o-nitrotoluene and m-nitrotoluene at 375 nm were discussed in earlier parts of this
chapter.  The nanosecond laser induced mass spectra of m-nitrotoluene and
dinitrotoluene at the laser wavelength of 384 nm as well as the mass spectra of m-
nitrotoluene, dinitrotoluene and trinitrotoluene at 226 nm will be discussed here. In
early parts ofthis chapter, the nanosecond laser induced mass spectra were compared
and it has been shown that the fragmentation patterns in the mass spectra of o-
nitrotoluene and m-nitrotoluene isomers at 375 nm are rather similar. Therefore, it is
thought that it would not be inappropriate that we discuss here m-nitrotoluene isomer

instead of o-nitrotoluene for the comparison ofnitrotoluene and dinitrotoluene.

Dinitrotoluene

Nitrotoluene

Time of Flight (ps)

Figure 7.11: The nanosecond laser induced time of flight mass spectra of (a) dinitrotoluene

and (b) m-nitrotoluene.

Fig. 7.11 shows the nanosecond laser induced time of flight mass spectra of (a) DNT

127



CHAP. 7 FLMS on EXPLOSIVES H.S Kilic/1997

and (b) m-nitrotoluene taken using 10 ns laser pulses at 384 nm. Both spectra were
taken using 2 mJ laser pulse energy. The 384 nm laser wavelength is off resonance in
the excitation and ionization steps of the ground state neutral NO molecule and it is
clear that no resonance enhancement has been observed. Therefore, the NO ion peak
is small in the mass spectra with no N 0 2+peak. In comparison to the hydrocarbon ion
peaks, the NO ion peak in the DNT spectrum is larger than this in the m-nitrotoluene
spectrum. This is due to the increase of the number of the neutral NO molecules in

the interaction region.

NOH
A

Trinitrotoluene
)i Dinitrotoluene
S3

Nitrotoluene

>
Time o f Flight (jjs)

Figure 7.12: The nanosecond laser induced time of flight mass spectra of (a) trinitrotoluene,
(b) dinitrotoluene and (c) m-nitrotoluene taken at the laser wavelength of 226 nm.
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Another series of experiments have been carried out on the m-nitrotoluene, DNT and
TNT molecules using 10 ns laser pulses at 226 nm and the results are shown in fig.
7.12. The three spectra in the fig.7.12 were taken using 100 pJ laser pulse energy. In
the case of 226 nm, the dominant peak in the mass spectra is due to the NO" ion peak
since one photon of laser light at 226 nm carries an energy which is in resonance with
the A’Z(v=0) excited state in the neutral NO molecule and one photon excitation and
ionisation (1+1) processes take place via a transition of A’Z(v=0)«X’TI(v=0). The
resonance enhancement of the NO" ion peak is clear and, therefore, this peak is

dominant in the mass spectra at this wavelength.

The comparison of the nanosecond laser induced mass spectra of m-nitrotoluene and
dinitrotoluene at 384 nm (Fig. 7.11) and m-nitrotoluene, DNT and TNT at 226 nm
(Fig. 7.12) shows that the wavelength dependence of the fragmentation patterns
shows a major difference which is due to the NO™ peak whether it is excited/ionised
via a resonance step or not. The common features of the all mass spectra of m-
nitrotoluene, DNT and TNT at both wavelengths are that the spectra are very similar
showing only the C,H,", C;H, and C;H," ion groups being prominent together with a
very strong or a weak NO" ion peak depending on the existance of a resonance step
or not, and very weak C,H," ion group. It is also seen that the parent and even
heavier mass ion peaks of nitrotoluene, DNT and TNT are missing in the nanosecond

regime at the relevant wavelength used in this work.
7.3.2.2 The Femtosecond Laser Induced Mass Spectra

The femtosecond and nanosecond laser induced time of flight mass spectra of o-
nitrotoluene have been discussed in the earlier parts of this chapter. The comparison
of the nanosecond laser induced mass spectra was discussed in previous section. This
section will focus on the femtosecond laser induced fragmentation patterns of the

mass spectra of o-NT, DNT and TNT and these will be compared.
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Figure 7.13: Femtosecond laser induced time of flight mass spectra of (a) o-nitrotoluene, (b)
2, 4-dinitrotoluene and (c) 2, 4, 6-trinitrotoluene. Heavier mass ion part of mass spectra are
shown in enlarged scale.

The femtosecond mass spectra of o-nitrotoluene, DNT and TNT are shown in fig.

