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ABSTRACT

Resonance Enhanced Multiphoton Ionization Studies

of Dichlorotoluenses, Dichloroanilines, and Dichlorophenols

Richard H. de Laat Supervisor
University of Guelph, 2012 Dr. N.P.C. Westwood

A new instrument using a time-of-flight (TOF) mass filter (MF) for resonance

enhanced multiphoton ionization (REMPI) studies of gas phase molecules was developed.

This instrument was designed to make use of the selectivity of the REMPI process and the

sensitivity of a TOF-MF with a microchannel plate detector. A pulsed valve inlet system was

tested to determine its effectiveness in “cooling” molecules but it was not used for the bulk

of the studies performed.

The instrument was tested using molecular and atomic bromine, atomic carbon, and

atomic iodine. The atomic bromine, carbon, and iodine, were generated by the

photodissociation of molecular bromine, hydrocarbons, and methyl iodide respectively.

Nitrogen gas in air was used to test the pulsed valve system.

The instrument was then used to conduct REMPI studies of five dichlorotoluene

(DCT) isomers (2,4-DCT; 2,5-DCT; 3,4-DCT; 2,6-DCT; and 2,3-DCT). REMPI studies of

six dichloroaniline (DCA) isomers, including 2,5-DCA; 3,4-DCA; 3,5-DCA; 2,6-DCA; 2,4-

DCA; and 2,3-DCA were conducted. Six isomers of dichlorophenol (DCP) were studied

(2,5-DCP; 3,4-DCP; 3,5-DCP; 2,3-DCP; 2,4-DCP; and 2,6-DCP). It was determined that the

2,3-DCP; 2,4-DCP; and 2,6-DCP isomers photodissociated to form CCl, which itself could

be observed through a REMPI process.

The results from the REMPI studies of the dichloroaromatics and data from previous



ultraviolet, infrared, and RAMAN studies of these molecules was used in order to assign the

observed peaks.

The observed 0,0 π6π* transition energies of the dichloroaromatics studied were used

along with ultraviolet 0,0 π6π* transition energies from previous works in order to discuss

substituent effects. A qualitative method of predicting the relative location of  0,0 π6π*

transition energies of dichloroaromatics was developed.  
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Chapter One

Introduction

“while knowledge can create problems, it is not through ignorance that we can solve

them.”

-Isaac Asimov1

“To strive, to seek, to find, and not to yield.” 

-From Ulysses by Alfred Tennyson2

1.1 Resonance Enhanced Multiphoton Ionization and Its Capabilities

In many types of absorption spectroscopy, such as ultraviolet-visible (UV-Vis)

spectroscopy, it is not easy to detect very weak absorptions or very small quantities of

chemical compounds.  Resonance Enhanced Multiphoton Ionization (REMPI) is a type of3,4

absorption spectroscopy that is a highly selective and highly sensitive analytical

method  (see Chapter 2 for full details). REMPI can be used for both small quantities5,6,7,8,9,10

of chemicals and for chemical compounds that have weak absorptions. 

The REMPI technique makes use of the uniqueness of the energy levels of the

molecular or atomic species being investigated. Through careful use of a laser tuned to a

properly selected resonance wavelength, compounds can be selectively ionized without the

need for pre-separation.  The ions can then be analysed by a mass filter system.5,6,7,8,9,10 7,8,9,10

Because ions are more easily detected than a very small change in light intensity, as in



2

standard absorption techniques , REMPI is a much more sensitive technique with detection3,4

limits for chloroaromatics in the low ppb range.10,11

However, an issue that arises with REMPI is that there is a lack of a library of REMPI

data.  Many previous REMPI studies  do not fully analyze the spectra they present and7,8 7,8,9,10

in some cases they do not even clearly identify the 0,0 transition (the transition from the 0

vibrational level of the electronic ground state to the 0 vibrational level of the electronic

excited state). Most REMPI studies are performed using a pulsed valve  which cools7,8,9,12,13

the sample in order to reduce the number of populated states and therefore simplifies the

spectrum. This cooling can increase the  selectivity of the technique but it can also reduce

the amount of spectroscopic information available. The use of a pulsed valve also adds

complication to a REMPI system design and can cause the system to suffer from memory

effects, a loss of sensitivity, or thermal or temporal instability.  10

The present work details the development and construction of a REMPI system with

a time-of-flight (TOF)  mass filter (MF) using an effusive inlet system. Through the use of

this system the molecules studied can be fully analyzed with clearly identified band

positions. While the use of an effusive inlet system may decrease the selectivity of a REMPI

system, it will provide a richer spectral density for each molecule studied.

1.2 Chloro-Substituted Aromatics and REMPI

Five isomers of dichlorotoluene (DCT), six isomers of dichloroaniline (DCA), and

six isomers of dichlorophenol (DCP), were chosen for REMPI studies using the new

instrument. The choice of these dichloroaromatics is appropriate as they have easily

accessible excited states within the range of a dye laser. These states fall slightly more than
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half-way to the molecular ionization energy which allows for a single colour (1+1) REMPI

process.  In the (n+m) notation n refers to the number of photons necessary to reach a real7

excited state and m refers to the number of photons needed to ionize the atom or molecule

from the real excited state. The study of molecules that can be ionized by a (1+1) process is

easier than those needing a higher number of photons to cause ionization, such as those

ionized with a (2+1) process, as the laser does not have to be as tightly focused. This allows

for softer ionization and therefore less fragmentation of the parent molecules.

Some of these dichloroaromatics were previously studied by Tembreull et al. ,7

Uchimura et al.  and de la Cruz et al.  and those studies provided a basis for comparison.8 9

However, the analysis in those papers was incomplete as they dealt with the testing of

equipment more than the analysis and details of the spectra obtained.

Tembreull et al.  attempted to use the data collected in their study to propose a7

method to quantitatively predict how the 0,0 π6π* transition will shift in various

dichloroaromatics depending upon the arrangement of the substituents. However, their

analysis is limited because they were either unable to observe the 0,0 π6π* transition for all

the molecules they attempted, or they did not attempt all molecules in the three families of

compounds. They also did not use all available UV information to locate 0,0 π6π* transitions

where they had not been observed in REMPI.

Mehrotra  in his UV studies of DCTs also made some predictions of how the 0,014

π6π* transitions shift with different substituent patterns but he too did not have a very large

data set to work with and therefore his analysis was also incomplete.

The present study will make use of a more complete set of data, either from the
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current work or from other REMPI or UV studies, to propose a method to quantitatively

predict how the 0,0 π6π* transition will shift in various dichloroaromatics depending upon

the arrangement of the substituents. In addition, in this work, the use of effusive samples

provides more spectroscopic information for analysing a complex mixture of compounds.

Along with the spectroscopic interest in these dichloroaromatic molecules, these

compounds are also of interest for environmental and health reasons. Some of these reasons

are discussed below. Further study of their chemical properties, as well as methods to detect

and clearly identify them, are therefore important. REMPI provides a suitable method for the

detection and identification of the dichloroaromatics studied.

Many dichloroaromatics are breakdown products from herbicides  and15,16,17

pesticides  or are used in the production of these compounds, fungicides, or insecticides.18,19 17

They are also used in various industrial applications such as dye manufacture.  In some18,20

cases the dichloroaromatic breakdown products, such as 3,4-DCA, can be more toxic than

the original pesticide and can bioaccumulate.  In other cases the breakdown products from16

the degradation or dichloroaromatics, such as 3,5-DCA, are even more toxic then the original

compound.  Even the different isomers within one of the families of dichloroaromatics18

studied can have different toxicity based upon the isomer structure.  For DCAs isomers21,22

the toxicity order is 3,5-DCA, 3,4-DCA > 2,3-DCA; 2,5-DCA > 2,4-DCA, 2,6-DCA.  22

It is therefore important that the detection method be able to distinguish between the

various isomers as well as be able to detect small amounts of these compounds. REMPI

studies of these species will help better identify them.

However, even more important than these industrial chemicals are polychlorinated
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dibenzo-p-dioxin (PCDD) and polychlorinated dibenzofuran (PCDF) which can be formed

in incinerators from chloroaromatics, specifically dichlorophenols.  Phenols with23,24,25,26,27,28,29

meta chloros favour PCDF formation and those with para or ortho chloros favour PCDD

formation.   Certain isomers of PCDD and PCDF are some of the most toxic compounds27

known  and the toxicity depends on the structure as certain isomers are more toxic than30

others with the 2,3,7,8-tetrachlorodibenzo-p-dioxin being the most toxic.31

Dichloroaromatics are also formed as breakdown products from the incineration of PCDDs

and PCDF.  24,28

REMPI systems have been developed for use in incinerator control and continuous

environmental monitors , where initial tests were conducted using dichloroaromatics.11

Futhermore, unlike a gas chromatography/mass spectroscopy system, a REMPI-TOF-MF

system can function online (such as connected to an incinerator), in real time, since no

pretreatment or lengthy separation is necessary.11

These are just a few cases that demonstrate the need to be able to sensitively and

selectively detect  molecules of environmental concern such as dichloroaromatics. This type

of selectivity and sensitivity necessary can be provided by a REMPI-TOF-MF system.

1.3 An Outline of This Thesis

The operational principles for the REMPI technique, the instrumentation background,

and the development of the current REMPI-TOF-MF instrument are covered in Chapter Two.

Chapter Three describes the REMPI-TOF system developed and constructed for the

present work, including the initial tests of the instrument using bromine and wavelength

calibration techniques using atomic Br, C, and I. Chapter Three also includes the testing of
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a pulsed valve system for rotational and vibrational cooling which was developed as a side

project. 

Five isomers of dichlorotoluene, six isomers of dichloroaniline, and six isomers of

dichlorophenol were studied using the REMPI-TOF-MF system and these results are

presented in Chapters Four, Five, and Six, respectively. Chapter Four also includes

ultraviolet photoelectron spectroscopy (UPS) studies of the five dichlorotoluene isomers.

Chapter Six demonstrates the usefulness of a analyzer/detector system such as a TOF-

MF.  When no REMPI wavelength scans could be observed for three of the DCP isomers

(2,3-DCP, 2,4-DCP, and 2,6-DCP) while monitoring the parent ion, the TOF-MS was set to

monitor ions other than just the parent. It was then discovered that the DCP isomers were

photofragmenting to produce neutral CCl which was then ionized and identified by a REMPI

process.

Chapter Seven gives an overall comparison between the results of the studies of the

DCT, DCA, and DCP isomers, and uses the acquired information to outline a method for

predicting where the 0,0 transitions in substituted aromatics may occur due to different

substitution patterns on the aromatic ring.

 Chapter Eight presents the conclusions of the current REMPI-TOF work, and

proposes future directions for research with this instrument.
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Chapter Two

Instrumental Operational Principles and System Development

2.1 Introduction

The REMPI-TOF-MF system discussed in this work was developed in order to create

an instrument to be used to detect ions produced from resonance enhanced multiphoton

ionization processes. Such a system is ultra-sensitive with detection limits for

chloroaromatics in the low ppb range.  REMPI systems have also shown sensitivity as high1,2

as single atom detection using Cs . A REMPI-TOF-MF can also be used to discriminate3

between different compounds with no pre-separation.  This chapter will discuss the4,5

principles by which the system operates and detail the steps taken in the laboratory to test

these principles while the system was being developed. It begins with the concept of

absorption and ionization using a single photon and how an ionization process can be

detected. This leads to the concept of Ultraviolet Photoelectron Spectroscopy (UPS) and how

it can be used to assist in REMPI experiments. The UPS Mark II instrument developed in our

laboratory  is briefly described. The limitations of UPS will be used as a starting point for6

the conceptual development of the REMPI-TOF-MF system. 

The selectivity that a REMPI process allows is then detailed. This is followed by an

exploration of different methods of detecting the ions and electrons from a REMPI

experiment. Each detection method discussed is used as a stepping stone towards the

development of the current REMPI-TOF-MF system. The limitations for each step are

detailed in order show the need to advance the design of the instrument. These steps include
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the different detection methods used in the laboratory during this project. First, the electrons

generated in a MPI process are collected on a wire giving an electron current signal but no

mass information. Then a quadrupole mass filter is used to filter the ions for a single specific

desired mass-to-charge ratio (m/e). A time-of-flight mass spectrometer is ultimately used to

provide a mass filter able to detect more than a single m/e per laser wavelength step. 

A pulsed valve inlet system for molecular cooling was developed and used as a side

project and is discussed at the end of the chapter. Many similar REMPI instruments make

use of a pulsed valve inlet system  to take advantage of the high selectivity associated with4,7,8

molecular cooling but apart from some preliminary testing a pulsed valve was not used for

the REMPI studies of the dichloroaromatics in this work.

2.2 Single Photon Absorption and Ionization

Absorption spectroscopy deals with the excitation of different species (atoms,

molecules, or ions) through the absorption of light. Since each species has its own unique

quantized energy levels, it will absorb light differently. Just as fingerprints are unique to a

specific individual, absorption spectra are unique to the given species analyzed.9

Many species absorb infrared (IR) radiation (wavelength of approximately 780 nm

to 1 mm). A plot of absorption versus wavelength over the IR range provides a spectrum  that

is recognizable as a specific species. Other species are more easily analyzed using ultraviolet

(UV) radiation, in the region of 10 nm to 400 nm wavelengths, or using visible (VIS)

radiation, 400 nm to 780 nm wavelengths. Depending on the energy of the photons absorbed,

different types of excitations can occur.  IR light can cause rotational and vibrational9,10

excitations. UV and VIS radiation causes electronic excitations (equation 2.1 ). An electronic9
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excitation occurs when a molecule (M) absorbs a quantum of light (hυ) and an electron in

M is promoted to a higher unoccupied energy level, putting the molecule into an excited state

(M ). Rotational and vibrational excitations can also occur during an electronic excitation.*

M + hυ Y M  (2.1)* 

If vacuum UV (VUV) radiation of wavelength less than 200 nm is absorbed, the

energy may be high enough to cause ionization. Instead of an electron being excited to a

higher energy level, the electron can be removed from the species completely (equation

2.2 ). Figure 2.1 illustrates the processes of single photon excitation and ionization.11

M + hυ Y M  + e (2.2)+ -

A species can absorb a photon only if the energy of the photon is exactly equal to the

difference between the energy levels and if the selection rules are followed.  These9,10

selection rules are based upon the nature of the energy levels in that species, the symmetries

of the states, and the type of radiation being absorbed. For example, only a species that

undergoes a dipole moment change during a vibration can absorb IR radiation. A species

without such a change is not IR active. In UV-VIS spectroscopy electronic transitions where

the number of unpaired electrons (spin multiplicity) change are forbidden. These rules might

better be called guidelines, and in reality such transitions can sometimes be weakly

observed,  especially if a very sensitive method, such as a REMPI-TOF-MF system is used9,10

to detect the absorption.

In many cases absorption is not studied directly because it is difficult to measure.

Instead, the absorption is determined from the transmittance, which is the ratio of the
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Figure 2.1: A comparison of single photon excitation and single photon
ionization. Low energy photons (e.g. hυ1 and  hυ2) in the
UV-VIS can electronically excite an electron to a higher
unoccupied state. Higher energy photons such as those in the
VUV (e.g. hυ3 and  hυ4) have enough energy to remove the
electron from the molecule completely.
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intensity of the transmitted radiation to the intensity of the incident radiation where both of

these intensities are easier to measure. Sensitivity becomes an issue when there is a very

small difference between the intensity of the transmitted radiation and the intensity of the

incident radiation.9

For sensitive measurements of very weak excitations or for very low sample

concentrations, methods other than direct absorption or transmittance need to be utilized. For

example, ionization produces a free electron and an ion. These charged particles are much

easier to detect than a very small change in light intensity.9

2.3 Detection of an Ion or Electron from a Single Photon Ionization Process

A light source that produces He I radiation (58.4 nm, VUV) with an energy of 21.2

eV can ionize almost any species interacting with these photons. As long as the first

ionization potential (IP) of the species is lower then 21.2 eV,  it may be ionized by a single11

photon from a He I light source. This ionization process produces an electron and a positive

ion. Either of these particles can be detected by a method as simple as collecting a current

on a wire and amplifying it to detectable levels. Alternately, a charged particle detector such

as one composed of microchannel plates (MCPs) could be used.

In principle, a charged particle detector is capable of detecting single electrons or

ions. However, with such a high energy VUV light source, most species in the sample will

be ionized, most often leading to a lack of selectivity. Some type of identifying property is

needed.

In any given molecule there are several valence levels from which electrons can be

removed, levels that are unique to that molecule. If the amount of energy needed to remove
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an electron from one of these levels, the ionization energy (IE), could be determined, this

would provide a means of identifying a specific molecule.

By using a constant energy VUV hυ source such as a He I discharge lamp and then

measuring the kinetic energies (KE) of the electrons ionized from the species, the individual

IEs can be determined using the Einstein photoelectric equation (equation 2.3 ).12

n nIE  = hυ - KE (2.3)

Figure 2.2 graphically represents how UPS determines the ionization energy by ionizing a

molecule with a VUV photon of fixed energy hυ and then by measuring the KE of the

released electron. Electrons ionized from a lower level will have less KE after ionization

since the same photon energy is used in the ionization process. When ion count (intensity)

is plotted against IE it gives a spectrum unique to a given species.  This type of experiment11

is known as ultraviolet photoelectron spectroscopy (UPS).  UPS thus provides the ionization

energies for the valence levels of a species. It can also determine the bonding, non-bonding,

and anti-bonding characteristics of the orbitals by analyzing the shape of the peaks in the

spectrum.11

In addition, by using the approximation of Koopmans’ Theorem (equation 2.4 ), we13

can relate the measured IE to the occupied valence orbitals of the molecule if the orbital

energies of the ion and the neutral molecule are assumed to be the same. 

ionization energy (IE) = - orbital energy (OE) (2.4)

The ionization process also forms an ion which may be analyzed by a mass

spectrometer. An ion count (intensity) versus m/e plot (a mass spectrum) provides

information on the parent ion and its fragmentation. These can help to identify the 
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Figure 2.2: A graphical representation of how UPS determines the
ionization energy of an energy level.
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molecule.9,14

It should be noted that neither the analysis of the electron nor of the ion from single

photon ionization can give detailed information about transitions to unoccupied energy levels

of the species being analyzed. This is the kind of information obtained using conventional

absorption techniques.

While UPS does not directly give information on unoccupied energy levels it is a

useful technique to use in conjunction with REMPI. In order to successfully ionize using a

multiphoton ionization process the sum of the photon energies must be greater than the

energy needed to ionize the species studied (see section 2.5 Multiphoton Absorption and

Ionization). UPS can determine the energy needed to ionize the species. This ionization

energy/ionization potential (IE/IP) can then be used to help predict if a certain REMPI

process, such as a one colour (1+1) REMPI, is possible. The IP can also be used to help

decide at what wavelength (or wavenumber) range a species should be studied. It would be

impractical to conduct a REMPI study of a species in a wavenumber range where the desired

REMPI process is not possible because the sum of the REMPI photon energies is less than

the IP. 

2.4 UPS Instrumentation and Electron Kinetic Energy Determination

The Mark II UPS instrument  at the University of Guelph makes use of a position6

sensitive detector (PSD) to detect the electrons. The PSD is made up of two microchannel

plates (MCPs) chevronned together. The channels in each plate are at an angle less than 90E

to the face of the plate and the two plates are arranged such that the angles between the two

plates create a V shape so ions may not pass straight through the plates. This arrangement
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of the two plates provides a gain of about 10  and a resistive anode (RA) is used to collect6

the amplified signal.

The Mark II uses an electrostatic hemispherical energy analyzer (see Figure 2.3) to

determine the KE of the electrons ejected in a single photon ionization. By carefully

adjusting the voltages on the inside and outside hemispheres, the electrons can be steered

around the hemispherical analyzer so that only electrons of the KE desired reach the

detector.  This gives a window of data on the position sensitive detector that covers a6,15,16

specific kinetic energy range. By concatenating these windows of data together we can create

a full UPS spectrum of electron intensity versus ionization energy. As stated earlier this is

like a fingerprint to the species being analyzed. Due to the limits of the ionization process

and the instrument KE resolution, there is a limit to how well the peaks in such a spectrum

can be resolved. Since 1 eV = 8065.4 cm , a 0.1 eV difference is 806.4 cm  (possible error-1 -1

for a broad peak IP) and even a 0.01 eV difference is 80.65 cm  (possible error for a sharp-1

peak IP), the information obtained from UPS studies only has limited use when compared

to REMPI studies where errors are in the range of 1 cm  or less .-1

A system of this type uses a VUV source (< 200 nm) which means it is not possible

to place windows between the light source and the ionization region of the instrument.  Since

the He I line is formed through a discharge in helium gas, this means the helium must be

differentially pumped away in order to reduce the pressure in the ionization chamber.6,11

2.5 Multiphoton Absorption and Ionization

Instead of using a single short wavelength/high energy photon to ionize a species, it

is possible to perform an ionization process by using multiple photons of longer wavelength
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Figure 2.3: Diagram of the hemispherical electron energy analyzer used
in the Mark II UPS instrument.
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or lower energy.14,17,18,19

In order to perform such a process the light source must possess specific properties.

It must be coherent with a large flux rate in order for multiple photons to be absorbed in a

nonlinear process such that they can cause ionization. It must also be wavelength tunable in

order to be able to scan and collect spectra over a range. A pulsed dye laser provides exactly

the type of light source necessary for a multiphoton ionization (MPI) process.20

A laser beam of very high power density can be used to excite or ionize a species by

a MPI process in which more then one photon is absorbed simultaneously. The total energy

absorbed is the sum of the energies of the individual photons absorbed. If the total energy of

the photons is greater than the IP, the species can be ionized.14,17,18,19

When the laser energy is precisely tuned to excite the electron to a real excited state

the cross section for ionization is greatly enhanced.  This is referred to as resonance14

enhanced ionization. The simplest example of this occurs if the first photon excites the

molecule into a higher energy excited state (such as in normal absorption spectroscopy), and

a second photon ionizes the species. This is a one photon absorption, one photon ionization

(1+1) process.

In the instrument developed in this work and in the case of most instruments, the

photons used for REMPI are both generated by the same laser and are at the same

wavelength. This is known as one colour REMPI. For a (1+1) process (see Figure 2.4 (B)),

this is sometimes called Resonant Two Photon Ionization (R2PI), although the term REMPI

is also used.

Other multiphoton processes can be envisaged as shown in Figure 2.4. If the photon
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Figure 2.4: A selection of some possible one colour MPI processes.
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density is high enough (10  to 10  W/cm )  then it is possible for multiple photons to be6 11 2 21

absorbed simultaneously and cause ionization without coinciding with a real excited state as

depicted in Figure 2.4 (A) but this type of process is less likely than when a real excited state

is involved. It is possible that two photons could be simultaneously absorbed when the sum

of their energies coincides with a real excited state. The species could then be ionized from

that excited state by the further absorption of one (Figure 2.4 (D)) or more (Figure 2,4 (C))

photons. This would result in a two plus one (2+1) or (2+2) REMPI process respectively. A

(3+1) process could also occur, but such processes have lower probabilities and need higher

laser power densities to achieve.

If two photons are simultaneously absorbed in the first step, then the process does not

follow the selection rules which would normally govern a one photon absorption. For

example, a one photon absorption has a symmetry restriction  where an allowed transition14

may only occur between states of opposite parity. From a spectroscopic point of view this

means that previously unobserved transitions (from the ground state) could then be observed

if a different REMPI process (such as a (2+1) process) is used to cause ionization.

For most REMPI processes, the tunability of the laser is the key to locating excited

states from which ionization can occur. The ionization process thus becomes wavelength

selective.

A plot of ion or electron yield versus wavelength (or wavenumber) can map out the

rovibronic detail of unoccupied orbitals. Therefore, mapping transitions from ground states

to excited states by detecting ions or electrons produced in a REMPI process can provide the

same information gained from a conventional UV-VIS spectrum. However, a REMPI
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experiment has a much better sensitivity and in addition the narrow line width of a laser also

allows for better resolution than does a conventional UV-VIS system.

The wavelength tunability in a REMPI experiment also allows one to selectively

ionize one molecule in the presence of another, by tuning to a unique resonance in a

particular molecule (Figure 2.5). Because different molecules have their own specific energy

levels, this allows for the investigation of one species in a mixture, without pre-separation.

In Figure 2.5, only Molecule B, where there is a multiphoton absorption to a real excited

state, is resonance enhanced to give a much higher ionization yield. This effectively allows

molecule B to be selectively ionized without ionizing molecule A.

Molecules may have overlapping energy transitions but it is usually possible to find

a transition unique to the molecule of interest. The MPI laser wavelength can then be tuned

to that unique transition so that the molecule of interest can be ionized without ionizing any

other species that happen to be present. However, for identification purposes, it is best if

more than a single peak is used.

The use of a laser ionization system allows for the highly selective MPI process, but

the ions or electrons must be sensitively detected to make the best use of the selectivity

information. Different instrumental methods of detecting the ions or electrons produced in

a REMPI process are possible and these were explored during the course of this work. They

are discussed below.

2.6 MPI Produced Ion or Electron Collection on a Wire

In an MPI process both electrons and ions are produced. Either of these can be

detected by simple means, if they can be attracted to a collector wire. Then the current signal
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Figure 2.5: A diagram showing the selectivity of resonant MPI for a
mixture of two compounds, A and B.
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from the electrons or ions collected on the wire can be amplified and the resulting current

used with a boxcar analyzer to produce an output.22

Figure 2.6 shows a simple glass cell in which the sample gas is placed. A focused

laser beam is directed through the quartz window. The laser beam passes through a metallic

cylinder centered within the glass cell to which a repeller voltage is applied. The repeller

voltage causes the ions or electrons formed in an REMPI process to flow to the wire which

runs through the cylinder. As the laser is scanned, a REMPI process is detected when a

current is detected on the wire.

The initial REMPI tests for this work used this simple glass cell type of detection

system. Figure 2.7 (A) shows the scan of a chart recorder output using the glass cell detection

system (along with a scan using the TOF tube). This scan (A) was recorded at a pressure of

2.3 Torr of air in the glass cell. A voltage of -350 V was applied to the repeller cylinder to

drive electrons to the collection wire. Wavelength scan (B) was collected with the TOF

system (see later) using an effusive inlet at a system pressure of 1.1 x 10  Torr with one lens-4

2to tightly focus the laser into the ionization chamber (see Chapter 3 for the pulsed valve N

work). The spectrum collected with the TOF system shows greater resolution due to the

lower pressure used as well as the use of the digital data collection as opposed to the chart

recorder used for the spectrum collected using the glass cell. The spectra observed in Figure

2 22.7 are due to resonances of N  which is a (2+2) REMPI process. O  and other components

of the air in the cell were not ionized under the same conditions. This type of experiment was

performed to demonstrate that REMPI processes could be observed. The detection

instrumentation was then modified in steps to optimize the instrumentation as funds became
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Figure 2.6: A diagram of a simple glass cell acting as an electron or ion
collector.
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2Figure 2.7: (A): REMPI wavelength scans of N  in an air sample using a
glass cell detector. (B): using TOF.
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available.  

In a newer version, the simple glass vacuum cell was replaced by a versatile

aluminum ionization chamber connected to a diffusion pump system (see Chapter 3). This

chamber was designed to be fitted with the other detector systems. It could be used with a

repeller cylinder where signal could be collected on a wire (like the glass cell) or it could be

used with a quadrupole mass filter or a TOF mass filter. This new ionization chamber

permitted a lower background pressure, because it was better sealed and better evacuated

than a simple glass cell connected to a two-stage rotary pump.

The problem with using a single wire detector is that it cannot determine exactly what

species was ionized. It simply collects any electrons (or ions) that are formed. If there is a

variety of different species in the cell/ionization chamber, it is possible that any or all of them

generate an ion/e  current at the same laser wavelength, and there would be no easy way to-

distinguish between them unless their REMPI spectra are known and can be separated. An

improvement is m/e (mass-to-charge ratio) analysis whereby additional identification

information can be provided.

2.7 MPI Ion Detection with a Quadrupole Mass Filter

In order to provide more information about a species being studied by means of a

MPI process, a quadrupole mass spectrometer can be used as an ion detector. The aluminum

ionization chamber was constructed to interface with a Hiden Analytical 320 a.m.u.

quadrupole mass analyzer.25

A quadrupole mass spectrometer (see Figure 2.8) uses four rods, one pair

(diametrically opposed) attached to the positive terminal of a direct current (DC) source and
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Figure 2.8: Schematic diagram of a quadrupole mass spectrometer. 
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the other two attached to the negative. Variable alternating current (AC) potentials are

applied to each pair of rods, 180E out of phase. By adjusting the DC charge and radio

frequency (RF) signal, oscillations can be set up in the ions flying down the centre of the

rods. These oscillations allow only the ions of desired m/e to reach the detector system, so

a quadrupole mass spectrometer can only analyze one m/e at a time and must be readjusted

to allow each desired m/e to reach the detector.  In this way mass-to-charge ratios can be9,25

scanned to provide a spectrum of ion count (intensity) versus m/e. In a REMPI experiment,

a spectrum of ion count (intensity) versus wavelength (or wavenumber) is desired. Thus the

quadrupole mass spectrometer can be used as a mass filter (MF) to allow only one specific

m/e value through at a time. This can simplify a spectrum by allowing only ions of the

desired m/e value to reach the detector. A specific m/e value can be chosen (such as that of

a parent ion) so that when a REMPI spectrum is collected, it will not include ions formed

from the MPI of molecules of any other mass which may be present. 

A quadrupole mass spectrometer can only monitor one m/e value at a time, therefore

the data collection is slow if more than one m/e is to be monitored. If a mass analyzer with

multiplex capabilities were available, then conceivably an entire mass spectrum for each

laser shot/ionization process could be collected. This can be achieved with a time-of-flight

(TOF) mass analyzer.

2.8 MPI Produced Ion and Electron Detection with a TOF Mass Filter Detector

A time-of-flight mass filter is a multiplex detector. It can collect an entire mass

spectrum for each laser pulse, assuming the flight time for all the ions produced can be

determined for each laser pulse. A TOF mass spectrometer is based upon Equation 2.5 which
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relates flight time to m/e value.26

M = 2 E T  / L (2.5)2 2

M is the mass-to-charge ratio of the ion. E is the kinetic energy of the ion. T is the time

measured between time zero (when the laser pulse causes ionization) and the time when the

ion reaches the detector. L is the length of the flight path.

Since the laser in the present work pulses at 10 Hz with a pulse duration of

nanoseconds, there is ample time for all generated ions to reach the detector between pulses.

Ions of different mass reach the detector at different times. Heavier ions take longer to reach

the detector than lighter ions. Typical ion flight times are approximately 40 µs.

The resolution of a TOF depends on the length of the tube (which is determined by

space and vacuum system restrictions) as well as the laser pulse duration and the timing

resolution of the detector electronics. The resolution is also influenced by the spread in

velocities of the ions. Species in a vacuum system will be moving in all directions during the

ionization process. Some will be moving towards the detector, some will be moving away

from the detector. This causes ions of the same mass to reach the detector with a slight

spread in time and therefore the resolution is limited.26

By using a TOF mass filter for the REMPI system, theoretically a full m/e spectrum

can be collected for each laser pulse without the need to analyze one m/e value at a time

(such as with a quadrupole mass analyzer). Thus, REMPI spectra of species with different

masses can be collected at the same time. There are various uses of this system which could

include the study of isotopomers of a single molecule, or the study of the fragmentation

pattern of the parent ion while the wavelength is scanned. Fragmentation patterns could be
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presented as a three dimensional plot of ion intensity (counts), wavelength and m/e.

Therefore a TOF-MF gives the best possible mass detector for a REMPI experiment giving

it the most flexibility of use, and the most information.

Since a REMPI event produces electrons as well as ions, the electrons could also be

detected by using a TOF system. By reversing the voltages on the TOF tube from the

standard ion TOF mode, the tube can be used to detect the electrons produced. However,

electrons have such a small mass in comparison to ions, they travel down the tube

significantly faster. The TOF system would have to be quick enough to measure the very

short flight times involved, and realistically would need to be redesigned for accurate

electron detection.  

Figure 2.9 shows a REMPI spectrum of 2,4-DCT where the TOF-MF was used to

collect electrons instead of ions. This spectrum was collected at a pressure of 4.6 x 10  Torr-5

using an effusive inlet system. Data for 100 laser shots were collected at each 0.005

wavelength doubled step. A two lens focusing system directed and focused the laser into the

ionization chamber. In order to detect electrons, the TOF-MF voltages had to be adjusted.

The accelerator plate was set to +80 V. The TOF tube, XY plates and lens were set to +200

V. The detector was set to +2400 V. The resulting REMPI spectrum is comparable to what

would be produced collecting the electrons on a wire.

A system making use of a REMPI process for ionization and a TOF-MF with MCP

detector to detect ions would be nearly ideal for absorption-based experiments. It would have

the selectivity of the REMPI process plus the mass selection available with the TOF-MF and

the sensitivity of the MCP detector. Such a system was constructed for the present work and
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Figure 2.9: REMPI wavelength spectrum of 2,4-DCT using the TOF-MF
to collect electrons instead of ions.
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is discussed in detail in Chapter 3.

2.9 Molecular Cooling using a Pulsed Valve

Most of the REMPI-TOF-MF spectra collected in this work make use of an effusive

inlet system (see Chapter 3 for more details). One possible refinement to the system was

briefly tested as a side project: the addition of a pulsed valve to create a supersonic jet for

sample introduction.

A pulsed valve is used to cool a sample upon introduction to the system.  This27,28

cooling effect is due to the supersonic expansion of the sample gas as the sample enters the

ionization chamber.  The valve is pulsed in order to reduce the gas load on the vacuum27,28

system and to work more efficiently with the pulsed laser system.

The result of the cooling effect is that the sample molecule is reduced in energy such

that the population of vibrationally and rotationally excited states can be reduced or

eliminated.  This simplifies a REMPI spectrum, as there are now fewer populated states27,28

from which to absorb and therefore fewer peaks in the wavelength spectrum.

The determining factor between whether an inlet is a supersonic jet or an effusive

source depends on the relationship between the diameter of the input aperture and the mean

free path of the species passing through the aperture.  If the aperture diameter is much27,28

smaller then the mean free path of the sample, then it is defined as an effusive source. If the

aperture diameter is much larger than the mean free path of the sample then it is defined as

a supersonic jet source.  A supersonic jet does not increase the speed of the sample gas,27,28

it reduces the speed of sound in the gas expansion.  To create a supersonic jet one must27,28

have a high pressure source which expands into a low pressure background region. The high
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pressure source reduces the mean free path of the sample and changes the relationship

between the aperture diameter and the sample mean free path. As the gas expands

adiabatically, energy is removed from the gas to compensate for the work done in expanding

the gas. This decreases the thermal energy of the expanding gas causing a reduction in the

translational and internal temperature of the gas.27,28

In order to most effectively cool molecules, one must have a small partial pressure

of the gas molecules of interest carried within a large partial pressure of an inert carrier gas

(such as Helium or Argon). This allows the cooling of the carrier gas to also cool the

rotational and vibrational energies of the sample molecule via collisions with the cooled

carrier gas atoms.  Because rotational energies are smaller then vibrational energies, it is27,28

easier to cool the rotational energies. It is possible that this cooling might cool out bands in

a spectrum and leave only the main 0,0 transition. If this transition falls outside the spectral

range of the instrument, then the cooling effect might make some molecules undetectable

under these conditions.

A pulsed valve can also save on sample consumption because the pulse of the valve

can be synchronized with the pulse of the probe (such as a pulse from a pulsed laser); in this

way the sample is introduced to the system only when it is being analyzed and not when the

laser is effectively off.
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Chapter Three

The REMPI Time-of-Flight Mass Filter System and Preliminary Testing

3.1 Introduction

This chapter will describe the current REMPI-TOF-MF system (see Figure 3.1). The

six major components of the system will be discussed in order. These components include

the tunable pulsed laser system, the laser focusing system, the ionization chamber and

effusive inlet system, the pulsed valve system, the TOF-MF system, and the detector system.

The system operation will then be described. Some limitations to the system, due to

necessary design details, will be discussed. 

The preliminary testing of the system will be detailed and the results compared to

previous work. In this way the operation of the new instrument was evaluated before work

was begun on the dichloroaromatics. Selected simple, but appropriate, molecules were used

for the initial testing. 

2First, Br  gas was studied. Both REMPI mass and REMPI wavelength spectra were

collected for molecular bromine. During the study of molecular bromine it was noted that

2atomic bromine was produced by the photodissociation of Br . These Br atoms could then

themselves be ionized via a REMPI process. The known position of an atomic bromine

resonance was used to accurately calibrate the laser wavelength. However, it was quickly

determined that the bromine gas was having an adverse effect on the rotary pumps of the

vacuum system. Therefore an alternate calibration method was implemented.

Due to the ability to monitor multiple masses at the same time using the TOF-MF,
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Figure 3.1: A block diagram of the current REMPI-TOF-MF system.
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resonances of atomic carbon were observed. The C atoms were produced from the

photodissociation of dichloroaromatics. These resonances were then used for laser calibration

for wavelength range around 280 nm. At longer laser wavelengths (around 295 nm, 304 nm,

and 311 nm) using different laser dyes, transitions in atomic iodine formed from the

photodissociation of methyl iodide was used for calibration.

This chapter ends with a brief example of the use of the pulsed valve system.

Nitrogen in air was used to perform a check of the cooling effect of the pulsed valve.

3.2 REMPI-TOF System Description

3.2.1 The Tunable Pulsed Laser System

The laser system is composed of three independent but connected systems. The  pump

laser is a Continuum Model YG661 Neodymium: Yttrium, Aluminum, Garnet (Nd:YAG)

system  that pulses at a rate of 10 hertz (Hz). This Nd:YAG laser provides output at 1064 nm1

(near-IR) with each output pulse approximately 7 ns in duration.  The 1064 nm output beam

is then frequency doubled by a nonlinear potassium dideuterium phosphate (KD*P) crystal

to provide laser output at 532 nm (green) which is used to pump the dye laser.

The dye laser is a Continuum Model TDL 60 . It is a wavelength tunable laser light2

source. The ability to tune the laser output gives it the flexibility to perform the wavelength

scans necessary for REMPI spectroscopy. The wavelength range depends upon the type of

laser dye used.  Various forms of rhodamine chloride (Rh) are used as laser dyes. This

includes Rh590 providing tunable output in the approximate range of 552-584 nm. At longer

wavelengths different dyes are used. A Rh590 + Rh610 mixture covers approximately 567-

599 nm. Rh610 covers approximately 581-607 nm. A Rh610 + Rh640 mixture covers 594-
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629 nm and Rh640 covers approximately 605-630 nm. Further to the red, the laser dye DCM

covers approximately 607-676 nm. Each type of laser dye has its own energy profile. This

includes not only the wavelength range of the dye but also the maximum of the dye power

curve. These curves are determined by the type of dye used but they also depend upon the

performance of the pump and dye laser systems. The correct tuning of these is very important

to achieving the best performance of the laser dye (purchased from Exciton, Dayton, Ohio).

The dye laser is controlled by a 286 personal computer (PC). The laser control

computer controls the angle of the mirror directing the laser beam onto the grating. The

grating allows the desired wavelength to be separated from other nearby wavelengths. The

grating of the dye laser is capable of a resolution of about +/-0.00251 nm (0.08 cm ) at 560-1

nm.  The control computer and dye laser have two modes of operation: 1) a continuous scan

can be performed, in which the angle of the mirror in the dye laser oscillator is continuously

rotated; 2) a step scan can be performed, in which the grating is set to deliver one specific

wavelength for a set period of time (or number of laser pulses) before the mirror is rotated

to deliver the next wavelength. The stepwise laser control method is used for the REMPI

studies in this work as it allows for greater wavelength resolution and a higher signal-to-

noise ratio in the REMPI spectra because the laser remains at one fixed wavelength until data

for all of the required shots is collected. The output of the dye laser is then frequency doubled

to provide radiation in the UV range suitable for MPI processes. 

A Continuum UVX (ultraviolet doubling) and UVT (ultraviolet tracking) Generator3

is used to double the output of the dye laser. The angle at which the laser beam passes

through a nonlinear KD*P crystal is continuously adjusted by this unit using a photodiode
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to monitor the doubled laser intensity to ensure that the proper angle is maintained. It is

important that the output of the dye laser be of uniform beam quality so that the tracking unit

may function effectively.

At each step the output power of the laser decreases due to the energy losses in the

frequency doubling and dye laser pumping processes. For example, using the 532 nm pump

beam at a power of 275 mJ/pulse to pump the dye rhodamine 590 chloride at a wavelength

of 560 nm, there is an output power of 28 mJ/pulse. When this is wavelength doubled to 280

nm the resulting power is 1.8 mJ/pulse.

3.2.2 The Laser Focusing System

Originally, the final output element from the doubling unit was a Pellin-Broca prism

(which is used to separate out a single wavelength from multiple wavelengths) , but this was

replaced by a simple prism so that the laser beam would not laterally shift as the output

wavelength changed. Given that the Pellin-Broca crystal was removed, there was no longer

any separation between the doubled (UV) and undoubled (visible) wavelengths, and so a

visible filter was inserted into the beam path to remove undoubled visible radiation. The UV

laser beam was then internally reflected by a 90E prism and focused into the TOF ionization

chamber.  

Two different lens systems were used, depending upon the degree of focusing

required to drive the MPI processes. When the laser power was low or when more power

density was necessary, a single focusing lens (focal length, 177.8 mm) was used. When the

laser power was high or if a lower power density was required, a telescope lens system was

used, consisting of a focusing lens of 177.8 mm and a defocusing lens of -50 mm. Depending
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upon the conditions necessary in an experiment, either one of these systems (or no focusing

system at all) was used to adjust the laser power density while focusing the laser beam to the

proper location in the ionization region of the TOF system.

Depending upon which type of focusing condition was used the laser power density

could be greatly affected. The final frequency doubled output (in the UV range) of the laser

system was usually between a minimum of 0.3 mJ/pulse and a maximum 5 mJ/pulse

(depending upon the pump beam, wavelength position on the dye curve etc.) which is equal

to 4.3 x 10  to 7.1 x 10  W. If no focusing lens were used the laser beam had a diameter of4 5

approximately 0.5 cm (giving an area of 0.20 cm ). Under such conditions this would give2

a power density of 2.1 x 10  to 3.6 x 10  W/cm  at the ionization point in the chamber. This5 6 2

type of power density is comparable to that used in previous works, such as <10 W/cm  in6 2

Lubman  and 10 W/cm  in Boesl . When focused with a single lens the beam diameter could4 7 2 5

be approximately 0.001 cm (giving an area of 7.9 x 10  cm ). The use of this tight focusing-7 2

could bring the laser power density up to 5.5 x 10  to 9 x 10  W/cm . The use of a two lens10 11 2

focusing system can focus the beam to diameters just more or less than 0.5 cm, e.g.

approximately 0.7 cm (1.1 x 10  to 1.8 x 10  W/cm ) to approximately 0.3 cm (6.1 x 10  to5 6 2 5

1.0 x 10 W/cm ).7 2

Neutral density filters were used to attenuate the laser beam as necessary. These

filters had optical densities (OD) of 0.1, 0.3 and 0.6, which have transmissions of

approximately 80%, 50% and 25% respectively.  

3.2.3 The Ionization Chamber and Effusive Inlet Systems

The first part of the TOF mass filter is the aluminum ionization chamber (Figure 3.2),
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Figure 3.2: Diagram of the aluminum ionization chamber.
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which was designed and built at the University of Guelph. The ionization chamber is pumped

from the bottom by an Edwards Vapour Pump Model E04-1L backed by an Edwards E2M8

rotary pump. The ionization chamber allows for multiple inlet and exit ports and has the

ability to interface with a quadrupole-MF or TOF-MF. Quartz windows on either side of the

ionization chamber permit the laser beam to pass through the chamber. Because the laser

beam can exit from the far side of the chamber the laser power could be measured but this

was not typically done.

The chamber has multiple ports, thus permitting different types of sample

introduction. A room temperature effusive sample inlet was usually used; sampling the

vapour above a liquid or solid. A heated inlet was necessary if the sample vapour pressure

was low. The room temperature and heated inlets were attached to the chamber through the

top port. Experiments were also conducted using a supersonic pulsed valve which was

attached to the chamber through one of the sloping ports; this source cooled the internal

degrees of freedom of the molecules. Both the top port and sloping ports could be used for

sample introduction as both were 90E to the TOF tube.

Figure 3.3 illustrates the heated inlet used for less volatile compounds, such as the

2,5-, 3,4-, 3,5-, and 2,4-dichloroaniline isomers, which tended to condense on the inside of

the inlet tube. A Teflon-coated chromel heating coil was inserted into the annular space

between two pyrex tubes. The two tubes were sealed together at one end to maintain a

vacuum. The maximum temperature for this device was limited by the melting point of the

Teflon coating on the wire (305EC), but it was typically heated only to 40 to 90EC. This

temperature range was usually high enough to ensure adequate sample vapour pressure in the



45

Figure 3.3: A schematic diagram showing the heated inlet system used to
introduce low vapour pressure samples into the ionization
chamber.
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ionization region. Temperatures were measured with an Ebro TTX1082 thermocouple

temperature gauge. No memory effects were noticed due to condensation of sample in the

system with the exception of when C atoms were used for wavelength calibration (see

Section 3.5).

3.2.4 The Pulsed Valve System

During this work a side project involving the construction and optimization of a

pulsed valve system was undertaken.  A modified Bosch fuel injector, model 0 280 150 102,4

was used to create the pulsed valve. The Bosch fuel injector was modified so that the seat

and plunger could be easily removed and reattached, and the needle on the end of the plunger

was removed. The plunger and seat were polished with a fine metal grinding compound to

form a metal-to-metal leak-tight seal. The aperture was left at the original 0.75 mm diameter.

An electronic circuit with a maximum output of 24 volts was constructed to drive the

fuel injector/pulsed valve. This was controlled by a 16 µs resolution AM9513 timing chip

from Advanced Microdevices, and a computer program written in QuickBasic.

Figure 3.4 shows the alignment of the pulsed valve in the ionization chamber. The

pulse from the valve intersects the laser beam at a 135E angle and at a right angle to the flight

tube. The pulse from the valve is introduced to the system between the acceleration plate and

the ground plate in the ionization region of the system (see Figure 3.4).

The pulsed valve was triggered by the TTL output signal from the laser Q-switch

firing. The valve pulse was triggered by the TTL signal from the preceding laser pulse as the

valve must be opened before the laser probe pulse fires. The pulsed valve was run with a

delay of 94.5 ms after the preceding laser pulse and a voltage pulse width of 1.2 ms.
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Pulsed Valve

Laser Beam

Ionization
Chamber

Acceleration Plate

Figure 3.4: A block diagram showing the pulsed valve alignment into the
ionization chamber.
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The use of the pulsed valve system added many extra complications to the

experiments and a much more complicated vacuum system would be required for regular use

of the pulsed valve. The sample of interest would have to be seeded into a high pressure

carrier gas on the outside of the pulsed valve. An extra pump would be needed to evacuate

the high pressure reservoir when necessary, as the reservoir could not be evacuated through

the fuel injector. On the other hand, the effusive inlet system can be evacuated through its

needle opening. A computer is needed to run the pulsed valve timing to align the pulses with

the laser shots and this adds a third computer to the system adding another extra

complication.

The pulsed valve was constructed as a side project during the course of this work for

the MSc degree of Nick Schrier.  Since the REMPI-TOF instrument was not designed to6

have a pulsed valve the pulsed valve was not used for most of the present work. Not using

the pulsed valve also allowed for the collection of spectroscopic information which had not

been cooled out of the REMPI spectra, e.g. transitions from thermally excited states.