7.13a, b and c, respectively. The spectra ofo-NT, DNT and TNT have been recorded
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using similar laser pulse energies at the wavelength of 375 nm and 90 fs pulses.
Sample pressures used in the three experiment were about 9.6, 6 and 7 times 10° torr,
respectively. In fig. 7.13, the geometric structures and the chemical formulas for
three sample are given and heavier mass ion parts of each spectrum and the C,H," and
C,H," with NO" ion part of o-nitrotoluene mass spectrum are shown in expanded

scale.

It is seen from fig. 7.13a as discussed earlier in this chapter that a strong nitrotoluene
parent ion peak at m/q=137 (C;H;NO,") is one of the strong peaks in the mass
spectrum and in the case of DNT and TNT, the ion state of the parent molecule could
not be reached under the experimental conditions described above. The comparison of
these three spectra shows that the fragmentation pattern in the nitrotoluene mass
spectrum is completely different than the fragmentation patterns of the mass spectra
of DNT and TNT. While the heavier mass ion peaks and parent ions of DNT and
TNT are missing, the smaller mass ion peaks in the nitrotoluene spectrum are absent.
The fragmentation patterns in the mass spectra of DNT and TNT are dominated by
the H', C" and NO" ion peaks as seen in fig. 7.13b and c, respectively. The most
interesting and prominent feature of the fragmentation patterns of these three spectra
is that while the NO" ion peak is very small in the mass spectrum of o-nitrotoluene
(Fig. 7.13a), it increases substantially in the mass spectra of DNT and TNT. This
increase of the NO" ion yield was expected due to the increasing number of NO,

groups per molecule.

It is also known that in the molecules where the nitro group is ortho to the methyl
group, one of the major dissociation channels is the OH loss through a rearrangement
process. This effect has been observed and discussed in the o-nitrotoluene ion in the
sections (7.2.3 and 7.2.5) in this chapter (Fig. 7.6) comparing the mass spectra of o-
nitrotoluene with other isomers of nitrotoluene. The DNT and TNT have one and
two nitro groups which are ortho to the methyl group shown in fig. 7.1 and in the

inset diagrams in fig. 7.13 for each molecule.
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The photorearrangement and fragmentation processes in large molecules in their ionic
states have been extensively studied and significant information is available at the
present (Beynon ef al., 1964; Zitrin and Yinon, 1976; Zitrin and Yinon, 1978; Bulusu
and Axenrod, 1979; Matyuk ef al., 1979; Harris et al., 1981; McLuckey et al., 1985;
Yinon, 1987; 1988; 1991; 1992). The above mentioned ortho effect is clear for o-
nitrotoluene molecular parent ion (Figs. 7.13a) showing a dominant peak at m/q=120
(CsHgNO") which corresponds to a OH loss of parent molecular ion and a small OH"
peak is also visible in the mass spectrum (Fig. 7.13a). The photorearrangement and
fragmentation mechanisms in DNT molecular ion was investigated in an earlier article
(Beynon et al, 1964). Beynon et al have shown that the first steps of
rearrangement/fragmentation pathways could be given with eq.(7.2), (7.3) and (7.4),

as shown in diagram 7.1.

C7I‘I5N204++C-—) C7I'15++ N204 N,O4 loss channel (72)
C7H6N204++C_—) C7H5N203++ OH OH loss channel (73)
C/HgN,04+¢ — CsHgNO' + CNO; CNO:; loss channel (7.4)

It was well established for dinitrobenzene that one of the prominant fragmentation
pathways is due to the loss of a series of neutrals to be DNB-NO,-NO,-H. This
structure is very similar to the case of DNT parent ion. In the DNT molecular parent
ion, one of the prominent dissociation routes is the loss of 2xNO, groups which takes
place as a single step process with high probability (eq. (7.2)) (Beynon ef al., 1964).
Other suggested initial fragmentation steps in DNT molecular ion is the loss of an OH
and CNO; neutrals (eqs. (7.3) and (7.4), respectively). The latter dissociation
channel, ITI, (eq. (7.4)) has less probability than other suggested two channels, I and
II. The fragmentation route II was also suggested by Yinon and concluded that the
major OH loss in the parent ion is followed by the loss of NO; neutral (Yinon, 1992).
This is a parallel suggestion what Beynon et al proposed to produce a fragment ion
peak at m/q=119 (C;HsNO") through route II shown in diagram 7.1.

Diagram 7.1 shows the suggested fragmentation channels in the case of DNT parent
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molecular ion. In the case of our results being presented here, the mass spectrum
suggests that the dissociation ofthe neutral molecule occurs and the neutral fragments

are subsequently ionised which means that a DI route most likely takes place.