3.2.5 The TOF-MF System

The stainless steel (ss) TOF tube is a Comstock model TOF-101  (Figure 3.5) with7

some slight modifications. The TOF tube is pumped by an Edwards Diffstack Model 63

backed by an Edwards E2M5 rotary pump. The pumping system provides a base pressure of

approximately 10  Torr. The laser interacts with the sample at the centre of the ionization-7

chamber where the ions and electrons are produced during a MPI process. In the Wiley-

McClaren focusing (ionization) region,  the positive ions are repelled in the direction of the7 

flight tube by a positive voltage of about +400 V applied to the acceleration plate (Acc). This
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Figure 3.5: A schematic diagram of the TOF-MF and the ionization
region.
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repels the ions out of the ionization region through a mesh held at ground potential. The ions

are then accelerated up to the potential of the flight tube (Tube),  typically -2700 V. This high

negative voltage provides a constant potential for reducing perturbations to the ion flight

path.

Two matched pairs of deflector plates (X,Y) can be used to modify the ion

trajectories in two planes perpendicular to the axis of the flight tube. These plates are in

matched sets so that they do not affect the energy of the ions during flight. In principle, these

plates can redirect ions to compensate for any velocity component perpendicular to the flight

tube that they might have. This type of perpendicular velocity can be caused by use of a

pulsed valve inlet system in which the molecules have a high velocity along the path of the

molecular beam. The ions formed from these fast-moving molecules can miss the detector

if care is not taken to compensate for this velocity component.  In the present work these7

plates were held at the same potential as the flight tube as no correction to the ion path was

necessary while using effusive samples. In tests, the only effect observed was a diminution

in the signal if the plates were set at potentials other than the flight tube voltage.

Closer to the microchannel plate detector is an electrostatic focusing lens (Lens). By

applying a voltage to this lens of about -2800 V, the Lens acts as part of a three-element

einzel lens and provides focusing of the ions onto the MCPs plates for better collection

efficiency. The flight tube voltage provides the voltage for the first and third elements of the

einzel  lens. 

The flight tube, which is electrically isolated from the concentric vacuum tube, was

originally 1 m long. It was modified slightly from the original design. Since the tube is a
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solid metal pipe, it permitted efficient pumping only from the ionization region end.

Pumping was hindered at the detector end of the tube. To allow for better overall pumping,

the tube was extended by approximately 10 cm near the detector to allow for installation of

pumping ports. These ports were covered by a metal mesh to preserve the flight tube voltage

field. The flight tube was thus enabled to maintain a lower pressure and increase the

collection efficiency due to a reduction in collisions.

3.2.6 The Detector System

The detector (Detect) is composed of two 40 mm diameter MCPs (Galileo

Electro-Optics) chevronned together. The first MCP surface was usually held at -1710 V and

the collector at ground. This type of detector allows for a gain of about 10 . The resulting6

electron pulse is then processed by the preamplifier (Model F-100T, Modern Instrumentation

Technology Inc. ). The preamplifier signal passes to the digitizer/data collection card (Model8

MCS-702, Comstock ) in a 486 PC. The PC runs a modified version of the Comstock data9

collection software. Modifications performed with the assistance of Dr. U. Oehler optimized

the system for the intended experiments and provided capabilities for interaction between the

data collection computer and the laser control computer which communicate with each other

over an RS 232 interface.

3.3 Instrumental Setup and Operation

When performing an MPI-TOF experiment, the laser, the laser focusing system, the

inlet system, the TOF tube and the detector work almost independently. These systems

communicate with each other only in very specific and limited ways. Each component must

be adjusted to optimize the total system for the experiment. After the initial settings are



52

made, the systems might have to be further adjusted to optimize them with respect to each

other.

The sample pressure must be adjusted to the desired level. This could involve the

effusive inlet, the heated inlet, or the pulsed valve. Each of these has its own complications.

The effusive inlet was used most often and was the easiest to use. The inlet system does not

communicate with the other systems and is usually totally independent. The only case in

which one of the inlet systems communicates with any of the other systems is when the

pulsed valve is used. Then the pulsed valve is connected to the Q-switch of the laser so that

it opens at the correct time.

All of the TOF voltages (Acc, Tube, Lens, and Detect) must be set by hand. The

standard voltages (Acc = +400 V, Tube = -2700 V, Lens = -2800 V, Detect = -1710 V) were

used in most cases, but in some experiments these were adjusted to increase the signal. Most

often, the voltage on the detector was increased (to as much as -2050 V) to increase the

signal. The voltages for each component are set at the beginning of a REMPI-TOF-MF

experiment and do not change during the experiment. 

The laser must be properly aligned to maximize the dye pumping efficiency and the

UV tracking and doubling. The beam profile must be carefully optimized to ensure that the

UV tracking system can maintain the proper angle of the KD*P crystal in order that the

wavelength doubling can provide the needed UV wavelength. The laser communicates with

other systems at a few points. The Q-Switch is connected to the control computer to

determine the starting time for measuring the TOF of the ions being detected. The data

collection computer is also connected to the laser computer and they exchange information
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with each other by passing back and forth commands and wavelength information during an

experiment. The laser pulses continuously (10 Hz) during an experiment. Only the output

wavelength of the dye laser is changed during an experiment.

Once the laser is optimized the intensity of the pulsed ionizing beam is adjusted by

the focusing system (see 3.2.2 above). The focusing system is set at the beginning of an

experiment and does not change during an experiment. It is totally independent and does not

communicate with any of the other systems.  

After the independent systems (inlet system, laser alignment and flight tube voltages)

are set, the experimental parameters are entered into the data collection computer. This

includes calibrating the mass filter, and setting the mass resolution. Mass calibration was

performed by setting a peak of known m/e value to the proper value, usually the closest

integer value in atomic mass units (a.m.u.), under the current TOF voltage conditions. These

known masses were usually the singly charged parent ion mass of the compound being

studied when it could be detected. The experimental laser start and stop wavelengths and step

size are then set, as is the number of laser shots to be performed for each laser step. The m/e

values that are to be monitored are then set. Not all m/e values are collected for every

experiment, due to the size of the files that would be generated and the software limitation

(a maximum of 20 m/e values can be monitored at the same time), nor are they necessarily

of interest. In comparison to the quadrupole mass spectrometer used in our early MPI

experiments, more then one m/e value could be monitored for each laser shot. The mass filter

was not always used at the highest possible mass resolution (lowest time sample interval/bin

size 50 ns). Larger bin sizes gave a better signal-to-noise ratio (S/N) as the total width of a
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mass peak was collected in a single data channel. In most experiments, the mass filter was

used to monitor the parent ion mass; high mass resolution was not important as we were not

attempting to distinguish between two ions with similar masses. While studying the

dichloroaromatics no attempts were made to distinguish between parent ions composed of

different isotopes (such as Cl and Cl) so the highest possible mass resolution was not used35 37

for these experiments.

Once all the systems are set up correctly and the experimental conditions are set on

the data collection computer, the experiment is started. To begin data acquisition, the data

collection computer sends a signal to the laser control computer (via a RS 232 cable) to go

to the starting wavelength on the dye laser. This information is then passed to the microdrive

of the dye laser. Once the dye laser arrives at the starting wavelength, the laser control

computer sends a signal back to the data collection computer. This signal contains the exact

wavelength information from the dye computer. While the laser fires, the data collection

computer collects and sums the signal for the preprogrammed number of laser pulses. This

data is filtered for the appropriate mass channels by the TOF-MF system and the data

computer. The laser pulses are counted based on a trigger signal sent from the Q-switch of

the laser  to the data collection card. This trigger signal also signals t = 0 for the TOF time

measurement for each pulse. At any given wavelength step, once the set number of laser

pulses are performed and the data is collected, the data collection computer signals the laser

control computer to move to the next wavelength. The experiment continues by repeating

these steps until the stop wavelength is reached.

This process of the data computer sending commands to the laser control computer
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which then controls the laser might seem cumbersome, but it was necessitated by the fact that

Continuum, the laser manufacturer, was unwilling to share information on their laser control

software. Therefore, the laser control software could not be incorporated into the data

collection software. Hence, it was necessary to create communication between the two

computers with an RS 232 interface. In the future, if the laser control software could be

integrated into the data software, then the second computer could be eliminated. This would

speed up the acquisition process and greatly simplify the system.

The data files stored on the data collection computer contain the intensity (counts)

at each wavelength for each m/e (mass) being monitored, and the wavelength (stored as nm

in air) at each step. The program also calculates and stores the vacuum wavenumber value

for each wavelength at which data was collected.

3.4 REMPI of Molecular and Atomic Bromine

3.4.1 Introduction

2Bromine (Br  gas) was chosen for the first tests of the newly developed REMPI-TOF-

MF system. The REMPI spectrum of bromine has been studied previously by Morrison et

al.,  Koenders et al.,  and  Donovan et al.  The Br isotopes enable assessment of the10 11 12 79,81

2TOF-MF resolution. The photodissociation of Br (g) produces Br atoms. Calibration of the

laser wavelength was  performed by detecting a specific resonance of atomic bromine and

then setting the laser wavelength to the known value for this resonance.

23.4.2 REMPI Mass Spectroscopy of Br  (gas)

3.4.2.1 EXPERIMENTAL 

2A mass spectrum was collected for a room temperature effusive sample of Br  gas.
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This mass spectrum was taken with the laser set to a wavelength of 277.27 nm in air (36055

cm  vacuum) using Rh590 laser dye. The system pressure was 4.6 x 10  Torr measured at-1 -5

the top of the diffusion pump directly below the ionization chamber. Typical settings were

used on the TOF tube (Acc = +400 V, Tube = -2700 V, Lens  = -2800 V, Detect = -1710 V).

The spectrum was collected using 1000 laser shots. The counts in the spectrum is determined

from the number of ion pulses falling within a 50 ns bin summed together for all laser shots.

Based upon previous work,  the ionization is a (2+1) REMPI process, which requires10,11,12

a higher power density in order to cause MPI than does a (1+1) process. A single lens (focal

length 177.8 mm) was used to focus the laser beam tightly to increase the power density.

3.4.2.2 RESULTS AND DISCUSSION

2 2Figure 3.6 shows the mass spectrum of the Br  gas. Three peaks from the Br

molecule can be seen, one each  at m/e 158, 160, and 162 that arise from the different isotope

combinations. Figure 3.6 also shows the peaks of the two atomic Br isotopes at m/e 79 and

281 produced as fragment ions from the fragmentation of the Br  ion. The spectrum also+

2 3 3contains other ions with peaks at m/e 12 (carbon), 27 and 37 (perhaps C H  and C H from

residual hydrocarbons in the system).

The m/e 79 and 81 peaks are almost completely resolved, whereas those to higher

mass (m/e 158 and 160) appear to be not as well resolved. The resolution should decrease

as the m/e increases due to the non-linear nature of the relationship between time and mass

(Equation 2.5). However, at m/e 79 the resolution (m/∆m where ∆m is the full width half

maximum of a resolved peak) is 82 and at m/e 162 the resolution is 130. This does not follow

the non-linear relationship between time and mass properly, so there must be another cause
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2Figure 3.6: TOF mass spectrum of Br (gas) ionized through a (2+1)
REMPI process at 277.270 nm air wavelength.
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for this discrepancy. 

The data collection system (hardware and software) operates at a minimum bin size

of 50 ns. This means that all ions collected within each 50 ns period are all assigned the same

m/e value which limits how accurately the TOF-MF can determine flight times and m/e

values. Each of the peaks at m/e 79 and 162 are composed of only four data points. For the

m/e 79 peak these data points cover an m/e range of 77.95 to 79.81 (1.86 units). For the m/e

162 peak the data points cover an m/e range of 161.73 to 164.30 (2.57 units). If smaller bin

sizes were possible then ideally the peaks at m/e 79 and 162 would be composed of more

data points and then the resolutions at the different points could be calculated with more

accurate m/e values and show the theoretical concept that the resolution should decrease as

the m/e value increases. Overall the resolution of the MS/MF is not very high. This can

usually be attributed to differences in flight velocities of the parent molecules when they are

ionized, as well as the time width of the laser pulse (both of these factors affect the accuracy

of flight time measurements for the ions). However, the limit of bin size to a minimum of 50

ns is probably the factor that most affects the system resolution. Fortunately as stated

previously, high mass resolution scans were not required.     

2There is also a discrepancy in the intensity of the Br and Br  isotope peaks. These

should show relative peak height ratios of approximately 1:1 and 1:2:1 respectively. In the

spectrum shown, the peak intensities do not show these intensity ratios. This may be due to

how the mass bins are determined and how the data is collected. When the system is

calibrated, the mass of a peak is assigned a value (usually to the nearest integer a.m.u.) such

2as 160 a.m.u. for the largest Br  isotope peak. A resolution (bin size) is also entered, in this
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case 50 ns bins. The computer then determines the m/e values based upon flight times, and

therefore the m/e bins do not correspond to integer masses. Since the relationship between

flight time and mass is not linear, the size of the mass bins changes as the mass increases.

Although the masses (especially around 79 and 81) appear well-resolved, there are actually

very few data points across those two peaks. For these reasons the mass intensities might not

correspond to the correct peak height ratios, if the data point intensities are skewed by how

they fall into the mass bins.

The mass ratios may also differ from the expected values, due to isotope selective

ionization.  Because of the slightly different energy levels, two isotopes (such as 79 and 8113

for Br), will have slightly different wavelength resonances. For example, if the laser

wavelength is aligned more precisely to specifically ionize the Br isotope, then that might79

be enough to cause a difference in the ratio of the Br and Br isotopes. Depending on the79 81

bandwidth of the laser output and the precise resonance condition for each of the two

isotopes there can be a difference in the peak ratios for the mass peaks in a static wavelength

mass spectrum. For the spectrum in Figure 3.6 the wavelength was not intended to be

precisely tuned to any specific isomer but was tuned based upon where a resonance was

observed in a REMPI wavelength scan which did not distinguish between the energy

differences that could be caused by different isomers.

23.4.3 REMPI Wavelength Spectroscopy of Br (gas)

3.4.3.1 EXPERIMENTAL

Once the calibration and resolution of the TOF was understood, REMPI wavelength

scans looking for resonances (and hence the mapping of transitions to excited states) were
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2performed for Br , which could then be compared with those in the literature.10,11,12

2Br  gas was introduced as described above to a pressure of approximately 3.8 x 10-4

Torr measured just below the ionization chamber. The TOF was set up as described above.

The laser was tuned and focused tightly into the ionization region to provide enough power

density for a (2+1) REMPI process; and this resulted in a high intensity parent ion peak. The

laser was programmed to operate in a stepwise fashion with a frequency doubled step size

of 0.005 nm. Data was collected for 1000 shots per step for each mass monitored.

Figure 3.7 shows the results of the concatenation of eight different wavelength scans

which are not power normalized. No normalization was conducted for any REMPI spectra

in this work that would account for differences in power, sample pressure or other operating

conditions of the system. Wide wavelength ranges were divided into smaller pieces whose

size varied depending upon step size and number of shots per step. Usually, experiments

were designed such that a single wavelength scan did not take much more than an hour to

perform. In this way, if a wavelength scan crashed, time lost was kept to a minimum. In these

2wavelength scans both parent Br  and atomic Br masses were monitored. 

3.4.3.2 RESULTS AND DISCUSSION

Figure 3.7 shows intensity (counts) versus the two-photon energy (in vacuum

2wavenumbers) for the parent Br  mass. This spectrum results from a (2+1) REMPI process.

g u gTwo photons are simultaneously absorbed from the σ π π  configuration of the ground state2 4 4

(or vibrationally excited ground state) to form an excited state which is the result of the

gpromotion of an electron from the antibonding π  to a Rydberg orbital.  An additional11

photon of the same wavelength is then able to ionize the molecule. 



61

2 2Figure 3.7: REMPI spectrum of Br (gas) while monitoring the Br  parent
ion mass showing four overlapping vibrational series.
* shows a Br atomic resonance.
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The assignments of the observed four vibrational (II, III, IV, V) series follow the

notation of Koenders et al.  (see Table 3.1). The 0,0 band centres are listed in the table and11

in the present work are accurate to +/- 2 cm  for these molecular bands. The absolute 0,0-1

positions agree well with the works of Koenders et al.  and Donovan et al.,  except for the11 12

0,0 of progression IV. Koenders et al.  puts it at 72440 cm , but Donovan et al.  put it at11 -1 12

72408 cm  which is much closer to the value in the present work of 72411 cm . It may be-1 -1

that the peak in Koenders et al.  should be at 72404 cm  (a slight change in digits) which11 -1

would put it closer to the value in the present work and the value of  Donovan et al.  Also12

the other values of Donovan et al.  are all in the range of 2-3 cm  higher than those of12 -1

Koenders et al.  and this slight change in the digits of Koenders et al.  would bring it down11 11

to being just 4 cm  lower than the value of 72408 of Donovan et al.  In general, the present-1 12

work demonstrates comparable signal-to-noise and resolution in comparison to that of

reference 11.  The spectrum in reference 12 was collected under jet-cooled conditions so

some of the bands appear sharper and those that originate from excited vibration (υ>0) states

(hot bands) of the ground electronic state appear to be lower relative intensity which would

be a result of molecular cooling. 

3.4.4 REMPI Wavelength Spectroscopy of Atomic Bromine

3.4.4.1 INTRODUCTION

In Figure 3.7 a resonance due to atomic Br can be seen at 72011.8 cm  vacuum. This-1

2peak arises from the photodissociation of molecular Br  to produce atomic Br, which is then

ionized in a (2+1) REMPI process. This atomic Br resonance was useful in calibrating the

laser, as it provided a very sharp line of known energy.14,15
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Progression

I

II

III

IV

V

0,0 This Work
+/- 2

70576

71757

72411

0,0 Koenders11

+/- 3

68825

70568

71750

72440

72905

0,0 Donovan12

68827

70571

71752

72408

72908

Table 3.1: Progressions and 0,0 bands positions observed in the (2+1)
REMPI wavelength spectrum of molecular bromine. (Two-
photon energies in cm .)-1
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3.4.4.2 EXPERIMENTAL 

This scan was performed under typical flight tube settings with a pressure of 1-2 x

210  Torr of Br  gas in the system. A frequency doubled laser step size of 0.005 nm with data-4

collected for 100 laser shots per step was used. Rh590 was used as the laser dye. 

3.4.4.3 RESULTS AND DISCUSSION

A detailed REMPI spectrum of the atomic resonance obtained while monitoring the

Br mass channel is shown in Figure 3.8. This spectrum is plotted on a wavelength scale

because the laser is calibrated in air wavelength, and because this type of spectrum was

obtained in order to calibrate the laser. The two-photon absorption occurs between the 4p5

1/2 5/2P  spin-orbit excited ground state of Br and the 4p  ( P) 5p D  excited state.  Table2 o 4 3 4 o 11,14

3.2 shows the nm (air) to cm  (vacuum) conversions for this transition.-1

This atomic Br resonance was used to check the laser calibration until it was

2determined that the Br  was having an adverse effect on the Edwards RV direct drive rotary

Transition14

1/24s  4p  P 62 5 2 o

5/24s  4p  ( P) 5p D2 4 3 4 o

Energy of 2 Photons
(cm  vacuum)-1 14

72011.8

Energy of 1 Photon
(cm  vacuum)-1

36005.9

1 Photon
Wavelength (nm air)

277.65

Table 3.2: Observed transition and energy in atomic bromine used to
calibrate the laser wavelength.
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2Figure 3.8: REMPI wavelength scan of Br (gas) while monitoring the
Br mass channel. The atomic Br resonance* was used to80

calibrate the laser wavelength.
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pumps (the pumps were becoming jammed). These pumps were later replaced with Edwards

E2 rotary pumps. Therefore, new sources of well-defined atomic transitions were used to

2calibrate the laser from then onward, instead of using Br  gas.

3.5 Atomic Carbon Resonances

3.5.1 Introduction

During the investigations of aromatic compounds (Chapters 4, 5, 6) it was observed

that, under high laser power density conditions, they could undergo photodissociation

producing neutral carbon atoms (see Whetten et al. ) which could be detected by MPI. This16

observation was only possible because multiple mass channels could be monitored when

desired, including that of carbon (mass 12). Similar transitions in carbon resulting from

3 2photodissociation of C O   have been seen using fluorescence (Das et al. ).17

In the course of these experiments it was found that even small traces of aromatics

left in the system could provide neutral carbon atoms for calibration purposes, with a tightly

focused laser providing sufficient photon density. In a (2+1) REMPI process, the carbon

atoms provide sharp resonances for internal calibration of the laser wavelength, using known

energy levels.  This observation demonstrates the high sensitivity of the system since there14,15

was no sample being intentionally introduced into the spectrometer and the system pressure

was at its normal background pressure of 2 x 10  Torr . While this observation of carbon-7

atoms generated from hydrocarbons in the system seems to indicate that the dichloroaromatic

molecules studied are present in the vacuum system for a long time after use they do not

seem to cause any lasting memory effects in the REMPI wavelength spectra. There is no

indication that transitions observed in the wavelength scan of one studied dichloroaromatic
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superimposes itself into a wavelength scan of a dichloroaromatic studied later. The carbon

atoms are only observed under high laser power density conditions.

3.5.2 Experimental

Figure 3.9 shows the REMPI spectrum of neutral atomic carbon atoms as generated

by the photodissociation of aromatic hydrocarbons. This spectrum was collected at a pressure

of 2 x 10  Torr (essentially the base pressure of the system and therefore with negligible-7

aromatic residue in the system) and under normal detection conditions. Due to the very small

quantities of materials being detected, the spectrum does not have the S/N usually obtained

when aromatics are deliberately placed in the system. The laser had to be very tightly focused

and data collected for 400 laser shots for each frequency doubled 0.001 nm step. Rh590 was

used as the laser dye. This spectrum is plotted on a wavelength scale because the laser is

calibrated in air wavelength;  this type of spectrum was obtained in order to calibrate the

laser.

It is possible that the carbon atoms could be formed by photodissociation of diffusion

pump fluid, but when the system had not been exposed to aromatics for a long period of time

these carbon resonances were not seen until the system was again exposed to the aromatic

compounds being studied.

3.5.3 Results and Discussion

The C atomic resonances arise from a (2+1) REMPI process where the ground state

J J’2p  P  carbon atom is two-photon excited to the 2p( P )3p P  state. In Figure 3.8, the peaks2 3 2 o 3

0 arise not only from the P ground state, but also from the manifold of spin-orbit J-states3

J’which are populated in the photodissociation. The 2p( P )3p P  excited state also has fine2 o 3
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Figure 3.9: A typical REMPI spectrum of atomic C produced from the
photodissociation of residual aromatic hydrocarbons used in
this work. The peak transitions are shown as J to J’.
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Transition14

12p  P 62 3

22p ( P ) 3p P2 o 3

02p  P 62 3

02p ( P ) 3p P2 o 3

12p  P 62 3

12p ( P ) 3p P2 o 3

22p  P 62 3

22p ( P ) 3p P2 o 3

22p  P 62 3

12p ( P ) 3p P2 o 3

Energy of 2 Photons
(cm  vac)-1 14

71368.98

71352.51

71348.50

71341.98

71321.50

Energy of 1 Photon
(cm  vac)-1

35684.49

35676.26

35674.25

35670.99

35660.75

1 Photon
Wavelength (nm air)

280.151

280.216

280.232

280.257

280.338

Table 3.3: Observed transitions and energies in atomic carbon used to
calibrate laser wavelengths.
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Jstructure, the net result being that five different transitions are observed with the ∆  = 0

transitions being the most prominent. The energies of these transitions were obtained from

known energy levels  and converted to wavelength (air nm) values for laser calibration14,15

(Table 3.2). This enabled precise laser calibration without using the deleterious bromine.

3.6 Atomic Iodine Resonances

3.6.1 Introduction

REMPI spectra over wide wavelength ranges meant that it was necessary to change

the laser dyes in order to access one- or two-photon resonances in different spectroscopic

regions. 

For other wavelength ranges different sources of precisely known atomic resonances

were required for calibration. At longer wavelengths, discrete resonances of atomic iodine

can be observed. Based on the work of Jung et al.,  methyl iodide (MeI) can be18

photodissociated to yield iodine atoms, which could then be ionized by a (2+1) REMPI

process.

3.6.2 Experimental 

The three scans shown in Figure 3.10 were collected under standard flight tube

voltages at pressures of approximately 3.8 - 6 x 10  Torr. Data were collected for 100 laser-5

shots per step, with frequency doubled step sizes between 0.002 and 0.01 nm. Larger step

sizes were used first to provide rough wavelength calibration. Smaller step sizes were used

for precise calibration. In these scans a single lens was used to focus the laser, to provide

sufficient power density to both photodissociate the MeI and drive a (2+1) REMPI process.

The scan in (A) was collected while using Rh610 as the laser dye while the scans in (B) and



71

Figure 3.10: REMPI spectra of atomic iodine from the
photodissociation of methyl iodide.
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(C) were collected using a mixture of Rh610 and Rh630, and DCM laser dyes respectively.

3.6.3 Results and Discussion

Figure 3.10 shows six atomic iodine resonances that were used to calibrate the laser

at longer wavelengths. These spectra are plotted on a wavelength scale because the laser is

calibrated in air wavelength, and this type of spectra were obtained for the express purpose

of  calibrating the laser. Table 3.4 shows the electronic transitions, the energies involved, and

the corresponding one photon wavelength used in the laser calibration. All of the observed

1/2transitions occur from the 5p  P  excited state, except for one (303.600 nm) which5 2 o

3/2 1/2originates from the lower- lying 5p  P  ground state. This excited 5p  P  (7603.15 cm )5 2 o 5 2 o -1

state of atomic iodine is populated during the photodissociation of the MeI molecule.

23.7 Pulsed Jet Nitrogen (N ) Resonances in Air Sample

3.7.1 Introduction

In order to assess the cooling effect of the pulsed valve system, the REMPI spectrum

2of nitrogen gas (N ) in air was obtained using the effusive inlet and the pulsed valve. While

an ideal pulsed jet system would have an inert carrier gas such as argon or helium with a

much smaller proportion of sample this adds many extra complications to the system and so,

2for this test run, N  in air was used.

3.7.2 Experimental

The effusive inlet spectrum was recorded at a system pressure of 1.1 x 10  Torr using-4

one lens to tightly focus the laser into the ionization chamber. For this spectrum a very high

laser energy density was required because the ionization required a (2+2) REMPI  process.19,20

In fact, the necessary laser power was so high that the visible light filter, usually placed ahead
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Transition15

1/25p  P 65 2 o

1/25p  ( P) 7p P4 3 4 o

1/25p  P 65 2 o

5/25p  ( P) 7p D4 3 2 o

3/25p  P 65 2 o

1/25p  ( P) 6p P4 3 4 o

1/25p  P 65 2 o

1/25p  ( P) 6p D4 3 4 o

1/25p  P 65 2 o

3/25p  ( P) 6p D4 3 4 o

1/25p  P 65 2 o

1/25p  ( P) 6p S4 3 2 o

Energy of 2 Photons
(cm  vac)-1 15

67699.98

67588.22

65856.96

65784.03

64373.59

64210.82

Energy of 1 Photon
(cm  vac)-1

33849.99

33794.11

32928.48

32892.02

32186.80

32105.41

1 Photon Wavelength
(nm air)

295.335

295.823

303.600

303.937

310.596

311.384

Table 3.4: Observed transitions and energies in atomic iodine used to
calibrate laser wavelengths.
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of the turning prism which directs the laser into the ionization chamber, had to be removed

to obtain the maximum UV intensity. The visible light was not desired but the visible light

filter also attenuates the intensity of the UV laser beam. The effusive sample spectrum was

obtained using 0.0005 nm frequency doubled steps with 100 laser shots per wavelength step.

The laser dye used was Rh590.

The pulsed valve spectrum was obtained at an average system pressure of 1.0 x 10-4

Torr (which means that the pressure was higher during the sample pulse) with a pressure of

39 Torr of air on the high pressure side of the pulsed aperture. Again the spectrum was

obtained using one lens to tightly focus the beam, and with the visible light filter removed.

The pulsed jet spectrum was collected in 0.001 nm frequency doubled steps with 100 laser

shots per step. 

3.7.3 Results and Discussion

Figure 3.11 shows the resulting pulsed valve (A) and effusive inlet (B) spectra. Note

that the pulsed valve spectrum shows fewer peaks; in addition, the remaining peaks are of

lower intensity than the peaks in the effusive inlet spectrum. This demonstrates that the

pulsed valve is actually cooling out and/or reducing in intensity some of the peaks in the

spectrum by lowering the rovibrational energy of the sample, as was the intention. The

difference in peak intensities is probably due to differences in laser power density between

the two scans which were run on different days. The transition observed is the  (vN,vO)=(1,0)

g gof the X Σ 6a Π  transition. This is the same band that was observed in the glass cell work1 + 1

in Chapter 2.
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2Figure 3.11: REMPI spectra of N  in air. (A) shows the spectrum
when a pulsed valve is used to introduce the sample to
the system. (B) shows the spectrum when an effusive
inlet is used to introduce the sample to the system.
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Chapter Four

UPS and REMPI Studies of Dichlorotoluenes (DCTs)

4.1 Introduction

In this chapter, five isomers of dichlorotoluene, 2,4-DCT; 2,5-DCT; 3,4-DCT; 2,6-

DCT; and 2,3-DCT, are studied using the Mark II UPS spectrometer  and the newly1

developed REMPI-TOF-MF system.

The UPS spectra of the five isomers were used to determine the IPs of each of the

isomers. These IPs were then used to ensure that a one colour (1+1) REMPI process is

capable of resulting in the ionization of each of the isomers.  

REMPI mass and wavelength spectra were collected for the five DCT isomers studied

by UPS but no mass spectrum was collected for 2,3-DCT. Because the mass spectra did not

provide fragmentation patterns that could be used to precisely distinguish between the

isomers, no further mass spectra were collected for any other dichloroaromatics studied in

the present work.

Tembreull et al.  previously conducted pulsed jet REMPI studies of four of these2

DCT isomers (2,4-DCT; 2,5-DCT; 3,4-DCT; and 2,6-DCT) and comparisons with the

present work are made during the analysis of those molecules. The REMPI wavelength

spectra for each of the individual DCT isomers are also  compared to look at the selectivity

of the system with regards to these compounds.

The final tests of the pulsed valve system are introduced at the end of this chapter

using  2,4-DCT and 2,5-DCT. First individually, and then as a mixture, the two isomers were
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investigated using the pulsed valve as an inlet system, thereby providing a useful comparison

with the effusive sampling method in order to study the cooling effects and demonstrate how

the spectrum is easier to interpret even though it contains a mixture of isomers.

4.2 UPS Spectra of Dichlorotoluenes

4.2.1 Introduction

He I UPS studies of the 3,4-DCT and 2,4-DCT isomers have been previously

conducted by Fujisawa et al.  and their molecular orbital (MO) character assignments are3

used to help assign some of the molecular orbitals for the three isomers studied in the present

work that they did not investigate.

In the case of the current dichloroaromatic work, it is believed that all of the REMPI

processes observed are the result of a (1+1) process. This means that the IP value cannot be

greater than twice the photon energy needed to reach a real resonance state or ionization will

not occur. By collecting and analyzing UPS spectra for the molecules studied and, in

particular by determining the adiabatic first IP (which is not always given in UPS studies)

this can be confirmed. 

4.2.2 Experimental

The UPS spectrum for each DCT isomer was collected at a pressure of 8 x 10  to 8.3-6

x 10  Torr delivered by means of an effusive inlet system at room temperature. Each-6

spectrum was concatenated from six 20 eV transmission energy windows and each window

was the sum of 20 thousand scans. For each isomer, together with acetone as a calibrant, an

extra 20 eV transmission energy window was collected and the IP of the first band of acetone

was used to calibrate the spectrum. The acetone bands were then digitally removed from the



80

UPS spectrum for clarity.

4.2.3 Results and Discussion

UPS spectra of (A) 3,4-DCT, (B) 2,5-DCT, (C) 2,4-DCT, (D) 2,3-DCT, and (E) 2,6-

DCT are shown in Figure 4.1. These spectra give results similar to those seen for the 3,4-

DCT and 2,4-DCT isomers studied previously by UPS.3

Tables 4.1 and 4.2 list the observed vertical IPs (±0.05 eV unless otherwise stated)

and provides Fujisawa’s MO character assignments for the five DCT isomers studied. MO

character assignments for 2,5-DCT; 2,3-DCT; and 2,6-DCT were only made for the lowest

energy IPs and highest energy IPs as the ordering of these orbitals do not change for the

different isomers. The mid-energy IP bands are harder to resolve and shift in order with

changes in the ring substitution pattern, making it impossible to assign MO character to the

bands without further study and molecular orbital calculations. 

Table 4.3 shows the comparison of the adiabatic first IPs (±0.1 eV) for the five DCT

isomers and calculates the minimum energy and wavelength necessary to ensure that a (1+1)

REMPI process has enough energy to ionize each isomer. The lowest wavelength necessary

to ionize the isomer with the highest IP via a (1+1) REMPI process is approximately 282 nm.

All REMPI wavelength spectra in this chapter were collected at a wavelength of 282 nm or

less. 

Since the accuracy of the first IP value is not very high, the IPs determined via He I

UPS can only be used as guidelines in determining the wavelength ranges used to conduct

REMPI wavelength scans of molecules. The IPs determined by UPS do not give an absolute

cut off value where a (1+1) process is no longer capable of ionizing a  molecule when the 
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Figure 4.1: UPS spectra of (A) 3,4-DCT, (B) 2,5-DCT, (C) 2,4-DCT,
(D) 2,3-DCT, and (E) 2,6-DCT collected using the Mark II
photoelectron spectrometer.
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3,4-DCT IPs 
this work

adiabatic 8.4

8.75

9.29

11.01

n.r.

11.50

12.21

n.r.

n.r.

n.r.

13.50

n.r

14.44

n.r

15.50

16.15

16.70

3,4-DCT IPs
Fujisawa3

8.85

9.43

11.15

11.45

11.64

12.25

12.64

12.95

13.10

13.56

14.21

14.40

14.65

15.50

16.10

16.60

MO
character3

38aO(π )

38aO(π )

27aO(π )

233aN(n )

z6aO(n )

232aN(n )

z5aO(n )

31aN

30aN

29aN

14aO(π )

28aN

27aN

3aO

26aN

25aN

24aN

2,4-DCT IPs 
this work

adiabatic 8.5

8.87

9.43

11.31

11.31

11.47

n.r.

12.62

n.r.

13.23

n.r.

n.r.

14.47

n.r.

15.58

16.22

16.74

2,4-DCT IPs 
Fujisawa3

8.81

9.57

11.23

11.23

11.35

11.55

12.23

12.70

13.25

13.55

14.30

14.55

14.71

15.50

16.18

16.65

MO
character  3

38aO(π )

38aO(π )

27aO(π )

z6aO(n )

233aN(n )

232aN(n )

31aN

z5aO(n )

30aN

14aO(π )

29aN

28aN

3aO

27aN

26aN

25aN

24aN

Table 4.1: UPS ionization potentials (IPs) and MO character
assignments for 3,4-DCT and 2,4-DCT. n.r. means the band
was not resolved. IPs not labeled adiabatic are vertical IPs.
(Energies are in eV.) 
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2,5-DCT IPs 
this work

adiabatic 8.4

8.82

9.57

11.41

12.88

14.62

15.64

16.32

16.90

MO
character

38aO(π )

38aO(π )

27aO(π )

26aN

25aN

24aN

2,3-DCT IPs 
this work

adiabatic 8.7

9.02

11.06

11.57

12.21

13.36

14.50

15.41

16.09

16.68

MO
character

38aO(π )

38aO(π )

26aN

25aN

24aN

2,6-DCT IPs 
this work

adiabatic 8.8

9.15

11.42

11.62

12.39

12.78

13.74

14.42

15.42

16.19

16.72

MO
character

38aO(π )

38aO(π )

26aN

25aN

24aN

Table 4.2: UPS IPs and MO character assignments for 2,5-DCT; 2,3-
DCT; and 2,6-DCT. IPs not labeled adiabatic are vertical
IPs. (Energies are in eV.) 
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Compound

3,4-DCT

2,5-DCT

2,4-DCT

2,3-DCT

2,6-DCT

First IP (eV)
adiabatic /

vertical

8.4 / 8.75

8.4 / 8.82

8.5 / 8.87

8.7 / 9.02

8.8 / 9.15

IP (cm )-1

 adiabatic

67750

67750

68560

70170

70980

Fujisawa IP
(cm )-1

vertical2

8.85

8.81

Minimum photon energy  /
wavelength for (1+1) REMPI 

(cm /nm)-1

33875 / 295

33875 / 295

34280 / 291

35085 / 285

35490 / 282

Table 4.3: Adiabatic and vertical first IPs and minimum photon energy
and wavelength for (1+1) REMPI of five DCT isomers.
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sum of the photon energies is less than the adiabatic first IP.

4.3 REMPI Mass Spectroscopy Studies of Dichlorotoluenes

4.3.1 Introduction

Mass spectra of four of the DCT isomers (2,4-DCT; 2,5-DCT; 3,4-DCT; and 2,6-

DCT) were obtained at various combinations of low and high laser power density (see

Section 3.2.2), and on- and off-resonance conditions, to help optimize the operating

characteristics of the system. 

These laser power density conditions were obtained by adjusting the focus of the laser

beam into the ionization chamber. An on-resonance mass spectrum was collected when the

laser wavelength is tuned to the energy of a real resonance state.

4.3.2 Experimental

Unless otherwise stated, standard TOF tube voltages (Acc +400 V, Tube -2700 V,

Lens -2800 V, Detect -1710 V), were used for all experiments in the present work. All

spectra were collected using room temperature samples unless stated otherwise.

Each DCT isomer as it was being studied was effusively introduced into the chamber

to a pressure of 1.5 x 10  to 6.8 x 10  Torr measured at the top of the diffusion pump,-6 -6

directly below the ionization chamber. Each mass spectrum is composed of the data collected

during 1000 laser shots. Rh590 laser dye was used for all experiments in this chapter.

4.3.3 REMPI Mass Spectroscopy of 2,4-DCT

In Figure 4.2 (A), the wavelength of the laser is tuned to an off-resonance region of

the REMPI spectrum at a frequency doubled wavelength of 279.15 nm (35812 cm  ).  Little-1

or no ionization occurs via a REMPI process under these conditions when the laser power
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Figure 4.2: Mass Spectra of 2,4-DCT at various power density and
resonance conditions. (A) low power density and off
resonance. (B) low power density and on resonance. (C) high
power density and  off resonance. (D) high power density and
on resonance.
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density is low.

Figure 4.2 (B) shows the enhancement in ionization when the wavelength is tuned

to an on-resonance state at a frequency doubled wavelength of 279.18 nm (35808 cm ).-1

When the laser power density is proper adjusted, the parent ion is the only ion produced. For

most wavelength scans in this work, the laser power density was adjusted prior to the scan

such that the parent ion was the only peak observable in the mass spectrum. This minimized

the fragmentation of the parent ion. In most experiments, the parent ion was the only mass

monitored.

Figure 4.2 (C) and (D) show that, once the laser power density is high enough (when

the laser beam is tightly focused), then it does not matter if the laser is tuned to a real excited

state or not. Both on- and off-resonance mass spectra show very similar levels of ionization,

and similar fragmentation patterns due to non resonant ionization processes. Therefore, when

the system is aligned to obtain a wavelength spectrum, the laser power density cannot be too

high, or non resonant ionization will occur and mask the true REMPI spectrum. This takes

careful alignment of the laser focusing system before each scan is collected.

Since the laser beam has to be focused carefully for each wavelength scan it is very

difficult to power-normalize the scans. The available energy detectors (Gentec Wattmeter

PS-V-103 and PSV-3103 V2 connected to a Fluke 77 multimeter) do not measure power

density, they measure laser beam power in milliwatts (mW). The power can then be

converted to millijoules (mJ) per pulse and further converted to power densities based upon

estimates of a focus diameter (see Section 3.2.2). As well, variations in other system

conditions, such as pressure or detector voltage, add to the difficulties in attempting to
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normalize scans. Therefore, the wavelength scans in this work have not been normalized in

any way. The relative band intensities between scans collected under different conditions do

not reflect the relative band heights. This is a current limitation of the system. In the future,

some type of signal normalization should be implemented.

4.3.4 Comparison of REMPI Mass Spectra of DCTs at High Power Densities

Figure 4.3 shows the REMPI mass spectra of four DCTs taken under high laser power

density and on-resonance conditions. (A) shows the spectrum of 2,4-DCT and is a repeat of

the spectra shown in 4.2 (D). (B) shows the spectrum of 2,5-DCT collected when the laser

system was tuned to a frequency doubled wavelength of 279.53 nm in air (35764 cm ) and-1

the beam was tightly focused using a single lens. (C) shows the spectrum of 3,4-DCT

collected when the laser was tuned to a resonance state at a frequency doubled wavelength

of 280.56 nm in air (35633 cm ) using one lens to tightly focus the laser beam. (D) shows-1

the spectrum of 2,6-DCT using one lens to tightly focus the laser beam at a frequency

doubled wavelength of 276.390 nm in air (36170.1 cm ).-1

The National Institute of Standards and Technology (NIST) website  provides4

electron ionization mass spectra of all six DCT isomers. Each of these spectra show very

5 2 7 5similar fragmentation patterns. They show m/e peaks 62 (C H ), 89 (C H ), 125+ +

7 6 7 6 7 6 2 7 6(C H Cl ), 127 (C H Cl ), 160 (C H Cl ), and 162 (C H Cl Cl ) as the largest peaks.35 + 37 + 35 + 35 37 +

All of these fragments are to be expected from the parent ions. The NIST mass spectra do

not show fragmentation patterns that clearly define the different isomers. Figure 4.3 shows

a higher degree of fragmentation than observed in the NIST mass spectrum due to the high

laser power density used when the spectrum was collected in the present work.
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Figure 4.3: Mass spectra of DCTs at high laser power density and on
resonance. (A) 2,4-DCT. (B) 2,5-DCT. (C) 3,4-DCT. (D) 2,6-
DCT. 
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These spectra show that under high laser power density conditions the DCTs are all

highly fragmented. Table 4.4 lists the integer values of the m/e peaks observed along with

the probable singly charged ion associated with each m/e. Unidentified m/e peaks are

probably the result of multiply charged ions. In all cases where these unidentified peaks were

observed they were of very small intensity compared to the other peaks in the spectra.

Table 4.4 also shows a comparison of which m/e peaks were seen in the REMPI mass

spectrum for each DCT. Most m/e peaks were seen in all four mass spectra with some

notable differences. 

A peak at m/e 1 (H ) was not seen in the spectrum of 3,4-DCT and the peak was only+

very small in the 2,4-DCT spectrum it was much larger in the 2,5-DCT and 2,6-DCT spectra.

There is no explanation for why H  should not occur similarly in all four spectra.+

The next difference is that the spectrum for 2,5-DCT does not show a peak at m/e 13

2 3(CH ) but instead shows peaks at m/e values of 14 (CH ) and 15 (CH ). This seems to+ + +

3indicate that for the 2,5-DCT isomer the CH  group of the toluene can more easily come off

intact. This might be due to the presence of the para Cl/Cl configuration of the 2,5-DCT

isomer where an extended resonance system, including the two Cl atoms and the aromatic

3 3ring, might weaken the C-CH  bond such that it will come off the molecule as CH .+

For each of the four spectra, there are four tightly spaced groups of m/e peaks at

values 24-27, 36-39, 47-51, and 60-63. While each individual peak is not fully resolved for

each isomer in these ranges, each isomer shows the same peaks or in some cases a broader

peak that is a combination of two individual integer m/e peaks. 

Most other peaks which are observed in some DCT REMPI mass spectra but not in
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m/e peaks

(integers)

1

12

13

14

15

24

25

26

27

29

30

36

37

38

39

44

47

49

50

Probable ion

(+1 charge on all ions)

H

C

CH

2CH

3CH

2C

2C H

2 2C H

2 3C H

3C

3C H

3 2C H

3 3C H

C Cl35

4C H or C Cl37

4 2C H

Seen in

2,4-DCT

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

Seen in

2,5-DCT

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

Seen in

3,4-DCT

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

Seen in

2,6-DCT

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

Table 4.4: m/e peaks and probable ions seen in the on resonance and
high power density mass spectrum of DCTs. A  T indicates
that a peak of that m/e was observed in the spectrum of that
DCT.  (Continued on the next page.)
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m/e peaks

(integers)

51

60

61

62

63

66

68

73

75

77

89

99

125

127

147

160

162

166

Probable ion

(+1 charge on all ions)

4 3C H

5C

5C H

5 2C H

5 3C H

6 3 2C H or C H Cl35

6 3 3 2C H  or C H Cl37

6 5C H

7 5C H

5C H Cl35

7 6C H Cl35

7 6C H Cl37

6 5 2C H Cl35

7 6 2C H Cl35

7 6C H Cl Cl35 37

Seen in

2,4-DCT

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

Seen in

2,5-DCT

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

Seen in

3,4-DCT

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

T

Seen in

2,6-DCT

T

T

T

T

T

T

T

T

T

T

Table 4.4 (continued): m/e peaks and probable ions seen in the on
resonance and high power density mass
spectrum of DCTs. A  T indicates that a peak of
that m/e was observed in the spectrum of that
DCT. 
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others are all very small with the exception of the spectrum of 2,6-DCT. In the spectrum of

2,6-DCT many of the peaks at higher m/e values that were seen in the other spectra are lower

6 3 2 7 5 7 6in intensity m/e values 73 (C H  or C H Cl ), 89 (C H ), and 125 (C H Cl ) or missing+ 35 + + 35 +

6 3 3 2 6 5 5 7 6completely 75 (C H  or C H Cl ), 77 (C H ), 99 (C H Cl ), 127 (C H Cl ), 147+ 37 + + 35 + 37 +

6 5 2 7 6 2 7 6(C H Cl ), 160 (C H Cl ), and 162 (C H Cl Cl ). This demonstrates that at the high35 + 35 + 35 37 +

laser power density used the parent ion of 2,6-DCT is totally photofragmented. Perhaps the

3steric hindrance of the tightly spaced Cl/CH /Cl substituents causes this isomer to be less

stable and easier to fragment under these conditions.

4.3.5 Comparison of REMPI Mass Spectra of DCTs at Low Power Densities

In Figure 4.4 can be seen the REMPI mass spectra of four DCTs taken on-resonance

but at low power densities. (A) 2,4-DCT is the same spectrum as seen in Figure 4.2 (B). The

other three spectra were taken at the same resonance wavelengths as the spectra seen in

Figure 4.3 (B), (C), and (D) but in each case the laser power density was decreased by a two

lens system which defocused the beam. For the spectrum in (B), neutral density filters OD

0.1 and 0.3 were also used to decrease the laser power.  

The mass spectra of 2,4-DCT; 2,5-DCT; and 3,4-DCT demonstrate that under low

power density conditions, the parent ion, with little or no fragmentation, is the only peak

observed when the laser is tuned to a real resonance state of that particular isomer. These are

the ideal conditions to run a wavelength REMPI scan and monitor only the parent ion mass.

Unlike the other dichlorotoluenes studied, the 2,6-DCT isomer shows some

fragmentation of the parent ion even under low power density conditions. Figure 4.4 (D)

shows m/e peaks at 89, 125, 127, and 160. Each of these corresponds to mass peaks seen in
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Figure 4.4: Mass spectra of DCTs at low laser power density and on
resonance. (A) 2,4-DCT. (B) 2,5-DCT. (C) 3,4-DCT. (D) 2,6-
DCT. 
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the mass spectra of other dichlorotoluenes, but only when high power densities were used

to fragment the parent ion. The 2,6-DCT isomer seems to fragment more easily than do the

2,4-DCT, 2,5-DCT and 3,4-DCT isomers as it was the only one to show fragmentation under

the similar laser power and focus conditions used for the low power density mass spectrum.