GH6NIO 4++hv
m/e=182
nve=108
m/e=i8
m/e=63 C2H: loss

NO loss loss

- HJloss
CNC\loss

c4a/ c4u./
m/e=51 m/e=52

C7H 50+
m/e =105

NO loss

Diagram 7.1:
The suggested fragmentation routes in the DNT molecular parent ion

The mass spectrum of DNT shows a number fragment ions and in diagram 7.1 the
green coloured fragment ions indicate the fragment ions which were observed from
the dissociative ionisation of the neutral DNT molecule in this work. The highest
mass fragment ion peak in the mass spectrum of DNT is due to a small peak detected
at m/q=165 (CyHsNzCVX corresponding to the loss of OH from the neutral parent
molecule which is evidence that in the dissociative ionisation process in neutral DNT

molecule, the -OH loss channel is opened (Ledingham ef al.,, 1995b). This peak is
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clearly visible in Fig. 7.13b and the OH" ion peak at m/q =17 is also clearly present in
the mass spectrum. None of the suggested first step fragmentation products from the
fragment of C;HsN,Os" (m/q=165) at m/q =107, 119, 135 and 148 were observed in
our femtosecond laser induced mass spectrum which was observed from the
fragmentation of C;HsN,O;" (m/q=165) radical ion reported by Beynon et al.
Another prominent peak in the mass spectrum is due to the loss of 2xNO, followed by
H loss, process I in diagram 7.1 showing a peak at m/q=89 (C;Hs"). Reaction III is
also possible from the peaks corresponding to the C¢H, ion group in the mass
spectrum. These major initial step dissociation pathways in neutral DNT seems

responsible for the all remaining peaks appear in the mass spectra.

For the TNT molecular ion, it was proposed in the literature that three initial
fragmentation steps are dominant in the rearrangement and fragmentation processes
(Bulusu and Axenrod, 1979) and all remaining fragments are coming from these peaks
appearing at m/q= 211 (CsH,CH3;(N;Os5)) (-O loss) (eq. (7.5)), m/q=210
(CsHCH3(N;0s5)") (-OH loss) (eq. (7.6)) and m/q=209 (CsH,CHi(N;Os)") (-H,O
loss) (eq. (7.7)). The eq. (7.5) could be an explanation for the O" peak which is one
of the strong peaks in the mass spectrum of TNT (Fig. 7.13c). The initial step
fragmentation routes in the TNT molecular parent ion are shown in diagram 7.2

(Bulusu and Axenrod, 1979).

C6H2CH3 (N02)3++C——)C5H2CH3 (N305)++O -0 loss channel (75)
C6H2CH3 (N02)3++e'—)C6H2CH2(N 305)++OH -OH loss channel (7 . 6)
CeHzCH:; (N02)3++C-—>C6H2C1 (N3 05)++H20 -Hzo loss channel (7 7)

It is also well known from the literature (Bulusu and Axenrod, 1979) that the
hydrogen rearrangement-hydroxyl elimination (the ortho effect) is the key step in the
breakdown of TNT molecule in the EI studies. The TNT has two nitro groups in the
ortho position to the methyl group and an additional OH group is a major
fragmentation process (Yinon, 1987). Therefore, it is expected that the OH' ion peak
might be larger in the mass spectrum (Fig.7.13c) of TNT than it is in the mass
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spectrum (Fig.7.13b) of DNT. Yinon observed a peak at m/q=34 corresponding to
the double OH loss fragment parent ion (TNT-2xOH)4 but in the dissociative
ionisation mass spectrum of TNT in this work, there is no evidence for this peak (Fig.
7.13¢). If a second ortho effect existed one would expect the peak at mass 17 for
TNT to be twice that of DNT. However, the mass spectra in fig. 7.13b and c indicate

that the contribution ofthe second ortho effect is very small.

CTHN30 6++hv
m/e"227

. Po+
3 nqgtral loss +hv m m/e=16

CTHINIO S
m/e=211
3x0 hv+3x0 ncutra NO neutral loss + hv m - NO+
m'e=30
CTH5N30 2+ C™H ,N 204+
m/e=163
-NO, Lc

-CNO, loss

Diagram 7.2: One ofthe suggested fragmentation
routes in the TNT molecular parent ion

Fig. 7.14 shows a comparison ofthe heavier mass ion parts ofthe three spectra shown
in fig. 7.13. The comparison ofthe mass spectra of these three molecules shows that
some fundamental differences appear in the fragmentation patterns ofthe mass spectra

of these molecules. It is well known and as discussed in chapter 5 for nitromethane,
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in chapter 6 for nitrobenzene and in the previous sections of this chapter for
nitrotoluene isomers that one of the major dissociation channels is the cleavage of the

C-NO; bond either in the neutral molecules or their ions.