A greater degree of fragmentation might arise from the increased steric hindrance which

strains the molecule and may cause it to fragment more easily due to the tightly spaced

3Cl/CH /Cl substituents on the ring as with the high laser power density situation.

Overall these tests show how crucial proper power density alignment is when

preparing the system for an experimental scan.

 The REMPI mass spectra of the four DCTs were all very similar with regards to what

m/e peaks were observed for each isomer (except for the differences discussed above) and

in most cases they were similar regarding the intensity of the m/e where there was some

differences but nothing particularly noteworthy. Therefore, since the DCT mass spectra

obtained do not provide any fragmentation pattern information that can be used to precisely

distinguish between the isomers, no further mass spectra were collected. Mass spectra were

used to tune the laser focus to provide a suitable power density for the REMPI wavelength

experiments, but these mass spectra were only used for system calibration and they were not

recorded for the DCA and DCP systems. Due to the care taken in setting the power density

conditions it is usually necessary to monitor only the mass of the parent ion.

4.4 REMPI Wavelength Studies of Dichlorotoluenes

4.4.1 Experimental

All the isomers were investigated between 276 and 282 nm but spectral data for each
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DCT isomer is only presented in wavelength regions where bands were observed.

The REMPI wavelength spectra of the DCT isomers were collected at pressures of

1.2 x 10  to 4.6 x 10  Torr, using a frequency doubled step size of 0.0025 or 0.005 nm. Data-5 -5

were collected for 100 or 200 laser shots per step. Each spectrum was collected using a room

temperature sample and by monitoring the parent ion mass with the TOF mass filter. Unless

otherwise stated, wavenumber (cm ) values are given for vacuum and wavelength (nm)-1

values are given for air.

4.4.2 REMPI Wavelength Spectroscopy of 2,4-DCT

In Figure 4.5 spectrum (A) was collected using no focusing lens, whereas spectrum

(B) was collected using a two lens system and a neutral density (OD 0.3) filter to reduce the

laser power. During collection of spectrum (B) the laser beam was actually defocused before

entering the ionization region, thereby reducing the power density. Overall, due to the

differences in the laser power and focusing conditions, spectrum (B) was recorded at a lower

laser power density than spectrum (A).

 Due to the difference in laser power density, the two 2,4-DCT spectra appear slightly

different. Spectrum (B) has sharper bands as less rotational structure is observed. However,

it also resulted in a much lower ion intensity of the bands. When adjusting the laser power

density, there is a balance that has to be made. If the laser power density is too high non-

resonant ionization and greater fragmentation of the parent ion can occur. If the laser power

density is too low this results in low ion intensity bands and hence a low signal-to-noise ratio.

A carefully adjusted power density is often needed to achieve optimum results. It was not

always possible to achieve a quality spectrum like that seen in (B) with an error of ±0.5 cm-1
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Figure 4.5: REMPI wavelength spectra of 2,4-DCT. (A) high power
density. (B) low power density. * indicates the 0,0 π6π*
transition.



98

for a very sharp band with little or no rotational structure. The spectrum seen in (A) with an

error of ±2 cm  for a broader band with more rotational structure is more typical of the-1

spectra in this work.

In Figure 4.5 the 2,4-DCT spectrum contains four rovibronic bands within the

wavelength range explored. Because the location of the 0,0 transition is known,  only2,5,6

nearby wavelengths were studied. The most intense band, at 35808 cm , was assigned as the-1

0,0 π6π* transition  (0 vibrational ground state of the highest occupied π bonding orbital5,6

to the 0 vibrational ground state of the lowest unoccupied π* antibonding orbital). The 0,0

π6π* transition is symmetry forbidden in benzene but appears at longer wavelengths upon

substitution . The present measurement agrees well with Tembreull et al.,  who observed a6 2

band at 279.20 nm (35806 cm ), and de la Cruz et al.,  who observed a band at 279.212 nm-1 7

(35804.5 cm ). Both these studies used a supersonic jet inlet system which resulted in a-1

simpler band structure, observing only the 0,0 band in this wavelength range where any band

structure resulting from a vibrationally excited electronic ground state was cooled out.

Transitions from νO=0 to νN>0 would appear at higher energy than was studied in the present

work and at a greater distance from the 0,0 transition so they therefore do not appear in this

spectrum.  

Table 4.5 shows the transition energies and associated vibrations of the four observed

bands in the 2,4-DCT spectra. The band positions are also compared to previous UV work

performed by Thakur et al.,  and by Mehrotra.  The three bands at lower energy than the 0,05 6

π6π* transition are assigned to νO6 νN transitions following the assignments made in those

previous works  as shown in Table 4.5. As these bands have low energy shifts from the 0,05,6
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3363 C-CH  o.p.
 or 161 of C-Cl o.p

3262 C-CH  o.p.
bend

3161 C-CH  o.p.
bend

0,0

Table 4.5: Transition energies and probable associated vibrations for
the bands observed in the REMPI wavelength spectrum of
2,4-DCT. (Energies in cm .)-1
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transition they can be assigned as νO6 νN transitions. Higher energy shifts from the 0,0 will

include a change in ν value along with the electronic excitation as will be seen in the case of

the 2,6-DCT isomer (see section 4.4.5).

The series of hot band transitions seen in 2,4-DCT, from the vibrationally excited

electronic ground state to the excited state, e.g. 1 6 1, 2 6 2, 3 6 3, seems to be associated

3with the C-CH  out-of-plane (o.p.) bending mode in dichlorotoluene. Mehrotra  provides6

values of 253 cm  for the ground state vibration and 213 cm  for the excited state vibration.-1 -1

This difference (40 cm )  is the observed difference between the 0,0 transition and the closest-1

lower energy band. As the progression continues, the difference gets smaller between each

successive set of bands as expected from the anharmonicity.

The electronic spectrum of toluene  shows a  series of overlapping νO 6 νN transitions.8

When analyzed, these transition series can be compared to specific vibrations in benzene.

These νO 6 νN transitions in toluene include spacings of 60 cm  assigned to the 1 6 1 of the-1

16b vibration of benzene; 148 cm  assigned to the 161 of the 11 vibration of benzene; and-1

179 cm  assigned to the 161 of the 16a vibration of benzene. The 16a and 16b vibrations are-1

two degenerate vibrations of benzene that occur around 400 cm  which split upon-1

substitution, and are referred to as the 404 vibrations of benzene.  These both have an o.p.8

component in the C-C-C vibrations. The 11 vibration of benzene has an o.p. component in

the C-H vibration. Since the νO 6 νN transitions,  seen in 2,4-DCT, have a 161 spacing of

3about 42 cm  and are assigned to a C-CH  o.p. bend by Mehrotra,  it is possible that they are-1 6

associated with the 16b vibration of benzene which in toleune is -60 cm  from the 0,0-1

transition. They could also, however, be associated with the 11 vibration of benzene with
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spacing of 148 cm  as seen in the unsubstituted toluene. It is possible that the bands, in this-1

3work, at -42 cm  and -81 cm  from the 0,0 transition, are the 161 and 262 of the C-CH  o.p.-1 -1

bend vibration, and that the band at -115 cm  from the 0,0 transition, arises from the 161 of-1

another vibration. This other vibration since it has an o.p. component, might be the C-Cl o.p.

bend. Therefore the two series might relate to the 16b and 11 vibrations of benzene.

4.4.3 REMPI Wavelength Spectroscopy of 2,5-DCT

The laser was attenuated using a neutral density filter (OD 0.6) and introduced to the

ionization chamber via a two lens system.

Figure 4.6 shows the five bands observed in the REMPI spectrum of 2,5-DCT. The

highest energy band is assigned to the π6π* 0,0 transition at 35764 cm  (Table 4.6), which-1

agrees well with the band seen by Tembreull et al.  using a supersonic inlet system at 279.552

nm  (35761 cm ).-1

The band at 35678 cm , -86 cm  from the 0,0 transition, corresponds to the-1 -1

3vibrational band seen in 2,4-DCT, arising from the C-CH  o.p. bend vibration. Table 4.6

shows the ground state and excited state vibrational data from Mehrotra’s UV work.6

Based upon the structure of the spectrum, it appears that the first and second bands

to lower energy from the highest energy 0,0 band arise from a second vibrational progression

3of smaller energy spacing than the C-CH  o.p. bend vibration. This other vibration could be

caused by C-Cl o.p. bend. While Mehrotra  does not provide ground and excited state6

energies for the C-Cl o.p. bend vibration for 2,5-DCT, he does provide ground and excited

state energies for the C-Cl o.p. bend vibration for some similar molecules. The difference

between the ground and excited states values of these other molecules is 9 cm  for 2,6-DCT;-1
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Figure 4.6: REMPI wavelength spectrum of 2,5-DCT. * indicates 0,0
π6π* transition.
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161 C-Cl o.p. bend    
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Table 4.6: Transition energies and probable associated vibrations for the
bands observed in the REMPI spectrum wavelength of 2,5-
DCT. (Energies in cm .)-1
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24 cm  for 2,4-DCA;48 cm  for 2,4-DCP; and 20 cm  for 2,5-DCP. These differences-1 -1 -1

should approximately equal the spacing between the 0,0 transition and the 161 for the C-Cl

o.p. bend for those molecules. It seems likely that the spacing observed in the present work,

-29 cm  from the 0,0 transition, is due to C-Cl o.p. bend. Again, based upon the toluene-1

work, it seems that these vibrations are associated with the 16b and 11 o.p. vibrations of

benzene, as was discussed for the 2,4-DCT isomer. The lowest energy band 35650 cm  is-1

3possibly a combination band based on the C-CH  o.p. bend and C-Cl o.p. bend vibrations.

The νO 6 νN transitions in 2,5-DCT arise from two distinctly different vibrations.  This

was not as easily seen in the 2,4-DCT spectrum. In the 2,5-DCT spectrum, the band

associated with the 161 C-Cl o.p. bend (at  35735 cm , -29 cm  from the 0,0 transition) and-1 -1

the band associated with the 262 C-Cl o.p. bend (at 35711 cm , –53 cm  from the 0,0-1 -1

3transition) are part of one progression. The band associated with the 161 C-CH  o.p. bend

(at 35678 cm , -86 cm  from the 0,0 transition) is from a different progression based upon-1 -1

the work of Mehrotra.  In the spectrum of the 2,4-DCT isomer, the band associated with the6

3161 C-CH  o.p. bend vibration had a spacing of -42 cm  from the 0,0 transition and the band-1

3associated with the 262 C-CH  o.p. bend vibration had a spacing of -81 cm  from the 0,0-1

transition.

3The spacing between the 161 C-CH  o.p. bend vibration and the 0,0 transition is

3larger for 2,5-DCT than for 2,4-DCT. This may be due to the para CH -Cl configuration in

the 2,4-DCT isomer. It may be that substituents para to each other cause the  spacing between

the 161 o.p. bend vibration of those substituents, and the 0,0 transition to be smaller than

when the substituents are not para to each. 
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4.4.4 REMPI Wavelength Spectroscopy of 3,4-DCT

The laser power density was attenuated using multiple neutral density (0.1+0.3+0.6

OD) filters and a two lens focusing system when the spectrum in Figure 4.7 was collected.

The band at 35632 cm  is assigned as the 0,0 π6π*transition, agreeing with a band-1

seen by Tembreull et al.  at 280.59 nm (35629 cm ).2 -1

De la Cruz et al.  observed bands at 280.45 nm (35646.5 cm ) which they assign as7 -1

the 0,0 transition and 280.60 nm (35627.4 cm ) in their proportional counter work. They also-1

observed bands at 280.589 nm (35628.8 cm ) and at 280.558 nm (35632.8 cm ) in their-1 -1

supersonic beam work. However, it seems more likely that the band at 35627.4 cm  is-1

actually the 0,0 in the proportional counter spectrum. This would be better resolved into the

two bands in their supersonic beam work at 35628.8 cm  and 35632.8 cm . It would also-1 -1

then agree better with the 0,0 transition observed by Tembreull et al.  at 35629 cm .2 -1

Therefore, the proportional counter band at 35646.5 cm  of de la Cruz et al.,  is cooled out-1 7

of the supersonic beam spectrum. The band at 35627.4 cm  in the proportional counter work-1

of de la Cruz et al.  is slightly more intense then their band at 35646.5 cm  , indicating the7 -1

35627.4 cm  band could be the 0,0 transition band. This can also be seen in Figure 4.7,-1

where the band at 35651 cm  is much smaller then the band at 35632 cm , assuming the-1 -1

relative intensities of these peaks is accurate since there is no normalization of these peaks

to account for laser power fluctuations across the dye curve. However, the lack of

normalization for laser power differences is probably more of a concern for more widely

separated scans and scans performed on different days or with different dyes.

Mehrotra  and Misra  both give the 0,0 transition at 35538 cm , but both those works6 9 -1
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Figure 4.7: REMPI wavelength spectrum of 3,4-DCT. * indicates 0,0
π6π* transition.
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are UV absorption studies with very broad envelopes.

Varadarajan and Kalkar  in their UV work give a slightly different assignment,10

placing the 0,0 transition at 35650 cm  but they also observe a band at 35629 cm  (-21 cm-1 -1 -1

from their defined 0,0 transition band). If their band at 35629 cm  were assigned as the 0,0-1

transition, then the band at 35650 cm  would closely agree with that seen in this work at-1

35651 cm  and by de la Cruz et al.  at 35646.5 cm .-1 7 -1

Based upon the 0,0 transition taken as 35632 cm  (this work see Table 4.7), there are-1

four bands observed at lower energy and one observed at higher energy. The lower energy

bands are very similar to those seen in the REMPI wavelength spectra of the 2,4-DCT and

2,5-DCT isomers. As was the case with the 2,4-DCT and 2,5- DCT isomers, the bands to

3lower energy of the 0,0 transition band are associated with the νO6νN transitions of the C-CH

o.p bend and the C-Cl o.p. bend vibrations, but which bands are associated with which

vibration is not precisely known.

It appears that there are two separate vibrations. The first two bands to lower energy

than that of the 0,0 transition, form a progression with energy shifts of -16 cm  and  -31 cm .-1 -1

The third band to lower energy from the 0,0 transition has a shift of -56 cm  from the 0,0-1

transition, which does not fit the progression of the other two lower energy bands. Therefore

the third band to lower energy of the 0,0 transition energy band is associated with a different

vibration than that of the other two lower energy bands.

33,4-DCT has a para Cl-CH  structure like that of 2,4-DCT. In 2,4-DCT the lower

3energy spacing from the 0,0 transition was assigned to be associated with the C-CH  o.p.

3bend vibration. It is possible that vibration 1 in Table 4.7 is the C-CH  o.p. bend vibration.
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This would make vibration 2 in Table 4.7 the C-Cl o.p. bend vibration.

As in the 2,5-DCT spectrum, the lowest energy band at 35561 cm  cannot really be-1

assigned due to lack of information about lower vibrational energies in both the ground and

excited state. All that can be concluded is that it appears to be cooled out in the work of de

la Cruz et al.,  in which a supersonic jet inlet system is used.7

4.4.5 REMPI Wavelength Spectroscopy of 2,6-DCT

For the spectrum show in Figure 4.8 the laser power density was adjusted through the

use of a two lens focusing system. 

Only a single strong band at 36170 cm  is seen in the REMPI wavelength spectrum-1

of 2,6-DCT (Figure 4.8 and Table 4.8). It corresponds to that seen by Tembreull et al.  at2

276.40 nm (36169 cm ).-1

There is some debate about the location of the 0,0 transition for 2,6-DCT. Some

studies have assigned the 0,0 π6π* transition to 273.81 nm (36511 cm )  and 273.814 nm-1 2

(36510.3 cm ) ; these agree with Mehrotra’s UV work  at 36506 cm , but the assignments-1 7 6 -1

in the REMPI studies  were both made from the original assignment of Mehrotra.  Mallick2,7 6

and Baneerjee’s UV work  place the 0,0 transition at 36130 cm , a small shoulder on a11 -1

larger band, and they assign their next higher energy band at +316 cm  (36446 cm ) from-1 -1

their 0,0. If the band they assigned as the 0,0 transition were assumed to be the same band

seen in this work (36170 cm ) , then their band at 36446 cm  could correspond to what-1 -1

Mehrotra  assigns as the 0,0 transition (36506 cm ). Varadarajan and Kalkar’s UV work6 -1 10

assigns a band at 36854 cm  as the 0,0 transition, based upon assignments of higher excited-1

state frequencies, but this band cannot be aligned with bands seen in any other work.
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Figure 4.8: REMPI wavelength spectrum of 2,6-DCT. The 0,0 π6π*
transition was not observed.
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Using Mehrotra’s  assignment of the 0,0 transition, a band corresponding to the 0,06

transition cannot be observed in the present REMPI wavelength work because it is outside

the range of the laser dyes used. Rh560 had a useful range down to a wavelength of 276 nm

and the 0,0 transition falls at a higher energy. Because this band is far from the 0,0 transition

it is not assigned as a νO6νN transitions. A transition far from the 0,0 transition will include

a change in the ν value along with the change in electronic level. Mehrotra  assigns the band6

gat 36171 cm  to the lower level component from the split-up e  6b vibration of benzene, a-1 +

planar C-C bend. The degenerate planar C-C bend vibrations in benzene split to different

energies upon substitution of the benzene ring such as in 2,6-DCT. The planar C-C vibration

is known as the 606 band of benzene.  This band is -335 cm  from the 0,0 transition,6 -1

indicating a vibrationally excited electronic ground state, a hot band, where the value of ν

gets smaller during the electronic excitation. This band is seen by Tembreull et al.,  and is2

the band observed in this work. 

4.4.6 REMPI Wavelength Spectroscopy of 2,3-DCT

For the spectrum presented in Figure 4.9 the laser was slightly attenuated with a

neutral density filter (0.1 OD), and focused into the ionization chamber with a two lens

system.

Varadarajan and Kalkar have studied 2,3-DCT in both the near UV  and IR.  Their12 13

UV study locates the 0,0 π6π* transition at 36603 cm  (273.12 nm air) which is outside the-1

range of the laser dyes used in this work.

Exact assignment of the observed the bands is difficult, but some possibilities are

shown in Table 4.9. Not having observed the 0,0 transition in this work, energy differences
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Figure 4.9: REMPI wavelength spectrum of 2,3-DCT. The 0,0 π6π*
transition was not observed.
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from the 0,0 transition were based upon Varadarajan and Kalkar’s UV value  of 36603 cm .12 -1

However, the bands observed in this work could not be directly compared to the previous UV

work,  because our transitions were outside the wavelength range studied previously. The12

energy differences between our observed bands and the previously observed 0,0 transition

were then compared to previous IR work by Varadarajan and Kalkar.  Possible assignments13

2 gfor these bands include the C-C planar bend vibration b  e  (benzene 6b), and the C-C planar+

1 gbend vibration a  e  (benzene 6a). These are the two components of the benzene 606+

vibration. The benzene 6b vibration was associated with the single band seen in the 2,6-DCT

spectrum. The benzene (404) vibration also splits into two components, and the C-C o.p.

1 ubend b  e  (benzene 16b) component could also be one of the bands observed. Based upon+

vibrational energies from  IR work,  another possibility is that the bands observed are13

associated with the C-Cl planar bend vibration. Since the IR values and those observed in

UV absorption are not identical, it is difficult to do more than compare values which are

similar. Since these bands could be hot bands (they are lower energy than the 0,0 transition),

the difference in energy between them and the 0,0 transition should correspond to the IR

vibrational energies. In most cases these IR values do not match well with the bands

observed. The band at 36105 cm  (-498 cm  from the 0,0 transition of Varadarajan and-1 -1

Kalkar ) is similar to the benzene 16b transition (IR 490 cm  of Varadarajan and Kalkar ).12 -1 13

It is likely that the other bands arise from some type of combination bands and not strictly

from hot bands of the ground state fundamentals. 

4.4.7 Comparison of REMPI Spectra of DCTs

The REMPI spectra of the five DCT isomers studied in this work are shown together
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in Figure 4.10. The spectra (A) to (E) are presented in order of decreasing energy for the 0,0

π6π* transition. Figure 4.10 shows (A) 2,3-DCT (0,0 transition at 36603 cm  but not-1

observed), (B) 2,6-DCT (0,0 transition at 36511 cm  but not observed), (C) 2,4-DCT (0,0-1

transition observed at 35808 cm ), (D) 2,5-DCT (0,0 transition observed at 35764 cm ), and-1 -1

(E) 3,4-DCT (0,0 transition observed at 35651 cm ).-1

REMPI spectra were collected for all DCT isomers that were attempted. As noted,

the 0,0 π6π* transition was not observed for the 2,3-DCT and 2,6-DCT isomers because the

transition energies were outside the wavelength range of the laser dyes used in this work but

other transitions were observed. Therefore the effusive REMPI-TOF MS system is capable

of obtaining REMPI wavelength scans with unique patterns for each of the DCT isomers

attempted.

In Haefliger and Zenobi’s study of larger polycyclic aromatic hydrocarbons (PAHs),14

their (1+1) REMPI studies resulted in broad bands, with few resolvable features. This lack

of resolution was due to the use of an effusive inlet system. Because of the smaller molecules

in this work on DCT isomers, better resolved bands were obtained, even though an effusive

inlet system was used. Our work demonstrates that the DCT isomers can be identified and

analyzed using an effusive inlet system. They can be partially resolved but a pulsed

valve/supersonic jet system would simplify the spectra. In some cases a supersonic jet might

reduce the observable number of bands, to too few, to definitely identify the molecules

involved.  In the instances in this work where the 0,0 transitions were not observed but other

transitions were recorded (2,6-DCT and 2,3-DCT), the bands that were observed might have

been cooled out, had a supersonic jet been used. This would result in no useful REMPI 
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Figure 4.10: Comparison of the REMPI spectra of five
dichlorotoluenes. (A) 2,3-DCT. (B) 2,6-DCT. (C) 2,4-
DCT. (D) 2.5-DCT. (E) 3,4-DCT. * indicates the 0,0
transition in those cases where observed.
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spectra information over the wavelength ranges utilized here.

If REMPI were to be used as a monitoring and analytical technique, then ideally one

band from the REMPI wavelength scan would be chosen to monitor a specific isomer. A

band would be chosen that is unique to the isomer being monitored, and as distinguishable

from bands associated with other isomers as possible. The laser wavelength would be tuned

to the energy of that band. In this way, one isomer could be selectively ionized (and

monitored) in the presence of other isomers without the need for pre-separation.

The bands observed for the 2,3-DCT and 2,6-DCT isomers are well separated from

those of the other isomers. The 2,3-DCT and 2,6-DCT bands are also quite distinct from each

other, albeit within a similar wavenumber range. Under these conditions, it should be easy

to distinguish between these two isomers, and, if desired, to independently ionize one of

them in the presence of the other. For example, the 2,6-DCT isomer could be selectively

identified at 36170 cm  in the presence of the 2,3-DCT isomer.-1

The other three DCT isomers studied do present slightly more complicated

identification scenarios. Due to the overlapping ro-vibronic structure observed for each of

these isomers, it is more difficult to chose a single transition with which to monitor each

individually. The 0,0 π6π* transition of the 2,4-DCT isomer does fall at a higher energy than

that observed for either the 2,5-DCT or 3,4-DCT isomers; but if the 2,4-DCT and 2,5-DCT

isomers were mixed and a REMPI spectrum taken of the mixture, the non-0,0 transitions for

the 2,4-DCT isomer would fall between bands of the 2,5-DCT isomer. Due to these

overlapping bands, one would have to be especially careful in analyzing mixtures of these

compounds using an effusive inlet system. In general, the 0,0 π6π* transitions should be
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larger than other bands in the spectrum of each isomer, but if a mixture of the isomers were

analyzed, then it would be much more difficult to interpret due to the overlap of the bands.