It is shown in fig. 7.14 that the NO, and 3xNO; losses occur from o-NT and TNT
showing peaks at m/q=91 (C;H;") and 89 (C;Hs"), respectvely. The results have
already been discussed in detail in the previous sections of this chapter and as shown
in fig.7.14a a peak at m/q=91 (C;H;") corresponding to the loss of -NO, moiety is
one of the strong peaks in the mass spectrum of o-nitrotoluene. The 2xNO, loss peak
at m/q=90 (C;Hy") is very small in the mass spectrum of DNT (Fig. 7.14b), due to the
influence of the ortho effect and the dominant peak about C;H," group is due to the
(DNT-OH-N,0s)" fragment ion peak which appears at m/q=89 (C;Hs'). This could
be attributed to a -NO and -NO, loss from the peak at m/q=165 (C;HsN,05") (-OH
loss) via reaction II in diagram 7.1. On the other hand, there may be some possibility
that the ion peak at m/q=89 (C;Hs") may come from a H loss of C;Hs" produced
through dissociation route I in diagram 7.1 which indicates an initial -(NO,), loss

mechanism in DNT parent molecule.

The mass spectrum of DNT indicates that -(NO;), loss from the DNT molecule takes
place due to the presence of the ion peak at m/q=90 (C;Hs') but it is small compared
the ion peak at m/q=89 (C;Hs"). In the case of TNT, the dominant ion peak in the
vicinity of the C;H,  group is due to the peak appearing at m/q=89 (C;Hs"),
corresponding to the 3xNO, loss of parent molecule. This ion peak was also
observed in the nanosecond pulse experiment at 248 nm in a two photon ionization
scheme (Apel and Nogar, 1986). This peak was the highest mass ion peak in their
spectrum and is similar to what we have observed with a higher order photon process
at 375 nm using 90 fs laser pulses. It is known (Zitrin and Yinon, 1976; Bulusu and
Axenrod, 1979) that the major dissociation and fragmentation pathways in the TNT
molecular ion is due to the - O loss, -OH loss and - H,O loss to produce fragment

ions at m/q=211 (C/HsN,05") via eq.(7.5), 210 (C/HsN,05") via eq.(7.6) and 109
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(C/H3N;05") via eq.(7.7) and all fragmentation pattern comes from these major ion
peaks. In the dissociative ionisation mechanism in TNT using 90 fs laser pulses at 375
nm, none of the peak at m/q=211, 210 and 209 is present in the mass spectrum. The
results in the present work suggest that in the case of the dissociation of the neutral
TNT molecule the major fragmentation pathway, under the experimental conditions,
due to the 3xNO, loss showing a prominent mass ion peak at m/q=89 (C;Hs") as well
as a peak at m/q=17, corresponds to the -OH" loss from the neutral parent molecule
and this peak (-OH" loss) may be contributed by some other channels. For the
production of an ion peak at m/q 89 (C;Hs") from the molecular parent ion, Bulusu
and Axenrod have suggested that the neutral oxygen elimination from the parent ion
through the eq.(7.5) takes place as an initial step in the fragmentation process in the
TNT shown in diagram 7.2. The intensity of the NO" ion peak also increases from o-
nitrotoluene to TNT in respect to the hydrocarbon fragment ion peaks. The
NO,"/NO" ratio from the neutral ground state NO, molecule was investigated in
chapter 4 of this thesis and determined to be 6-11%. In the case of o-nitrotoluene this
ratio is similar to this but in the case of DNT and TNT molecules, this ratio is about
2% and 3%, respectively. These results indicate that the photorearrangement

processes in DNT and TNT are more effective than that in o-nitrotoluene.

Another prominent feature and fundamental difference in the mass spectra of these
three molecule appears in the CsH," ion group. In this group, the heaviest mass ion
peak in the o-nitrotoluene spectrum is due to the C¢H;" ion peak and this in the DNT
spectrum is due to the C¢Hs" ion peak while it is the CsHs' ion peak in the TNT mass
spectrum (Fig. 7.14a, b and c, respectively). The molecular formulas for o-NT, DNT

and TNT can be written as

CsH4sCH;NO, (7.8)
CsH;CH;(NO,), (1.9)
CsH,CH;(NO,); (7.10)

and hence CsH;', C¢Hs" and C¢Hs' correspond to a loss of -CNO,, -C(NO,), and -
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C(NO02)3 from the parents. In the case of nitrobenzene, discussed in chapter 6 of this
thesis, a peak at m/q=58 (CNO02) was observed and it was explained that it was
obtained by ionising a neutral CN 02 radical after a recombination of CO and NO
neutrals from the dissociation ofthe nitrobenzene parent ion. This peak has also been
observed in both CID and El spectra of picric acid. In El spectrum, it was attributed
to the loss of NO+CO neutrals from the TNP (2,4,6-trinitrophenol) molecular parent
ion (Zitrin and Yinon, 1978) which has a H atom joined to the C atom in the metha
position to the hydroxyl group and hydroxyl group replaced with a methyl group in

the TNT structure.

o-Nitrotoluene

vg 20 b oCw

2, 4-Dimtrotoluene

2, 4, 6-Trinitrotoluene

Time of Flight (ps)

Figure 7.14: Heavier mass ion part of mass spectra of o-mtrotoluene, DNT and TNT.
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In an earlier article on DNT it was indicated that there is a possibility of the loss of a
CNO, neutral from the fragmentation of the C;HsN,Os" (m/q=165) fragment ion to
give an ion peak at m/q=107 (CsHsNO") (Beynon et al., 1964) (diagram 7.1). None
of these peaks appear in the mass spectrum of DNT in the present work (Figs. 7.13b
and 7.14b). In the case of TNT molecular ion, Bulusu and Axenrod, (1979) have
shown some possible fragmentation pathways and precursors for the production of
neutral fragments, indicated in diagram 7.2. But the present results from our
femtosecond laser dissociative ionisation experiment show that no peak at the CNO,"
(m/q=58) nor for C(NO,)," (m/q=104) and C(NO,);" (m/q=150) ions have been

observed.

In the case of the o-nitrotoluene parent ion, a theoretical calculation (Murrey et al.,
1990) have shown that there exists the possibility to obtain H,O loss and detect
C;HsNO" (m/q=119). There is evidence for the detection of the H,O" ion from the
fragmentation of TNT through a rearrangement process (eq. (7.4)) (Bulusu and
Axenrod, 1979; Carper et al., 1984; Yinon, 1987). In our experimental results no
peaks appear at m/q=164 (C;HsN,0;") (-H,0 loss) and m/q=209 (CsH,CHN;Os")
(H,O loss) nor at m/q=18 (H,O") in the mass spectra of both DNT and TNT,
respectively. In addition no peaks were visible at m/q=18 (H,O") and 119 (C;HsNO")

from the o-nitrotoluene molecular parent ion.

7.3.3 Multiphoton Dissociation/Ionization Dynamics in DNT at 375 nm and
90 fs Pulse Width

An experiment on DNT was carried out at 375 nm using 90 fs laser pulses to show
how the fragmentation pattern varied as the laser intensity changes. The laser pulse
energy was varied using a neutral density filter and measured using a joulemeter. The
laser beam was focused using a 30 cm focal length lens and the laser intensity was

about 10" W/cm?.

Figure 7.15a and b show the laser pulse energy dependence of the fragmentation

pattern in the mass spectra of the DNT molecule and the laser intensity dependencies
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of major fragment ions, respectively. Fig. 7.16 shows the heavier mass ion part of
fragmentation pattern as a function of laser pulse energy. It is clearly seen from the
figs. 7.15a and 16 that as the laser pulse energy decreases the lighter mass ion peaks
start to disappear first and in the case of the lowest laser pulse energy only NO ,
C3H3+, C5H3 and C?Hs ions are still present and one of the strongest fragment ion

peaks is the C7Hs ion peak.

c7h6+
CrHs*
CEH3+

CoH2*

C5H2+
CBHC
C4H3+

CLH

C3H2+
NO+
c2h 3+
c2h2+
OH+
0+

H+

102 103 10U
Time of Flight (ps) Laser Intensity(W/cm?2)

Figure 7.15: Laser pulse energy dependence of fragmentation pattern (a) and the laser
intensity dependencies of major fragment ions (b) from the dissociation of neutral 2, 4-
dinitrotoluene molecule.

Most of the major fragment ions in the mass spectrum of DNT show a laser intensity
dependencies between 1.3-2 and the similarity of the gradients (Fig. 7.15b) suggests a
common precursor for the fragment ions. This similarity for the gradients of graphs
also suggests an ID route for the fragments. As discussed above the ion state in DNT
was not visible and, therefore, it is difficult to attribute the fragmentation pattern to

the DNT molecular parent ion. Since in the case ofthe lowest laser pulse energy the
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C7HS or C7TH6 peaks still exist and C7HS' peak is one of the strongest peaks in the
mass spectrum, this fragment ion might be the precursor for the remaining fragments

in the mass spectrum.

10 mJ

8 mlJ

6.2 mJ~A— ——N i
33 e “AAIJ/L
2.8 mJ s
1.7 M J e e

Time of Flight (ms)

Figure 7.16: The laser pulse energy dependencies of the fragmentation pattern of heavier mass
ions in the mass spectrum of DNT. The range of detected masses are shown in fig. 7.15a.