It might not be possible to monitor a single specific wavelength to ensure the desired isomer

is being analyzed. Multiple fixed wavelengths might have to be analyzed, and chemometric

methods used to distinguish between the isomers unless a pulsed valve/supersonic jet inlet

system were used to cool and simplify the spectra.  

4.5 Pulsed Valve Inlet REMPI of 2,4-DCT and 2,5-DCT

4.5.1 Introduction

A possible solution to the problem of distinguishing between isomers when bands

closely overlap, such as the 2,4- and 2,5-DCT isomers, is the use of a pulsed

valve/supersonic jet inlet system but such a system is not always possible. It adds extra

complications to the instrumentation and experiment, and therefore it cannot always be used.

A pulsed valve system was constructed and tested as a side project to this work (see sections

3.2.4 and 3.7) but it was never intended for permanent use. As a final test of the pulsed valve

system to demonstrate how it could simplify a spectrum containing a mixture of isomers,

REMPI wavelength spectra were collected for 2,4-DCT; 2,5-DCT; and a mixture of 2,4- and

2,5-DCTs while using the pulsed valve inlet system to introduce the molecules into the

REMPI-TOF system.

4.5.2 Experimental

Figure 4.11 presents REMPI wavenumber spectra of (A) 2,4-DCT; (B) 2,5-DCT; and

(C) a mixture of 50% 2,5-DCT and 50% 2,4-DCT taken using a pulsed valve/supersonic jet

inlet system (section 3.2.4). The spectrum in (A) was obtained at an average system pressure
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Figure 4.11: Pulsed jet REMPI wavelength spectra of (A) 2,4-DCT,
(B) 2,5-DCT, and (C) a 50-50 mixture of the two
isomers. * indicates the 0,0 transition.
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of 7.0 x 10  Torr, using a reservoir argon pressure of 26 Torr for the pulsed valve. (B) was-5

obtained at an average system pressure of 8.4 x 10  Torr, with an argon pressure of 25 Torr.-5

(C) was obtained at an average system pressure of 1.1 x 10  Torr, an argon pressure of  34-5

Torr. Two lenses were used to focus the laser for each of these spectra. For each spectrum,

data was collected for 100 laser shots at each of the 0.01 nm frequency doubled steps.

4.5.3 Results and Discussion

In comparison to the REMPI spectra obtained under effusive inlet conditions, the 2,4-

DCT and 2,5-DCT spectra in Figure 4.11 show very cooled spectra, with a reduced number

of bands. The intensity of bands other than the 0,0 π6π* transitions was significantly

reduced, such that other bands were no longer observable. Under such pulsed supersonic jet

conditions it is easy to distinguish between these two isomers. This can be demonstrated in

(C), in which the spectrum of a 50-50 mixture of the two isomers shows completely resolved

bands for the two isomers with no other bands appearing. Under these conditions, it would

be feasible to choose a suitable wavelength, that would selectively ionize one of these

isomers in the presence of the other. Therefore no pre-separation of a mixture of these

isomers is necessary to be able to analyze a sample for just one of the isomers without

encountering interference from the other isomer.

The pulsed valve/supersonic jet used in this work was not always available or

practical to use for all of molecules studied. For most of this work the pulsed supersonic jet

inlet system was not used, because it was not developed until part way through the study and

it was not fully integrated into the system. Future modifications to the system to improve  the

pulsed valve could take advantage of the benefits that were seen during these tests. 
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Chapter Five

REMPI Wavelength Studies of Dichloroanilines (DCAs) 

5.1 Introduction

All six isomers of dichloroaniline 2,5-DCA; 3,4-DCA; 3,5-DCA; 2,6-DCA; 2,4-

DCA; and 2,3-DCA were studied by REMPI wavelength spectroscopy, and the results are

presented in this chapter. REMPI spectra of the dichloroanilines cover a wider wavelength

range, albeit to lower energy than that used for the dichlorotoluenes in Chapter 4.

 Tembreull et al.  attempted REMPI studies of three different DCA isomers (2,4-1

DCA; 2,6-DCA; and 3,4-DCA), but were able to collect  a spectrum for the 3,4-DCA isomer

only.

The inability of Tembreull et al.  to collect REMPI spectra of  2,4-DCA and 2,6-1

2DCA, led to their conclusion that when a chlorine is ortho to -NH  or -OH (Chapter 6), then

it might not be possible to observe a REMPI wavelength spectrum. They theorized that the

ionization potential (IP) of the molecule is increased. This increase in the IP, could be due

to steric or coulombic effects between the ortho substituents, and this increase in IP along

with changes to the Franck-Condon factor, reduces the likelihood of a (1+1) process causing

ionization.  Tembreull et al.  also state that, in chloroaniline, the energy of the 0,0 π6π*1 1

transition shifts to lower energy while the IP increases. Therefore photons of higher energy

are required to perform a (1+1) ionization process  and photons which have enough energy1

to cause the 0,0 transition might not have enough energy to ionize from the resulting excited

state. Therefore the 0,0 transition might not be observable in a one-colour (1+1) process.
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Also, the further a band is away from the 0,0 transition energy in a REMPI spectrum, the

smaller the band appears, due to a low Franck-Condon factor.  A band far from the 0,01

transition, may originate from a transition from a low vO in the ground state to a high vN in

the excited state.  A supersonic jet, that cools a sample, can make it more difficult to observe1

this type of transition, since the transitions observed using a supersonic jet mostly originate

at vO= 0. Therefore, transitions from vibrationally excited ground state levels, i.e. hot bands,

are not observed.1

This interpretation by Tembreull et al.  is incorrect or at least incomplete as all six1

isomers of DCA were attempted in the present work and REMPI wavelength spectra for all

were observed. The present work used an effusive inlet system instead of a supersonic jet

such as that used by Tembreull et al.  and this may have allowed some transitions not1

previously observed to be recorded. However, this does not account for the 0,0 transitions

that were observed in this work that were not observed by Tembreull et al.  It may be that1

that previous work did not have high enough laser power densities or high enough sample

pressures to result in observable transitions. 

5.2 Experimental

For all of the spectra in this chapter, scans are only shown where bands were

observed. Samples were introduced by an effusive inlet system and heated as indicated in

order to achieve sample pressures of 2 x 10  to 2 x 10  Torr in the ionization chamber. Data-5 -4

were collected for 100 laser shots for each step with frequency doubled step sizes ranging

from 0.002 to 0.01 nm. In order to cover the wide wavelength ranges studied, multiple dye

mixtures were used. This included DCM (607-676 nm) , a Rh610 and Rh640 dye mixture
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(594-629 nm) , Rh610 (581-607 nm), or a Rh590 and Rh610 dye mixture (567-599 nm).

5.3 REMPI Wavelength Spectroscopy of 2,5-DCA

The REMPI spectrum (Figure 5.1) of 2,5-dichloroaniline (2,5-DCA) is composed of

twelve individual scan segments. The spectrum was collected in twelve segments because

it covers a wide wavelength range, and hence requires multiple laser dyes to cover the range.

The samples for the eight lowest energy scans in Figure 5.1 (top spectrum), were

heated to approximately 44-46EC to give sufficient vapour pressure. No lenses were used to

focus the laser beam for these scans and the laser was attenuated by a neutral density filter

(OD 0.6) in order to reduce the fragmentation of the parent ion. In some of the scans the

voltage on the detector was increased in magnitude from -1710 V, to as high as -2040V in

order to increase the signal.

The samples for the four highest energy scans in Figure 5.1 (bottom spectrum), were

not heated. A two lens focusing system and neutral density filter (OD 0.1) were used to

attenuate the power density of the laser for these scans.

In UV studies, Sharma and Srivastava   place the 0,0 π6π  transition at  33114 cm2 * -1

and Singh and Singh  place it 33119 cm . Both of these values agree well with the value of3 -1

33113 cm  obtained in this work. The band at 33035 cm , at -78 cm  from the 0,0 transition,-1 -1 -1

is probably comparable to the νO6νN transitions seen in the dichlorotoluenes and is most

2likely the 161 transition associated with either the C-NH  or the C-Cl o.p. bend vibration,

but this band was not observed in either of the previous UV works.

Table 5.1 lists the energies and associated vibrations for the bands observed in this

work and presents information from the UV work of Sharmaand Srivastava   and from Singh 2
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Figure 5.1: REMPI wavelength spectrum of 2,5-DCA. * indicates the 0,0
π6π* transition.
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This
work
(±2)

32455

32532

32660

32706

32767

32836

32904

32932

32971

33035

33113

33168

33305

33367

33415

Shift
from 
0,0

-658

-581

-453

-407

-346

-277

-209

-181

-142

-78

0

+55

+192

+254

+302

Sharma2

UV
(±6)

32722

32839

32899

32962

33114

33248

33299

33364

33421

Shift
from
0,02

-392

-275

-215

-152

0

+134

+185

+250

+307

Singh3

UV

32541

32610

32780

32843

32954

33119

33240

33376

33424

Shift
from
0,03

-578

-509

-339

-276

-165

0

+121

+257

+305

Raman4

697

644

575

437

396

370

331

295

246

218

168

121

168

218

246

295

322

331

370

396

Possible associated ground
state vibrations from

Raman4

C-C o.p. bend

2C-Cl stretch/NH  wag

C-C i.p. bend

C-C o.p. bend

C-C o.p. bend

2C-NH  i.p. bend

2C-NH  i.p. bend

2C-NH  i.p. bend

2NH  twist

2C-NH  o.p. bend

C-Cl o.p. bend

0,0

C-Cl o.p. bend

C-Cl o.p. bend

2C-NH  o.p. bend

2NH  twist

2C-NH  i.p. bend

C-Cl i.p. bend

2C-NH  i.p. bend

2C-NH  i.p. bend

C-C o.p. bend

Table 5.1: Transition energies and possible associated vibrations for
the 2,5-DCA bands. (Energies are in cm .) (Continued on-1

next page.)
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This
work

33778

33881

34098

34176
34299

34599

Shift
from 
0,0

+665

+768

+985

+1063
+1186

+1486

Sharma2

UV
(±6)

33534

33702

33774

33875

34012
34102
34144

34368

34474

Shift
from
0,0

+420

+588

+660

+761

+898
+988
+1030

+1254

+1360

Singh3

UV

33591
33625

33779
33834

34122

34293

Shift
from
0,03

+472
+506

+660
+715

+1003

+1174

 Raman4

437

575
644
697
720
772
780
836
856
905
1038
1088
1158
1199
1279
1287
1304
1418
1485
1591

Possible associated
ground state vibrations

from Raman4

C-C o.p. bend

C-C i.p. bend

2C-Cl stretch/NH  wag
C-C o.p. bend
C-Cl stretch
C-Cl stretch

C-C-C ring breathing
C-H stretch
C-H stretch
C-H stretch

C-C-C trigonal bend

2NH  rocking
C-H i.p. bend
C-H i.p. bend
C-H i.p. bend
C-C stretch

2C-NH  stretch
C-C stretch
C-C stretch
C-C stretch

Table 5.1 (continued): Transition energies and possible associated
vibrations for the 2,5-DCA bands. (Energies
are in cm .)-1
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and  Singh  for comparison. Some of the bands in the spectrum in Figure 5.1 can be aligned3

with those seen in the earlier UV work.

In Table 5.1, the shifts from the 0,0 transition are compared to Raman observations

by Mohan and Vasuki.  The Raman data in Table 5.1 should not be taken as a direct4

assignment for the observed peaks, but rather should be considered simply as a list of

vibrational energies that are close in magnitude to the difference between the observed band

position and the position of the 0,0 transition. The differences between the observed band

position and the 0,0 transition (when far from the 0,0 transition) relate to the change in ν that

occurs along with the electronic excitation (e.g. ν˝=0 to ν´=1 of a specific vibration). These

changes in vibrational state can be compared to known vibrational energies of the molecule

to attempt to determine which vibration changes state.

Differences from the 0,0 transition with negative values arise from hot bands, and

hence ground state Raman data is useful for matching these transitions to specific vibrations.

Using the same ground electronic state Raman data to attempt to make assignments

to the excited vibrational state, peaks with positive differences from the 0,0 transition, are

much less precise and are listed in order to provide possibilities and not definite assignments.

No attempt has been made to make assignments for combination bands.

5.4 REMPI Wavelength Spectroscopy of 3,4-DCA

Figure 5.2 shows the REMPI spectrum of 3,4-DCA. It is composed of eight separate

scans. The scans in (A) were performed using DCM laser dye, and those in (B) using a

Rh610 and Rh640 laser dye mixture. For the six lowest energy scans, the samples were

heated to a maximum of 73EC to give sufficient sample vapour pressure. The two highest
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Figure 5.2: REMPI wavelength spectrum of 3,4-DCA. (A) DCM dye
used. (B) Rh610 and Rh640 dye mixture used. * indicates the
0,0 π6π* transition.
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energy scans were not heated.

No focusing lenses were used in these scans except for that containing the 0,0

transition, in which a two lens system was used. The detector voltage was increased in order

to increase signal to noise. The highest magnitude detector voltage used was -1940 V.

3,4-Dichloroaniline was studied by Tembreull et al.,  but that study did not scan to1

a low enough wavelength to see the 0,0 transition. Tembreull et al.  did observe a band at1

315.01 nm (31736 vacuum cm ) which is at a higher wavelength than studied in this work.-1

UV work by Rao et al.  places the 0,0 transition at 32327 cm . That value matches5 -1

the band observed in this work at 32325 cm . Table 5.2 lists the bands seen in this work and-1

compares them to those in Rao et al.  Table 5.2 also lists similar magnitude IR vibrations5

along with their assignments from Dotes et al.6

As seen in the DCT studies and in the 2,5-DCA study, the bands seen immediately

to lower wavenumber values than the 0,0 transition (at -12, -32, -58, -85, -103cm  etc. from-1

the 0,0 transition) could be part of one or more series of νO6νN transitions. These νO6νN

2transitions are probably associated with either the C-NH  or the C-Cl o.p. bend vibrations.

It is also possible that some of these bands are part of the rotational envelope of one of the

vibrations but in most of this present work rotational peaks were not this well resolved.

The peak at 32677 cm  which appears to match the peak seen by Rao et al.  at 32686-1 5

cm ,  is associated with the E  vibration of benzene by Rao et al.  Based upon the IR work-1 + 5

of Dotes et al.,  the peak at 32677 cm  is associated with the C-C-C in-plane vibration. This6 -1

peak is similar to the peak seen in the 2,6-DCT spectrum which was attributed to lower level

gcomponent from the split up e  (606) 6b vibration of benzene, which is a planar C-C-C +
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This
work
(±2)

31872

31907

31942

31958

31986

32047

32065

32104

32133

32182

32197

32223

32240

32268

32294

32313

32325

Shift
from 
0,0

-453

-418

-383

-367

-339

-278

-260

-221

-192

-143

-128

-102

-85

-57

-31

-12

0

Rao5

UV

32327

Shift
from
0,05

0

 IR6

455

440

404

370

320

Possible associated vibrations6

C-C-C o.p. bend6

C-C-C o.p. bend6

NH torsion6

C-C-C in plane (i.p)6

C-C-C i.p. bend6

363 vibration 2

262 vibration 2

161 vibration 2

161 vibration 1

0,0

Table 5.2: Transition energies and possible associated vibrations for
the 3,4-DCA bands. (Energies are in cm .) (Continued on-1

next page.)
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This
work
(±2)

32355

32614

32677

32941

32960

33079

33175

33192

33212

33232

33293

33407

33432

33485

Shift
from 
0,0

+30

+289

+352

+616

+635

+754

+850

+867

+887

+907

+968

+1082

+1107

+1160

Rao5

UV

32486

32584

32619

32686

32803

33212

Shift
from
0,05

+159

+257

+292

+359

+476

+885

 IR6

370

582

675

690

812

1023

1090

1130

1240

Possible associated vibrations6

C-C i.p. bend5

C-C-C i.p. bend5

C-C-C i.p. bend5

E  vibration of benzene  - C-C-C i.p. bend+ 5 6

2C-NH  involving or C-C bend5

2NH  inversion6

C-Cl stretch6

C-H o.p.6

C-C ring breathing5,6

2NH  o.p. bend6

C-H i.p. bend6

C-H i.p. bend6

Table 5.2 (continued): Transition energies and possible associated
vibrations for the 3,4-DCA bands. (Energies
are in cm )-1.
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bend. The peak at 33212 cm , which agrees with the peak seen by Rao et al.  at 33212 cm ,-1 5 -1

is assigned by Rao et al.  to be associated with the C-C ring breathing vibration.5

 5.5 REMPI Wavelength Spectroscopy of 3,5-DCA

The spectrum of 3,5-DCA is shown in Figure 5.3. It was collected as seven separate

scans. For the second and third scans (from lowest energy) of Figure 5.3 the sample was

heated to 47EC, and the detector voltage was increased in magnitude to as high as -1810 V,

in order to increase the signal to noise ratio. The samples were not heated for the other scans.

Except for the second and third scans of Figure 5.3, where no focusing lenses were

used, all scans used a two lens system to focus the laser into the ionization region.

UV work by Goel et al.  places the 0,0 transition at 33393 cm , which agrees very7 -1

well with the band seen here at 33393 cm .-1

Table 5.3 lists the bands seen in the spectrum of 3,5-DCA. Many of these bands

match well with the previous UV work by Goel et al.  For bands with high energy shifts from7

the 0,0 transition, IR work by Goel et al.  is also listed in the table for comparison. The8,9

bands with lower energy differences from the 0,0 transition at -144, -96, and -49 cm  from-1

the 0,0 transition again show structure similar to the νO6νN transitions observed in other

molecules studied in this work and they were assigned as such by Goel et al.  These are most7

2likely associated with the C-NH  or C-Cl o.p. bend vibrations. 

5.6 REMPI Wavelength Spectroscopy of 2,6-DCA

Figure 5.4 shows two scans of 2,6-DCA. The first scan was collected while using a

two lens focusing system. No focusing lenses were used during the second scan. Detector

voltages up to -2050 V were used.
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Figure 5.3: REMPI wavelength spectrum of 3,5-DCA. * indicates the 0,0
π6π* transition.
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This
work
(±2)

32915

32965

32974

32988

33186

33249

33297

33344

33393

33482

33485

Shift
from 
0,0

-478

-428

-419

-405

-207

-144

-96

-49

0

+89

+92

Goel7

UV(±5)

33180

33199

33265

33305

33349

33393

33486

33516

33555

33580

33616

Shift
from
0,07

-213

-194

-128

-88

-44

0

+93

+123

+162

+187

+223

IR8,9

427

397

Possible associated vibrations8,9

C-C o.p. bend

C-C o.p. bend

2363  of C-NH  o.p. bend or C-Cl o.p.7

bend

2262  of C-NH  o.p. bend or C-Cl o.p.7

bend

2161  of C-NH  o.p. bend or C-Cl o.p.7

bend

0,0

Table 5.3: Transition energies and possible associated vibrations for
the 3,5-DCA bands. (Energies are in cm .) (Continued on-1

next page.)
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This
Work
(±2)

33664

33770

33780

33832

34001

34045

34159

Shift
From 

0,0

+271

+377

+387

+438

+608

+652

+766

Goel7

UV(±5)

33665

33701

33739

33784

33831

33868

33900

33949

34010

34035

34074

34119

34156

34184

34217

Shift
From
0,07

+272

+308

+346

+391

+438

+475

+507

+556

+617

+642

+681

+726

+763

+791

+824

IR8,9

297

427

578

702

797

Possible associated vibrations8,9

C-Cl i.p. bend

C-C o.p. bend

C-C i.p. bend

C-C o.p. bend

C-H o.p. bend

Table 5.3 (continued): Transition energies and possible associated
vibrations for the 3,5-DCA bands.(Energies
are in cm )-1
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No bands for 2,6-DCA were observed by Tembreull et al. , even though they scanned1

down to a wavelength of 273 nm. The 0,0 transition for 2,6-DCA was placed by Rao et al.5

at 33335 cm , but Singh and Singh  place it at 33447 cm . Both investigations were carried-1 10 -1

out by UV spectroscopy. A broad band, with the edge near 33434 cm  (±10 cm ), was-1 -1

observed in this work. The 0,0 transition probably falls close to this value.

One band, at 33367 cm (±10 cm ), stands out slightly from the broad band;  it-1 -1

matches well to a peak observed by Singh and Singh  at 33362 cm . The peak observed at10 -1

33367 cm  is probably one of the νO6νN transitions as seen in other molecules in the present-1

2work. The νO6νN transition arises from either the C-NH  o.p. bend vibration or the C-Cl o.p.

bend vibration. The sharp peak seen at 32430 cm  (±0.5 cm ) was not observed in previous-1 -1

work but is possibly associated with one of the vibrations listed in Table 5.4 from the IR

studies.  It is possible that the peak at 32430 cm  could be the 0,0 transition due to its11,12 -1

apparent high intensity compared to the other band observed but as the scans are not power

normalized in any way therefore the relative intensity of the observed bands cannot be used

effectively with bands with such a wide separation. The band at 32430 cm  is also very far-1

from the 0,0 transitions from previous work  and there is no evidence to indicate that this5,10

is the 0,0 transition but there are possible vibrations it could be associated with so it is most

likely not the 0,0 transition.

5.7 REMPI Wavelength Spectroscopy of 2,4-DCA

Figure 5.5 contains four scans which make up the spectrum of 2,4-DCA. The 2,4-

DCA samples were heated to between 46EC (first three scans) and 92EC (last scan). A two

lens focusing system was used for all of the scans.
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Figure 5.4: REMPI wavelength spectrum of 2,6-DCA. * indicates
approximate position of the 0,0 π6π* transition.
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This
work

32430

33367

33434

Shift
from 
0,0

-1004

-67

0

Singh10

UV

33362

33447

Shift
from
0,010

-85

0

Rao5

UV

33335

Shift
from
0,05

0

IR11/12

1088/1090

106811

104811

948/949

885/890

Possible associated
vibrations11,12

C-H i.p. bend

2C-NH  o.p. bend11

C-C ring breathing11

C-H o.p. bend

C-H o.p. bend

0,0

Table 5.4: Transition energies and possible associated vibrations for
the 2,6-DCA bands. (Energies are in cm .)-1
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In the work by Tembreull et al.,  no bands were observed down to a wavelength of1

273 nm for 2,4-DCA. The spectrum in Figure 5.5 shows some very sharp bands but they do

not agree well with the UV work done on the 2,4-DCA molecule. Sharma and Srivastava2

place the 0,0 transition at 32196 cm , which is a lower wavenumber value then any of the-1

observed bands in this work. Shashidhar  predicts the 0,0 transition to be at 32229 cm  but13 -1

it was not actually observed in that work. No bands observed in the present work seem to

agree with these previous studies even though a range from 285 nm (35077 cm ) to 312.5-1

nm (31990 cm ) was studied.-1

Table 5.5 provides the peak information from this work as well as that for the UV

works,  but there seems to be little correspondence between any of the three works. The2,14

REMPI spectrum of 2,4-DCA obtained in the present work does show many sharp bands but

previous studies are unhelpful in conducting a detailed analysis.

If the 0,0 transition value of 32196 cm  from the work by Sharma and Srivastava  is-1 2

assumed to be correct, then the shifts from that 0,0 transition for the bands seen in this work

fail to help align the observed bands with the bands observed in either of the UV studies. If

the 0,0 transition value of 32229 cm  from the work by Shashidhar  is used instead, then the-1 13

calculated shifts from the 0,0 transition for the bands seen in this work also fail to give much

correspondence with the bands observed in either of the other studies.

One notes that even the bands observed in the two other studies have very little

correspondence with each other, either in shifts from the 0,0 transitions or in the absolute

values of the peak positions. The IR values previously observed by Srivastava  are little use,14

as they are for ground state vibrations. All the peaks observed in this work are possible 
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Figure 5.5: REMPI wavelength spectrum of 2,4-DCA. The 0,0 π6π*
transition was either not observed or not assignable.
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This
work

(±0.5-3)

32835

32986

33008

33045

33100

33166

33184

33249

33305

Shift
from

Shamra
0,02

+639

+790

+812

+849

+904

+970

+988

+1053

+1109

Shift from
Shashidhar

0,013

+606

+757

+779

+816

+871

+937

+955

+1020

+1076

Sharma
UV2

(±5)

32196

32373

32508

32566

32770

32864

33114

33430

Shift
from
0,02

0

+177

+312

+370

+574

+668

+918

+1234

Shashidhar
UV  13

(±5-10)

32229 n.o.

32503

32583

32724

32908

33072

33225

33402

Shift
from
0,013

0

+274

+354

+495

+679

+849

+995

+1173

Possible
associated
vibrations13

0,0

C-C o.p. bend

C-C i.p. bend

C-C i.p. bend

C-C stretch

C-C i.p. bend

C-H i.p. bend

IR14

438

504

550

644

728

812

856

872

940

1048

1080

1128

1156

1296

Table 5.5: Transition energies and possible associated vibrations for
the 2,4-DCA bands. (Energies are in cm , n.o. = not-1

observed.)
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vibrations in an excited electronic state. The IR work makes no vibrational assignments  so14

it is not useful in making assignments to the observed bands in the present work.

5.8 REMPI Wavelength Spectroscopy of 2,3-DCA

The spectrum of 2,3-DCA in Figure 5.6 was collected using a two lens focusing

system.

The signal intensity collected in this work for the 2,3-DCA molecule was very weak,

and barely registered any counts at all. No peak was observed close to the 0,0 transition that

Singh and Rai  defined as 33454 cm  even though a wavelength range of 285 nm (3507715 -1

cm ) to 310 nm (32248 cm ) was scanned. Goel et al.  placed that 0,0 transition at 33460-1 -1 7

cm  which agrees well with the location assigned by Singh and Rai.  Both of these works-1 15

used UV spectroscopy.

The two peaks observed in this work do not match up with any of the peaks in the

two UV works, nor can they be matched to any IR or Raman data  (not shown). The peaks8,9,12

in the previous UV studies do correspond to each other, except for the 0,0 transition (see

Table 5.6). 

5.9 Comparison of REMPI Wavelength Spectra of DCAs

REMPI spectra were collected for all six DCA isomers attempted. The REMPI

spectra of five of the six isomers resulted in distinct bands usable for identification and

monitoring. Therefore the Tembreull et al.  conclusion that it was not possible to1

2successfully ionize DCA isomers with a Cl group ortho to the NH  group using a one colour

(1+1) REMPI process is incorrect.

Figure 5.7 shows the six DCA spectra collected. This includes the spectra for the 
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Figure 5.6: REMPI wavelength spectrum of 2,3-DCA. The 0,0 π6π*
transition was either not observed or not assignable.
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This
work
(±2-5)

33781

33838

Shift
from

Singh15

0,0

+327

+384

Singh15

UV

33454

33639

33880

34055

34231

Shift
from
0,015

0

+185

+426

+601

+777

Goel7

UV
(±5)

33460

33706

34192

34681

Shift
from
0,07

0

+246

+732

+1221

Possible associated vibrations

0,07,15

C-Cl i.p. bend7

C-C-C trigonal bend7

2C-NH  stretch7

Table 5.6: Transition energies and possible associated vibrations for
the 2,3-DCA bands. (Energies are in cm .)-1
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three isomers in which the 0,0 transition was definitely observed (3,5-DCA, 2,5-DCA, and

3,4-DCA). The spectrum of 2,6-DCA shows a broad band near where the 0,0 transition is

believed to be located in the present work. The spectrum of 2,4-DCA shows quite distinct

bands but it was not possible to associate them with specific vibrations or to assign a 0,0

transition comparing the present results to previous work. The spectrum of 2,3-DCA only

showed two very very weak bands and analysis of those bands was not possible.

The 0,0 transition for the four spectra in which it was believed to be observed are

mostly well separated in energy, except that the broad band in 2,6-DCA somewhat overlaps

the 0,0 transition in the 3,5-DCA isomer. Most spectra do show sharp well-defined intense

bands within the wavelength range studied. By tuning the laser to the wavelength of one of

these sharp peaks, a specific isomer of DCA could be monitored by selectively ionizing

solely the chosen isomer amongst other isomers.

For a complete analysis, a mixture of two or more of these isomers using an effusive

source would most likely require a chemometric method to distinguish between the various

isomers but the use of a pulsed valve/supersonic jet would most likely simplify the spectra

enough to allow for easier monitoring of one specific isomer in the presence of other

isomers. This work provides the preliminary data necessary for such an analysis, by

providing detailed tables and analyses (where possible) of the REMPI spectra collected using

an effusive inlet.
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Figure 5.7: Comparison of DCA REMPI spectra. * indicates 0,0 π6π*
transition when observed.
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Chapter Six

REMPI Wavelength Studies of Dichlorophenols (DCPs)

6.1 Introduction

Six isomers of dichlorophenol 2,5-DCP; 3,4-DCP; 3,5-DCP; 2,3-DCP; 2.4-DCP; and

2,6-DCP were studied and the results are presented in this chapter.

Tembreull et al.  attempted REMPI wavelength studies of three of the DCP isomers1

3,4-DCP; 2,4-DCP; and 2,6-DCP but were able to obtain a REMPI wavelength spectrum for

the 3,4-DCP isomer only. They attribute problems with increasing IPs and poor Franck-

Condon factors as contributing to their inability to obtain REMPI spectra for DCP isomers

with a Cl group ortho to the OH group.1

In Uchimura et al.,  REMPI work was conducted on all six DCP isomers using both2

an effusive inlet system and a pulsed valve inlet system. The effusive inlet studies showed

only very weak bands (with a very low signal to noise ratio) in the spectra of the 2,3-DCP

and 2,4-DCP isomers and slightly more visible bands when these molecules were studied

using the pulsed jet inlet system. No bands were observed for the 2,6-DCP isomer in

Uchimura’s work  using either inlet system. REMPI wavelength spectra of the other three2

DCP isomers 2,5-DCP; 3,4-DCP; and 3,5-DCP were all easily obtained with both the pulsed

valve and the effusive inlet systems. The work by Uchimura et al.  only provides the2

wavelength of the longest wavelength observed and only identified the 0,0 transition for 2,5-

DCP so it is not useful in comparing 0,0 transitions for most of the DCPs in the present

work.
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Of the six DCP isomers studied in this work, REMPI wavelength spectra of the 2,5-

DCP; 3,4-DCP; and 3,5-DCP isomers were collected and analyzed. It was not possible to

observe REMPI wavelength spectra of the other three DCP isomers (2,6-DCP; 2,4-DCP; and

2,3-DCP) while monitoring the parent ion mass.

However, due to the multiplex nature of the TOF-MF, it was possible to monitor

more than one mass at a time. This led to the discovery that the 2,6-DCP; 2,4-DCP; and 2,3-

DCP isomers were being fragmented by the laser beam to produce a neutral CCl (m/e value

47) fragment which then underwent a REMPI process. Therefore, for these three isomers, the

REMPI wavelength spectra collected were not for the parent DCP ion but for the REMPI

wavelength spectrum of CCl. CCl REMPI wavelength spectra were not observed from any

of the other dichloroaromatics in this work as it was always possible to obtain REMPI

spectra by monitoring the parent ion mass so the CCl mass was not regularly monitored.

6.2 Experimental

All REMPI wavelength experiments for the dichlorophenols were run under the

following general conditions unless stated otherwise. Only parts of the spectra collected

where transitions are observed are shown in the figures. Each dichlorophenol was studied

across an energy range of 34474 cm  (290 nm) to 36025 cm  (277.5 nm). This range of-1 -1

energies required two different dye solutions. The lower energy of the range was covered by

a Rh590 and Rh610 dye mixture (567-599 nm undoubled). The higher energy range was

covered by a dye solution containing only Rh590 dye (552-584 nm undoubled). All scans

were performed with the samples at room temperature unless stated otherwise. All scans had

frequency doubled wavelength step sizes of 0.01 nm or 0.005 nm. Each data point for each
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scan was collected using 100 laser shots at a pressure of 2.3 x 10  Torr to 3.8 x 10  Torr.-5 -5

6.3 REMPI Wavelength Spectroscopy of 2,5-DCP

In Figure 6.1 the laser beam power density was lower while collecting the spectrum

in (B) than while collecting the spectrum in (A) therefore giving a cleaner yet not as rich

spectrum. Both scans were collected using a two lens focusing system and two power

attenuation filters (OD 0.1 and 0.3).

The differences in the spectra seen in (A) and (B) might be related to rotational

envelopes. As less power density was used while collecting (B) less rotational excitation may

have occurred, therefore reducing the rotational envelope, but the differences between

observed bands seems too high to be that of rotational spacing.  

2,5-DCP has been investigated by Ansari and Srivastava  using UV spectroscopy; in2

that work the transition at 35203 cm  was assigned as the 0,0 transition. This agrees well-1

with the transition observed at 35198 cm  in this work and the transition observed in-1

Uchimura et al.  at 35198.4 cm . A comparison to other transitions seen in the Ansari and2 -1

Srivastava  work is presented in  Table 6.1. Infrared data from Srivastava  is also included3 4

to provide information on  vibrations of magnitude similar to the energy spacing between the

0,0 transition and the observed band. 

The transition at 35859 cm  corresponds to that observed by Ansari and Srivastava-1 3

at 35864 cm  and is associated with a C-Cl stretch vibration in the upper electronic state. A-1

transition associated with the C-C-C i.p. benzene 606 band, as seen in some of the other

molecules studied, was observed at 35469 cm  which agrees well with that seen by Ansari-1

and Srivastava  at 35468 cm .3 -1



153

Figure 6.1: REMPI wavelength spectra of 2,5-DCP. (A) high power
density. (B) low power density. * indicates the 0,0 π6π*
transition.



154

This
work
(±1-5)

35198

35274

35408

35469

35636

35714

35730

35749

35785

35806

35859

35891

35943

35985

Shift
from
0,0

0

+76

+210

+271

+438

+516

+532

+551

+587

+608

+661

+693

+745

+787

Ansari3

UV
(±5-10)

34110

34487

34626

34837

35069

35203

35317

35468

35662

35864

36070

36233

36269

36443

Shift
from
0,02

-1093

-716

-577

-366

-134

0

+114

+265

+459

+661

+867

+1030

+1066

+1240

IR4

1088

712

582

444

582

712

1012

1088

1252

1280

Probable associated vibrations

C-H i.p. bend3,4

C-Cl stretch3,4

C-C-C i.p. bend (benzene 606)3,4

C-C-C i.p. bend (benzene 606)3

0,0

C-C-C i.p. bend (benzene 606)  3

C-C-C i.p. bend (benzene 606)  3,4

C-Cl stretch3,4

C-C-C i.p. trigonal3,4

C-H i.p. bend3,4

C-H i.p. bend3,4

C-OH stretch3,4

Table 6.1: Transition energies and probable associated vibrations for
the 2,5-DCP bands. (Energies are in cm .)-1
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6.4 REMPI Wavelength Spectroscopy of 3,4-DCP

Figure 6.2 is broken up into two sections where (A) was collected using a solution

containing a mixture of Rh590 and Rh610 laser dyes and (B) was collected using Rh590

laser dye only. The first, third and fourth scan sections (in increasing energy) in Figure 6.2

(A) used no focusing lenses while the second scan made use of the two lens focusing system.

For the two scans in Figure 6.2 (B) the laser was focused into the ionization chamber

using the two lens focusing system. The second scan (above 35700 cm ) in Figure 6.2 (B)-1

was collected when the inlet was heated to 52EC in order to achieve sufficient pressure.

3,4-DCT was studied by Tembreull et al.,  and the lowest energy transition they1

observed was at 289.93 nm (34481 cm ). This value agrees well with the band in this work-1

at 34484 cm . This will be assigned to be the 0,0 transition since unpublished results by-1

D.M. Lubman referenced in Tembreull et al.  place the 0,0 transition at approximately 290-1

291 nm. Since Tembreull et al.  did not tabulate the positions of the other transitions they1

observed, their other transition energies were estimated from the published figure. The

energies of the transitions observed in the present work are shown in Table 6.2 as well as

comparisons to the approximate transition energies from Tembreull et al.  Since all of the1

transitions observed are associated with vibrations in the excited electronic state, it was not

possible to directly compare the shifts from the 0,0 transition to previous IR work  since that5

work deals with ground state vibrations and excited state vibrations should be smaller. The

IR values and assignments from Varadarajan and Parthsarathy  are included in Table 6.2 but5

are not intended to be directly related to the bands seen in this work. They are included to

show the possible vibrations associated with the observed transitions without making exact
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Figure 6.2: REMPI wavelength spectrum of 3,4-DCP. * indicates the 0,0
π6π* transition. (A) collected using a solution of Rh590 and
Rh610 dyes. (B) collected using only Rh590 dye.
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This work
(±1-5)

34484

34607

34649

34659

34677

34700

34729

34751

34806

34829

34963

35040

35053

35488

35568

35691

35718

35740

35765

35785

35811

35831

35911

35985

Shift
from 0,0

0

+123

+165

+175

+193

+216

+245

+267

+322

+345

+479

+556

+569

+1004

+1084

+1207

+1234

+1256

+1281

+1301

+1327

+1347

+1427

+1501

Tembreull et
al.  REMPI  1 a

(±5)

34481

34607

34675

34751

34826

Shift from
0,01

0

+126

+194

+270

+345

IR5

858

943

955

970

1030

1088

1120

1176

1230

1272

1410

1415

1600

Possible associated
vibrations5

from IR data

C-C stretch or C-H o.p. bend

C-H o.p. bend

C-H o.p. bend

C-C i.p. bend

C-H i.p. bend

C-H i.p. bend

C-H i.p. bend

O-H bend

C-OH stretch

C-C stretch

C-C stretch

C-C stretch

C-C stretch

Table 6.2: Transition energies and possible associated vibrations for the
3,4-DCP bands. This data was estimated from the publisheda

figure. (Energies are in cm .)-1
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assignments.

6.5 REMPI Wavelength Spectroscopy of 3,5-DCP

Figure 6.3 contains two scans showing the spectrum over the same wavelength range

under different laser focusing conditions where (A) was collected using a more tightly

focused laser, and therefore a higher laser power density, than that used when (B) was

collected. Under the high laser power density conditions in (A) there is much more rotational

structure in the spectrum.

In this work, the 0,0 transition was searched for but not observed for the 3,5-DCP

molecule between 34474 cm  (290 nm) to 36025 cm  (277.5 nm). Table 6.3 lists the-1 -1

energies of the transitions that were observed as well as the data from a previous UV and IR

study of 3,5-DCP by Sanyal and Pandey  who locate the 0,0 transition at 35437 cm .6 -1

The two main bands observed in this work at 35818 cm  and 35935 cm  correspond-1 -1

to bands observed in the work by Sanyal and Pandey  and are associated with vibrations in6

2gthe excited state, the e  606 components of benzene, the in-plane C-C-C bend which splits

upon substitution of the benzene ring.

6.6 The Fragmentation of Dichlorophenols to Form CCl

6.6.1 Introduction

Figure 6.4 shows the REMPI wavelength spectra for (A) 2,6-DCP; (B) 2,4-DCP; and

(C) 2,3-DCP when m/e channel 47 was monitored. These spectra are all very similar,

indicating that the three isomers all photodissociate to form the same neutral CCl fragment

(see below for details).

Figure 6.4 (D) shows the REMPI wavelength spectrum produced from laser 
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Figure 6.3: REMPI wavelength spectra of 3,5-DCP. No 0,0 π6π*
transition observed. (A) high laser power density. (B) low
laser power density.
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This
work

35773

35818

35879

35935

Shift
from

Sanyal6

0,0

+336

+381

+442

+498

Sanyal6

 UV

35437

35462

35485

35503

35544

35589

35616

35635

35687

35709

35740

35763

35815

35834

35859

35924

Shift
from
0,06

0

+25

+48

+66

+107

+152

+179

+198

+250

+272

+303

+326

+378

+397

+422

+487

Close IR6

410

550

Possible associated vibrations6

2gC-C-C i.p. bend e  606 

2gC-C-C i.p. bend e  606 

Table 6.3: Transition energies and possible associated vibrations for
the 3,5-DCP bands. (Energies are in cm .)-1
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photodissociation of trichloroacetyl chloride (t-CAC) which also fragments to produce the

neutral CCl fragment.

CCl has been previously studied by emission spectroscopy many times in the

past  and sufficient data is available to unambiguously identify the molecule observed7,8,9,10,11

in this work as CCl. CCl has also been studied previously by absorption spectroscopy  and12

multiphoton ionization  but these studies were not in the same energy range as this work.13,14

6.6.2 Experimental

The REMPI wavelength spectra in this section were collected at sample pressures

from 2.6 x 10  Torr to 7.8 x 10  Torr. Two filters (OD 0.1 and 0.3) were used to attenuate-5 -5

the beam which was then tightly focused using one lens and data were collected for 100 laser

shots for each 0.01 frequency doubled step using Rh590 dye unless otherwise stated. The 2,3-

DCP isomer (Figure 6.4 (C)) spectrum was collected using a 0.0025 nm frequency doubled

step size. The REMPI spectra in Figure 6.5 were collected at a frequency doubled step size

of 0.001 nm using a single lens to focus the beam. 

6.6.3 Results and Discussion

When the four spectra in Figure 6.4 are compared, they show very similar structures,

but they are not exactly the same. Each scan shows the spectrum collected by monitoring the

m/e 47 signal believed to arise from CCl.  The source of CCl in each case is different and the

method of CCl formation may differ depending upon the starting material. In the previous

4emission work  the CCl was formed in a high frequency discharge of CCl  which leads to7,8,9

a direct formation of CCl. In the case of the t-CAC the laser beam interacting with the

molecule should also allow for the direct fragmentation of the parent molecule to form 



162

Figure 6.4: CCl REMPI wavelength spectra from the photodissociation
of (A) 2,6-DCP; (B) 2,4-DCP; (C) 2,3-DCP; and (D) t-CAC.
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neutral CCl which can then be ionized. 

In the situations where CCl was formed from the DCP isomers, it is less

straightforward to determine exactly how the CCl free radical was formed. It is possible that

the CCl was formed directly from the fragmentation of the DCP isomers. However, this

might be difficult. In most cases the C-Cl bond of a dichloroaromatic is the weakest and first

to be broken as was seen in the mass spectrum of 2,6-DCT (see Chapter 4) where the parent

7 6 2 7 6ion (C H Cl ) and an ion of m/e 125 (C H Cl ) were both seen even at low power density35 + 35 +

conditions. It is therefore unlikely to somehow keep this weak C-Cl bond intact and still

liberate CCl by breaking two of the C-C ring bonds. Some other method of generating the

CCl might therefore be in effect when dealing with the DCP isomers.

Since Cl atoms are released in breaking the C-Cl bond and C atoms are available (as

was seen in Chapter 3 when excited C atoms were produced through the photofragmentation

of residual dichloroaromatics in the vacuum system), it is possible that some type of

recombination of these fragments produces the CCl free radicals. However, the exact

mechanism of this type of combination is unknown.

A different type of recombination provides a third option based upon theoretical

studies of small interstellar molecules.  Through a process called dissociative15,16,17,18

recombination, (HCCl)  combines with a free electron to form CCl and a free hydrogen+

atom.  While (HCCl)  cannot be formed directly from the photofragmentation of a DCP15,16 +

isomer, it could itself be a recombination of elements/fragments which could be generated

directly in the fragmentation of a DCP isomer.

While it is unknown exactly which mechanism is responsible for the formation of
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CCl from the DCP isomers, it does seem that the mechanism might be different then when

CCl is formed from t-CAC. This would result in the differences in the band envelopes seen

in the spectra in Figure 6.4. The three spectra from a DCP isomer precursor have greater

similarity to each other than to the spectrum from the t-CAC precursor, especially in the

region of the highest energy band. Other differences in the spectra observed are caused by

the CCl being formed in different vibrationally and rotationally excited states. This would

effect the relative intensities and distributions of the spectral bands observed by REMPI.

Figure 6.5 and Table 6.4 show high resolution REMPI wavelength spectra of CCl

(from t-CAC and 2,3-DCP) and compares the observed transitions to previous emission

spectra of CCl  showing that the observed CCl spectra agree well with the previous work.7,8,9

A root mean square (RMS) analysis comparing the peak positions from the spectrum from

t-CAC to the peak positions from the spectrum from 2,3-DCP gives a value of 0.21 cm-1

which is within the peak uncertainties. A similar comparison between the peaks from the 2,3-

DCP and the work of O’Brien et al.  gives a value of 0.16 cm . Since both these RMS values7 -1

fall within the quoted experimental uncertainties (±0.3 cm  ) this demonstrates that the-1

spectra are (within uncertainty) the same.  

1/2The four spectra in Figure 6.4 each shows four specific bands that are the Π 6 ∆2 2

3/2and Π 6 ∆ electronic transitions.  The bands in increasing energy order show rotational2 2 7,8,9

2 2 2 2 1structure associated with P (1-1); a combination of P (0-0), Q (0-0), R (0-0);  Q (1-1); and

1 1 1a combination of P (0-0), Q (0-0), R (0-0) respectively.7,8,9

While no other studies have show this type of fragmentation of  DCP isomers, there

is some correspondence with other work. In Tembreull et al.  the 2,6-DCP and 2,4-DCP 1
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Figure 6.5: Details of the CCl REMPI wavelength spectra for the higher
energy band from the photodissociation of (A) t-CAC; (B) t-
CAC top and 2,3-DCP bottom; and (C) 2,3-DCP.
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t-CAC
(±0.3)

35994.0

35996.1

35998.2

36000.3

36002.7

36005.1

36006.9

36009.2

36011.3

2,3-DCP
(±0.3)

35993.7

35996.0

35998.0

36000.3

36002.4

36004.7

36006.8

36009.2

36011.4

36013.4

36015.8

36018.0

36020.0

36022.5

O’Brien et
al.7

35997.681

36000.123

36002.445

36004.681

36006.935

36009.284

Verma and
Mulliken8

36002.48

36004.74

36007.03

36009.32

36011.74

36013.05

36015.60

36018.23

36019.59

36022.40

Gordon and
King9

36000.10

36002.43

36004.71

36007.01

36009.30

36011.68

36012.80

36015.48

36017.99

36019.47

36022.23

Assignment

1R (J)

0.57

2.57,9

4.57,8,9

6.57,8,9

8.57,8,9

10.57,8,9

12.58,9

13.58,9

15.58,9

17.58,9

18.58,9

20.58,9

Table 6.4: Observed rotational fine structure and assignments from the
CCl REMPI band around 36000 cm  for t-CAC and 2,3-DCP.-1

(Energies in cm .)-1
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isomers were attempted, but no REMPI wavelength spectra were obtained. Under the

operating conditions used in that work, only the parent ions were monitored in the mass

spectrum. It is very probable that no REMPI wavelength spectra were obtained in that work

for the 2,6-DCP and 2,4-DCP isomers because they photodissociated to form CCl. Since

there was no monitoring of other ions in Tembreull et al.,  they were unable to recognize this1

photodissociation.

Uchimura et al.  observed nothing in their study of the 2,6-DCP isomer but they only2

monitored the parent ions and they also did not recognize the possible formation of the CCl

fragment upon photodissociation of the DCP isomer.

A multiplex detector such as a  TOF-MF can be used to collect data for many masses

for each laser pulse. The usefulness of this type of detector is demonstrated in the case of

these CCl fragments from which REMPI spectra were obtained. However, it is only useful

if used. When only a parent ion is monitored then the multiplex nature of the TOF mass filter

is not necessary. In this work, as in the studies by Tembreull et al.  and  Uchimura et al.,1 2

most of the REMPI spectra were collected by monitoring the parent ion and a few mass

channels to either side of the parent ion mass. In the present work it was only when no

REMPI spectra could be obtained for these three DCP isomers, while monitoring the parent

ion mass, that other masses were studied in greater detail.