7.4 Conclusions

Previous UV photolysis experiments in the ns regime for N 02 and the nitro-
compounds, have shown that in the mass spectra, the parent peak is invariable missing
or at least very small because of fast dissociation after absorption of the first photon.
By far the biggest ion peak is always the NO fragment on or off resonance and the
hydrocarbon ion production is always small. Afthough the sensitivity for the detection
of a member of this group via the NO ion peak is high, the lack of strong
hydrocarbon ion peaks results in very much reduced selectivity of members within the

group. It has been suggested that at shorter photolysis wavelengths, the hydrocarbon
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ion yield is increased without markedly reducing the NO" yield (Simeonssen et al.,
1994; Kosmidis et al., 1994b; Weikenhauf et al., 1994; Ledingham et al., 1995b; Kilic
et al., 1997; Kosmidis ef al., 1997) and this would increase the selectivity.

The present experimental work has shown that when femtosecond excitation is used
for the detection of the nitro-compounds, the dissociative states are often "defeated"
resulting in a large parent mass ion peak or at least many more high mass ions making
the selectivity very much greater. For the nitrotoluene isomers there is a large parent
mass ion peak which is completely missing in the mass spectra for nanosecond
excitation. For the more energetic compounds like DNT and TNT, although the
parent mass is missing, the intensity of the larger mass ion peaks is much greater than
for nanosecond excitation. Thus in agreement with the work of Weinkauf et al.
(1994)., the femtosecond excitation in the present work has been shown to be much

more efficient than nanosecond excitation for ion production.

The present work has shown that the potential for femtosecond laser mass
spectrometry is considerable, especially for thermally labile molecules. Femtosecond
excitation is found to be much more efficient for ion production than nanosecond
excitation especially for large molecules (Weikenhauf et al., 1994). The use of
ultrafast radiation can also produce large parent mass peaks which is of great use in
analytical analysis. Since parent ions are often produced efficiently, FLMS may be of

importance for identifying above ionisation fragmentation pathways.

It is known that the mass spectra of thermally labile molecules always contain
fragment ions after ns photoexcitation. It is a challenge to produce only parent ions
using laser based techniques. The present work was an attempt to this end.
However, even with 90 fs pulses, although much higher ion efficiencies were

obtained, the parent ion states of DNT and TNT were not obtained.
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CONCLUSION AND FUTURE WORK

Recent developments in the laser industry and the applications of ultrashort laser
pulses and therefore the developments on the laser based techniques allows us to
investigate molecular dynamics on a short time scale of about a vibration time.
Mass spectrometry is one of the most powerful technique for analysing chemicals.
It has been shown in this thesis that it becomes more powerful technique when it is
operated in conjunction with a femtosecond laser system. The same conclusions
have been made in a number of articles comparing the nanosecond and
femtosecond laser mass spectrometry (FLMS) (Ledingham et al., 1995a; 1995b;
Singhal et al., 1996; Kilic et al., 1996; 1997; Kosmidis et al., 1997, Weickhardt et
al., 1997; Ledingham and Singhal, 1997).

In the present work, an identification of the dissociative ionisation processes in
nitromethane, nitrobenzene, three isomers of nitrotoluene, dinitrotoluene and
trinitrotoluene molecules have been carried out and an analytical assessment of the
time of flight mass spectra of above mentioned thermally labile molecules has been
made. A quantitative treatment of the dissociative ionisation of the NO, gas has
been discussed by means of the Glasgow rate equation model for both nanosecond

and femtosecond laser pulses.

In this thesis, the nanosecond and femtosecond time of flight mass spectra of each
sample was compared and the multiphoton ionisation and dissociation dynamics
have been investigated. The potential of femtosecond laser mass spectrometry

(FLMS) for the detection of this difficult group of molecules was presented.

It was pointed out in section 2.5 from the literature that for the ionisation-
fragmentation of molecules, one of the two distinct mechanisms may be involved in
the multiphoton dissociation-ionisation-fragmentation dynamics from reagent to

products, which are termed as DI (dissociation-ionisation) and ID (ionisation-
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dissociation) routes. For the efficient production of the parent ion to be obtained,
it is often necessary to use short laser pulses, since if the laser pulse width is longer
than the lifetime of dissociative excited state, a DI process often dominates the
mechanism. This is the general case in the nanosecond regime, but if the laser
pulse width is shorter than the lifetime of the dissociative excited state, the ID

mechanism dominates the process.

It should be pointed out that one of the most important parameters for production
of a large number of parent ions is the laser intensity. The efficiency of REMPI
for detecting higher number of molecular parent ion relative to the number of
fragments cannot be increased by increasing the laser intensity because as the laser
intensity increases the molecular parent ion starts to fragment and fragmentation
pattern becomes more pronounced. The fragmentation of the molecular parent ion
in an ID process may be decreased by turning the laser intensity down but it may
increase the number of neutral fragments from the excited state of the neutral
parent molecule and DI mechanism becomes dominant in the process. This can
clearly seen in the mass spectrum of nitromethane in fig.5.5b taken at 750 nm
where an ID mechanism is the most likely case. In some cases, it has been noticed
that the fragmentation pattern with respect to the parent ion is not a function of the
laser intensity, but is a function of the laser pulse duration (Ledingham et al,,
1995a; Singhal et al.,, 1996; 1997, Smith et al. 1997). The laser pulse width
dependence experiment at 750 nm at 90 fs on nitrobenzene has shown that as the
laser pulse width changes to longer duration, the fragment ion peaks become
dominant in the spectrum. The parent ion becomes prominent in the shortest laser

pulse duration with respect to the fragment ions (Fig. 6.4).

Chapter 4 discussed the multiphoton dissociative ionisation of NO, molecule where
a single bond was probed by both nanosecond and femtosecond laser pulses. For a
quantitative investigation of a particular bond, the competition between the

dissociation of this particular bond and the ionisation of the neutral ground state
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parent molecule has been made using a rate equation model. It was shown that the
Glasgow rate equation model is able to reproduce the experimentally obtained
results and a comparison of the experimental and theoretical results show that
these perfectly fit. The NO,"/NO" ratio is the number which shows how the
dissociation competes with the ionisation when a particular bond is broken. It was
also shown that this ratio at 375 nm is about 6-11% and no significant change on
the ratio takes place as the laser intensity changes about the intensity range of 10'*
" W/cm®. It has been shown elsewhere (Singhal et al., 1997) that a significant

change can be observed as a function of the laser pulse duration and wavelength.

It was shown with the work carried out in this thesis that the nanosecond REMPI
fails to overcome the problem of rapidly dissociating states of a molecule which
have short lifetimes in the dissociative excited state. In the femtosecond time scale
however, the molecular dynamics in the excited state of the neutral molecule are
frozen (Grubela and Zewail, 1990). Thus the femtosecond laser mass spectrometry
can often "defeat" these dissociative states by fast up-pumping to the parent ion
states resulting in a large parent ion peak or at least many higher mass ion

fragments which make the interpretation of the mass spectra much less ambiguous.

In the case of the results presented in the chapter 5 and 6 for nitromethane and
nitrobenzene, the excited states in the neutral molecules have short lifetime about a
few picosecond. When nanosecond laser pulses are used to ionise these molecules
the dissociation or fast radiationless relaxation processes in these molecules are
dominating the process and the production of the parent ion becomes impossible.
The nitromethane dissociates in a time scale which is shorter than 5 ps (Schoen et
al., 1982) and in the excited state of nitrobenzene, nonradiative relaxation takes
place in a time scale which is less then 10 ps (Takezaki et al., 1997). When a
femtosecond laser pulse system is used, the lifetimes for both molecules are long

with respect to the femtosecond time scale and the molecular dynamics in the
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excited state is frozen. Fast up-pumping become dominant resulting in a large

parent ion with higher mass ion peaks in the mass spectrum.

An important experiment was carried out on the nitrobenzene molecule using the
similar laser intensities and different laser pulse duration, at 90 fs, 371 fs and 742
fs, to investigate the laser pulse width dependence of the dissociative ionisation
process in this molecule. It was shown that as the laser pulse width changes to
longer laser pulse duration the fragmentation pattern becomes much obvious (Figs.
6.4b and c) while the prominent peak is the parent ion in the mass spectrum with
the shortest laser pulse duration (Fig. 6.4a). It was also observed that the
production of NO*, CsHs" and C¢HsO" fragments are in competition at the 90 fs in
the relevant laser intensity range (Fig. 6.4a). In the results presented in Chapter 6
these three ion peaks increase similar to that of the parent ion as the laser intensity

Increases.

In Chapter 7, the nanosecond and femtosecond laser mass spectra of
nitroaromatics were compared and significant differences between the results were
obtained. =~ The mass spectra of o-nitrotoluene and m-nitrotoluene in the
nanosecond regime were compared and it was shown that the mass spectra of these
two isomers could not be distinguished. In the femtosecond regime however, a
distinction between the three isomers of nitrotoluene was shown and thus the
femtosecond laser mass spectrometry is a powerful technique for identification of
these molecules. This distinction was supported by the laser intensity dependencies
of these three isomers which were different. It was shown that the laser intensity
dependencies of the m- and p-nitrotoluene are rather similar, but are different than
the laser intensity dependence of the o-nitrotoluene. In the mass spectra of the
three isomers (Fig. 7.6), the mass ion peaks appears at m/q=120 (C;HsNO") and
m/q=92 (CsH¢N") for o-nitrotoluene, m/q=121 (C;H;NO") for p-nitrotoluene and
absence of the above mentioned three peaks for m-nitrotoluene were identified as

fingerprints.
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The laser wavelength dependence of the ionisation and fragmentation processes at
375 nm and 750 nm were also observed for nitrotoluene isomers. Prominent
parent ions at 375 nm are present in the mass spectra of three nitrotoulene isomers
while very small parent ions of the o- and m-nitrotoluene isomers at 750 nm were

present in the spectra despite higher laser intensities being used at 750 nm.

It was also shown in Chapter 7 that in the larger nitroaromatic molecules, DNT
and TNT, the ionic state in parent molecules could not be reached with the
available laser parameters used. The mechanism involved in the multiphoton

dissociation and ionisation process follows a DI route.

In the multiphoton dissociative ionisation of the DNT molecule, the process was
attributed to a DI process due to the absence of the parent ion and the lighter mass
ions were produced with higher efficiencies. The laser pulse energy dependence of
the fragmentation pattern in the mass spectrum of DNT show that as the laser
intensity increases the lighter mass ion peaks disappear first and higher mass ion
peaks were still present in the mass spectrum. The laser intensity dependencies of
the major fragments in the mass spectra were similar indicating a common

precursor.

All the data presented in chapters 5, 6 and 7 for nitromethane, nitrobenzene and
nitrotoluene isomers and DNT, the laser intensity dependencies of fragments are
similar to that of relevant parent ion and this is usually attributed to a common
precursor for the fragment ions. The appearance of the same laser intensity
dependence curves is the evidence of the ID mechanism which a molecule follows
from reagent to the product. In the nanosecond regime (Fig. 7.4b), it was also
shown that each fragment ions shows different laser intensity dependence due to
their own spectroscopic characteristics and this case was attributed to a DI

process.
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However, the present experimental work has shown that when femtosecond
excitation is used for the detection of the nitro-compounds, the dissociative states
are often "defeated" resulting in a large parent mass ion peak or at least many more
high mass ions making the selectivity very much greater. This conclusion is
especially true for nitromethane and nitrobenzene and the lifetime of the excited
states in these molecules are known from the literature. In the case of nitrotoluene
there is no available published data, to the author’s knowledge, but the result
indicated that a similar conclusion can be drawn. For the smaller mass nitro-
compounds, nitromethane, nitrobenzene and nitrotoluene there is a large parent
mass signal which is completely missing in the mass spectra for nanosecond

excitation.

Thus in agreement with the literature (Mollers et al., 1992; Weinkauf et al., 1994;
Ledingham et al., 1995b; Grun et al., 1996; Kilic et al., 1997; Kosmidis et al.,
1997; Weickhardt et al.,, 1997; Ledingham and Singhal, 1997), the femtosecond
excitation in the present work has been shown to be much more efficient than
nanosecond excitation for heavy ion production. However, a large hydrogen
production was also often observed in the femtosecond induced fragmentation and
ionisation of the nitro-compounds. This was possibly due to the fact that higher
laser intensities were used. As the laser intensity is decreased the hydrogen peak

disappeared earlier than the higher mass ion peaks in almost every spectrum taken.

As a summary, the present work has shown that the potential for femtosecond laser
mass spectrometry is considerable, especially for thermally labile molecules. Three
aspects of the work carried out to the present time are especially worth noting.
Femtosecond excitation is found to be much more efficient for ion production than
nanosecond excitation especially for large molecules which is similar to the
conclusion made by Weinkhauf et al (1994). The use of ultrafast radiation can also

produce large parent mass peaks which is of great use in analytical techniques.
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Since parent ions are often produced efficiently, FLMS may be of especial

importance for identifying above ionisation fragmentation pathways.

The applications of the FLMS to a number of aromatic molecules, such as benzene
(CéHp), toluene (C;Hs), naphtalene (CyoHs) and anthracene (C;4Hs) and a number
of nitroalkane molecules such as, nitroethane (C,HsNO,), nitroprophane
(G;H;NO,) and nitrobuthane (C,H;NO,) will be done to show and further
emphasise the potential of the FLMS. In these molecules the multiphoton process
as well as the laser pulse width dynamics on the dissociative ionisation processes

will be investigated.
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