6.7 Comparison of REMPI Wavelength Spectra of DCPs

Figure 6.6 shows the REMPI wavelength spectra of those three dichlorophenols

which exhibited spectra. In each case the parent ion mass channel was monitored. (A) shows

the REMPI spectrum of 3,5-DCP in which the 0,0 transition was not observed, but two well
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defined sharp bands were seen; (B) shows the REMPI spectrum of 2,5-DCP including the

0,0 transition and other sharp bands; and (C) shows the REMPI spectrum of 3,4-DCP

including the 0,0 transition. The bands in the 3,4-DCP isomer spectrum are not as well

defined as the bands in the 2,5-DCP isomer and 3,5-DCP isomer spectra because for the 3,5-

DCP and 2,5-DCP isomers, the spectra shown in Figure 6.5 are those collected using a

gentler ionization, achieved by a lower laser beam power density. This provides cleaner

spectra. As can be seen in Figure 6.5, each of the spectra shows bands that can be used to

identify the molecules. Each spectrum also shows bands that could be used to monitor one

of the isomers alone in the presence of other isomers. This ability to selectively monitor

(selectively ionize) one isomer in the presence of other isomers, without pre-separation,

demonstrates the selectivity of the REMPI process.  
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Figure 6.6: Comparison of REMPI spectra of the dichlorophenols.
* indicates the 0,0 π6π* transition.
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Chapter Seven

A Study of Substituent Effects in Substituted Benzenes

7.1 Introduction and Background

If we could predict by how much the 0,0 π-π* transition energy changes (shifts) from

the 0,0 π-π* transition energy of unsubstituted benzene, a shift caused by non-hydrogen

substituents on the benzene ring, then we could make predictions concerning the substituted

molecule. With this shift information, we could predict whether a molecule might be

observable in a (1+1) REMPI study. We could also predict where the 0,0 π-π* transition

might be observed. 

Various groups of researchers have studied how benzene energy levels change when

different substituents replace the hydrogen atoms on the ring.  These studies1,2,3,4,5,6,7,8,9

concentrate on the electron withdrawing or donating properties of the substituents  and1,3,4,5,6,7,9

the location of the substituents on the ring and how they interact with one another.1,2,3,4,5,6,7,8,9

Some of these studies such as Tembreull et al.  and Mehrotra  deal directly with1 2

dichloroaromatics but in each case use a much smaller data set.

Brownlee and Topsom  believe that there is no direct numerical correlation between7

substituents and spectroscopic changes based upon their calculations using wavelength shifts

and substituent electronic properties, but that a qualitative analysis is possible due to general

trends. They comment on the previous work done and comment on what they believe the

limitations of this work to be. This includes the use of 0,0 transitions that are imprecise, and

the limited data sets that are used in some cases.7
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The terms ortho, meta, and para can be used to define some substituent positions

relative to the position of another substituent. Ortho means the two substituents are on carbon

atoms which are directly adjacent to each other on the benzene ring (for example, positions

1 and 2 on the benzene ring). Meta substituents have one carbon atom, in the benzene ring,

between the two carbons with the substituents of interest (for example, positions 1 and 3 on

the benzene ring). Para substituents have two carbons, in the benzene ring, between the

carbons with the substituents of interest (for example, positions 1 and 4 on the benzene ring).

Tembreull et al.  were able to successfully study various substituted benzenes1

including four dichlorotoluenes (2,4-DCT; 2,5-DCT; 3,4-DCA; and 2,6-DCA), but they

encountered some difficulties in their REMPI studies of dichloroanilines and

dichlorophenols. They were able to observe (1+1) REMPI of only the 3,4-DCA and the 3,4-

DCP isomers. Due to their failure to observe (1+1) REMPI of any other DCA isomers or any

other DCP isomers (they attempted 2,4-DCA; 2,6-DCA; 2,4-DCP; and 2,6-DCP, but were

unable to obtain REMPI spectra for these molecules) in which there was a chloro group ortho

2to the NH  or OH group, they seemed to associate more significance than was perhaps

deserved for steric or coulombic interactions between the ortho substituents. Tembreull et

al.  concluded that the IP of the ortho-substituted anilines and phenols had risen too high, and1

a change in the Franck-Condon probability had decreased the likelihood of a (1+1) REMPI

process.  This change in the Franck-Condon probability they attributed to steric and1

coulombic interactions in ortho-substituted compounds,  and to a change in steric and1

coulombic interactions upon ionization.

Tembreull et al.  state that the 0,0 π6π* transitions of the dichloroaniline isomers are1
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shifted to lower energy than the 0,0 π6π* transition of unsubstituted benzene. They also state

that the IPs of the dichloroaniline isomers are higher than the IP of unsubstituted benzene.

Therefore, photons of much higher energy than the 0,0 transition energy are required to

perform a (1+1) ionization process  so that photons which might cause a 0,0 excitation would1

not have enough energy to ionize from the excited state. They then state that the further a

band is away from the 0,0 transition energy in a REMPI spectrum, the lower the band

intensity, due to a decrease in the Franck-Condon factor.  This is because a higher energy1

band, far from the 0,0 transition energy, originates from a transition from a low vO in the

ground state to a high vN in the excited state,  and the probability of such a transition1

decreases as the energy difference between these states increases. A supersonic jet cooling

a sample can make it difficult to observe this type of transition because, when a supersonic

jet is used as an inlet system, the transitions observed mostly originate at vO=0.  Therefore,1

transitions from vibrationally excited ground state energies (“hot bands”) are not observed.1

Since Tembreull et al.  did not attempt REMPI studies of all of the isomers of DCT,1

DCA and DCP;  their data is necessarily incomplete. They also did not use, in their

discussion on substituent effects, the known 0,0 transition energies for isomers they did not

study or for isomers in which they did not observe the 0,0 transition. In their work, they were

working with a pulsed valve supersonic jet system which may also have caused some

changes to the observable spectra of these molecules. They do comment on a lack of an

available library of REMPI data as a hindrance to REMPI studies and this also could

contribute to their misinterpretation of the factors effecting the shifts in the 0,0 π6π*

transition energies upon changing substituent patterns.
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Uchimura et al.  were able to observe five of the six DCP isomers. They recorded10

(1+1) REMPI spectra for 2,3-DCP; 2,4-DCP; 2,5-DCP; 3,4-DCP; and 3,5-DCP, using a

supersonic jet inlet system. 2,5-DCP; 3,4-DCP; and 3,5-DCP also showed observable bands

using an effusive inlet system. They were unable to obtain any peaks in their study of 2,6-

DCP.

In the present work, (1+1) REMPI spectra, but not necessarily including the 0,0

transitions, were observed for five DCT isomers (2,4-DCT; 2,5-DCT; 3,4-DCT; 2,6-DCT;

and 2,3-DCT in Chapter 4), all six DCA isomers (2,5-DCA; 3,4-DCA; 3,5-DCA; 2,6-DCA;

2,4-DCA; and 2,3-DCA in Chapter 5), and three of the DCP isomers (2,5-DCP; 3,4-DCP;

and 3,5-DCP in Chapter 6). See Table 7.1 for a summary of this work. When the 0,0 π-π*

transition was not observed in this work, it was obtained from another source if possible

(transition energies on Tables 7.2, 7.3 and 7.5 with reference numbers are from sources other

than the present work).

In Table 7.1, it can be seen that for some compounds that were attempted by

Tembreull et al.,  but where no REMPI spectra were observed, REMPI spectra were1

successfully collected  in this work. This indicates that the conclusion of Tembreull et al.,1

that these compounds were not ionizable by a (1 + 1) REMPI, is incorrect. It may be that the

bands observed in the present work were cooled out in that work  due to their use of a1

supersonic value. Or, perhaps, there was fragmentation of the molecules studied, and

therefore no parent ions were available to be monitored, as was the case for some of the

phenols studied in this work (see Chapter 6).

The following discussion will  use the REMPI data collected in this work, plus data
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Compound

2,3-DCT

2,4-DCT

2,5-DCT

2,6-DCT

3,4-DCT

3,5-DCT

2,3-DCA

2,4-DCA

2,5-DCA

2,6-DCA

3,4-DCA

3,5-DCA

2,3-DCP

2,4-DCP

2,5-DCP

2,6-DCP

3,4-DCP

3,5-DCP

(1 + 1) REMPI spectrum

observed in this work

yes

yes

yes

yes

yes

no**

very weak

yes

yes

yes

yes

yes

no***

no***

yes

 no***

yes

yes

0,0 π-π* transition

observed in this

work

outside wavelength

yes

yes

outside wavelength

yes

no

no

no

yes

maybe

yes

yes

no

no

yes

no

yes

no

Previously studied by REMPI

no

yes1

yes1,11,12,13

yes1,11

yes1,11

no

no

yes but no spectrum observed1

no

yes but no spectrum observed1

yes1

no

yes10

yes  /  no spectrum observed10 1

yes10

yes but no spectrum

observed1,10

yes10

yes10

Table 7.1: A list of compounds studied. ** means the compound was unavailable.
*** means the compound fragmented and a (1+1) REMPI spectrum of
the parent molecule was not observed.
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from other sources, to detail how the 0,0 π-π* transition energy changes from that in benzene,

when substituents other than hydrogen are located on the ring. Differences between 0,0

transition energies (such as the difference between the 0,0 transition energies of benzene and

toluene) were used in the analysis of the shifts in 0,0 transition energies due to substituent

effects using a building up method where each new substituent was added to an existing

3molecule (such as the CH  group being added to benzene to form toluene). This discussion

will help to predict whether a one-colour (1+1) REMPI process of substituted benzenes is

feasible, and help to predict the 0,0 π-π* transition energies of substituted benzenes.

7.2 Monosubstituted Benzenes

When dealing with a single substituent, the relative magnitude of the shift in 0,0

transition energy, from the 0,0 transition energy of unsubstituted benzene, can be based upon

the overall electron donating or electron withdrawing effect of the substituent. This overall

effect is based upon both the polarity of the ring-substituent bond (inductive) and the

resonance interaction between the ring and the substituent (migration/mesomeric).   14

The position of the substituent is irrelevant in a mono-substituted benzene, in that all

positions are equal. The configuration of the substituents on the ring becomes more

important, and it becomes more difficult to determine the relative 0,0 transition energy, as

more substituents are added to the ring.

0The extent of the effect of the substituent on both the ground state (S ) and the

1excited state (S ) must be considered when comparing the 0,0 transition energy of the

substituted benzene to the 0,0 transition energy of  unsubstituted benzene. When predicting

the possibility of (1+1) REMPI, both the ionization potential (IP) and how it changes upon
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substitution also need to be considered. Therefore, the changes to all three of these factors

0 1(S , S , and IP) must be considered in order to predict the likelihood of (1+1) REMPI. The

lack of high precision ionization potentials for most large molecules makes it difficult to

precisely determine the changes in IP due to different substituents.  However, as long as the1

IP does not exceed twice the 0,0 π-π* transition energy, then a one-colour (1+1) REMPI

process should be able to equal or exceed the ionization potential and ionize the molecule.1

Table 7.2 shows the energy values for the 0,0 π-π* transitions, and shifts from the 0,0

π-π* transition energy of benzene, and for mono-substituted benzenes involving the

3 2substituents CH , Cl, OH and NH . As can be seen in the table, benzene itself has the highest

energy followed by toluene, chlorobenzene, phenol, and aniline. The 0,0 transition energies,

when dealing with a single substituent, decrease as the electron donating ability of  the

substituent increases. As more substituents are involved, the electron donating abilities may

change. Overall, as the substituent donates electrons into the benzene ring more strongly, the

0 1energy to excite an electron to the first excited state (S  6 S , 0,0 π-π*) decreases.  The1,7,9

increased electron density in the ring from the substituent makes the π-π* transition (a

removal of electron density from the ring) easier.1

The Hammett constant (σ) for a molecule provides a measure of the electron donating

or withdrawing strength of a substituent group. This donating or withdrawing strength is

related to the group’s ability to stabilize or destabilize a carbonium ion.  The Hammett1

para 3 para para 2constant values  are σ  (-CH ) = -0.170, σ   (-OH) = -0.37, σ  (NH ) = -0.66.  As this18 18

stabilization increases in magnitude, there is a decrease in the energy of the 0,0 π-π*

transition. The negative values indicate an electron donating substituent. This shows the 
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benzene
0,0 transition

3808914

toluene
0,0 transition

37478.515

chloro-benzene
0,0 transition

3705214

phenol
0,0 transition

36348.616

aniline
0,0 transition

34032.117

shift from benzene
0,0 transition

-610

-1037

-1740.4

-4056.9

Table 7.2: Energy values of the 0,0 transitions and wavenumber shifts
from the 0,0 transition of benzene for mono-substituted

3 2benzenes involving CH , Cl, OH and NH  substituents.
(Energies in cm .)-1
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proper order for toluene, phenol, and aniline, where the 0,0 π-π* transition energies decrease

from toluene to phenol to aniline. The chloro presents some problems, as it has a positive

paravalue for the σ  (-Cl) of 0.227,  but under different circumstances can act as either an18

electron donating or an electron withdrawing group. Cl attached to a ring has an induced

dipole in the direction of the ring because Cl has a lone pair of electrons which it can donate

to resonance with the ring and this can offset the dipole moment directed towards the Cl and

allow the Cl to act as an electron donating group . In a mono-chloro substituted benzene, the1 

chloro group acts as an electron donating group; the Cl reduces the 0,0 π-π* transition energy

more than does the weakly electron donating methyl group of toluene but not as much as the

2highly electron donating groups OH and NH .

The methyl group of toluene is a weakly electron donating substituent due to the

3inductive effect of the ring-CH  bond. This causes a shift of -610 cm  from the benzene 0,0-1

π-π* transition.

In monochlorobenzene, the Cl atom acts as an inductive electron withdrawing group

with regards to the σ electrons of the benzene ring. These shifted electrons then shield the

π electrons of the Cl group and allow them to act in a mesomeric electron donating fashion .1,4

The lone pair electrons of the Cl are able to participate in the ring resonance and lower the

0,0 π-π* transition energy. This causes a shift of -1037 cm  from the benzene 0,0 π-π*-1

transition.

The OH group of phenol acts as a strong electron donating group overall. This is

composed of an inductive effect towards the OH group and a stronger mesomeric effect

towards the ring . This causes a shift of -1740.4 cm  from the benzene 0,0 π-π* transition.4 -1
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2The NH  group of aniline acts as a even stronger electron donating group than the OH

2group of phenol. The inductive effect of the NH  group is less then that of the OH group in

phenol, giving the mesomeric effect  more weight in the overall electron donating strength4

of the group. This causes a shift of -4056.9 cm  from the benzene 0,0 π-π* transition.-1

7.3 Disubstituted Benzenes

When dealing with disubstituted benzenes in which one substituent is a chloro group,

it becomes more difficult to discuss 0,0 π-π* transition energies, because now the positions

of the substituents have an effect on the energy difference between the 0,0 π-π* transition

energy of the substituted benzene and the 0,0 π-π* transition energy of unsubstituted

benzene. The energy levels and associated shifts for selected disubstituted benzenes can be

seen in Table 7.3 and Table 7.4 respectively.

To explain the shifts in energy levels when multiple substituents are involved, one

must include not only the electron donating or withdrawing character of the substituents but

also the configuration of the substituents. The strongest electron donating or withdrawing

group will have the strongest effect. The other substituents will have a lesser effect, the

strength of which will depend on their location in relation to the stronger group.  Groups4

oriented para to each other have the greatest net effect and can re-enforce each other through

extended resonances.  Groups meta to each other show very little interaction between the7,8

groups. Ortho groups have some resonance enhancement of electron donation, but steric and

coulombic effects may change how strongly a group interacts with the ring.1,5

Similar to the situation with the mono-substituted benzenes, where the order of 

decreasing 0,0 transition energy is toluene > chlorobenzene > phenol > aniline, the order of
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Chlorotoluenes
ortho-chlorotoluene (o-CT)

0,0 transition

3687320

Dichlorobenzenes
ortho-dichlorobenzene
(o-DCB) 0,0 transition

362326

Chlorophenols
ortho-chlorophenol (o-CP)

0,0 transition

3589210

Chloroanilines**

meta-chloroaniline (m-CA)
0,0 transition

3366123

meta-chlorotoluene (m-CT)
0,0 transition

366021

meta-dichlorobenzene
(m-DCB) 0,0 transition

361751

 
meta-chlorophenol (m-CP)

0,0 transition

3576121

ortho-chloroaniline (o-CA)
0,0 transition

3365023

para-chlorotoluene (p-CT)
0,0 transition

362831

para-dichlorobenzene
(p-DCB) 0,0 transition

357506

para-chlorophenol (p-CP)
0,0 transition

3482222

para-chloroaniline (p-CA)
0,0 transition

3257823

Table 7.3: The 0,0 π-π* transition energies of disubstituted benzenes

3 2involving CH , Cl, OH and NH  substituents. watch**

carefully as the o-, m-, p- order changes for the
chloroanilines. (Energies in cm .)-1
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Chlorotoluenes
o-CT 

shift from chloro-benzene
0,0 transition

-179

Dichlorobenzenes
o-DCB

shift from chloro-benzene
0,0 transition

-820 

Chlorophenols
o-CP

shift from phenol
0,0 transition

-457

Chloroanilines
m-CA

shift from aniline
0,0 transition

-371

m-CT
shift from chloro-benzene

0,0 transition

-450

m-DCB
shift from chloro-benzene

0,0 transition

 -877

m-CP
shift from phenol

0,0 transition

-588

o-CA
shift from aniline

0,0 transition

-382

p-CT
shift from chloro-benzene

0,0 transition

-769

p-DCB
shift from chloro-benzene

0,0 transition

 -1302

p-CP
shift from phenol

0,0 transition

 -1527

p-CA
shift from aniline

0,0 transition

-1454

Table 7.4: Shift in 0,0 π-π* transition energies of selected disubstituted
benzenes from the lowest energy monosubstituted precursor
from Table 7.1. (Energies in cm .)-1
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decreasing 0,0 transition energy for the disubstituted benzenes shown in Table 7.3 is

generally chlorotoluenes > dichlorobenzenes > chlorophenols > chloroanilines. All of these

disubstituted benzenes are further red shifted due to the electron donating effect of the added

chloro group. This added chloro substituent acts in an electron donating fashion so that the

0,0 transition energy is lower than the transition energy of the molecule without the added

Cl substituent. Within each chemical family, the exact position of the substituents will cause

different energy shifts from the chlorobenzene, phenol, or aniline base structure.

Chlorobenzene is used as the base structure for both the chlorotoluenes and dichlorobenzenes

because the chloro group is the stronger electron donating group.

For chlorotoluenes, dichlorobenzenes, and chlorophenols, the order of decreasing

transition energy is ortho > meta > para (see Table 7.3). The electron donating effect of the

second substituent (the Cl), is similar when the two groups are ortho or meta to each other.

3The steric effect of the Cl in the position ortho to the CH , Cl, or OH group can force the

substituents out of the best orientation for maximum electron donation, and therefore the

shift the 0,0 transition energy of molecules with an ortho configuration will not be to as low

a value as expected. 

The meta-chlorotoluene, meta-dichlorobenzene and meta-chlorophenol can be

considered benchmarks for comparisons because they should be unaffected by either an

extended resonance (where both substituents can form resonance with the ring as with para

or ortho substituents) effect or by a steric/coulombic (as in ortho) effect, as meta substituents

have neither. The meta substituted compounds should be affected only by electron donating

effects due to the addition of an electron donating group. The meta isomers have transition
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energies between that of the ortho and para isomers.

The para substituted species can be stabilised by resonance mesomeric effects (so

therefore they can donate electron density to the ring more efficiently) and have no

possibility of steric/coulombic destabilisation. The para isomers therefore have the lowest

0,0 transition energies due to the highest possible electron donation strength.

In the chlorotoluenes, the 0,0 transition energy of the ortho isomer has a shift of -179

cm  from 0,0 transition energy of chlorobenzene; this small shift arises from the slight-1

3electron donating ability of the added CH  group but steric/coulombic effects cause it to be

less then the shift of -450 cm  for the meta isomer. The para isomer has the greatest shift in-1

0,0 transition energy from the 0,0 transition energy of chlorobenzene (-769 cm ). This shows-1

3the greatest effect of the addition of the CH  group when it is in the para position. This shift

3in 0,0 transition energy is in fact even greater than when the CH  group is added to benzene

to form toluene causing a shift in transition energy of only -610 cm .-1

Any discussion of a shift refers to the difference in the 0,0 transition energies of two

different molecules. For example, the ortho-dichlorobenzene isomer has a shift of -820 cm-1

from chlorobenzene. This means the the 0,0 transition energy of the ortho-dichlorobenzene

isomer is -820 cm  from the 0,0 transition energy of chlorobenzene. Steric/coulombic effects-1

cause this to be less than the shift for the meta-dichlorobenzene isomer (-877 cm  from-1

chlorobenzene). The para isomer shows the greatest shift (-1302 cm  from chlorobenzene),-1

which is greater than the shift from benzene to chlorobenzene (-1037 cm ). The para-1

configuration increases the electron donating effect of the Cl and causes a greater than

expected energy shift from the molecule without the added Cl group. All of the shifts in the
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dichlorobenzenes (compared to chlorobenzene), upon the addition of the second Cl

substituent, are greater than the shifts observed for the chlorotoluenes (compared to

3chlorobenzene). This demonstrates that the Cl group is more electron donating than the CH

group in all configurations. 

The chlorophenols show the same trend as the dichlorobenzenes and chlorotoluenes.

The ortho-chlorophenol isomer has a shift of 0,0 transition energy of -457 cm  from  the 0,0-1

transition energy of phenol. The shift in transition energy between ortho-chlorophenol and

phenol is less than that between the meta isomer and phenol (-588 cm ) because of-1

steric/coulombic effects in the ortho isomer. The para isomer shows the greatest net effect

with a shift of -1527 cm  from phenol. In the case of the ortho and meta isomers, the shifts-1

in 0,0 transition energies for the chlorophenols from the phenols (o-cp shift -457 cm , m-cp-1

shift -588 cm ) are now less than the ortho (shift -820 cm ) and meta (shift -877 cm )-1 -1 -1

dichlorobenzene isomers from chlorobenzene. As the electron donating character of the

major group (most electron donating group) increases, from that of the Cl group in the

chlorobenzene isomers to the OH group in the phenol isomers, it causes a reduction in the

electron donating ability of the newly added Cl group. Therefore, upon addition of the new

Cl group, a smaller shift in 0,0 transition energy occurs, when the major group is a stronger

electron donating group.

The chloroanilines show an overall decrease in 0,0 transition energies as compared

to aniline, due to the chloro group substitution, but the shifts are less then those seen for the

2chlorophenols. This is because NH  is a stronger electron donating group which reduces the

Cl group’s ability to donate electrons.
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For the chloro-substituted anilines, the order of transition energies changes. It

becomes  meta > ortho > para (see Table 7.3) with the meta and ortho isomer having very

similar transition energies. The meta isomer shows a shift in transition energy of -371 cm-1

from aniline. The ortho isomer has a shift in 0,0 transition energy of -382 cm  from aniline.-1

The similarity of these two energy shifts indicates that either the steric/coulombic effect of

the ortho isomer is now lessened, or that the beneficial ortho resonance effect has become

stronger. The para isomer still has the greatest net effect showing a 0,0 transition energy shift

of -1454 cm .-1

The sequence change between the chloroanilines and the other three families may be

2due to the strength of the electron donating effect of the NH  group. It might be expected that

2other substituents with electron donating strength equal to or higher than NH  might show

a trend similar to that seen in the chloroanilines. However, this is only supposition, and holds

2true only if the size of the group is similar to, or smaller than the NH  group so that there

would be no change in the steric/coulombic effects due to a different sized substituent.

7.4 The 0,0 π-π* Transition Energies of Dichlorotoluenes

Table 7.5 and Figure 7.1 show the 0,0 π-π* transition energies of all the

dichlorotoluenes, dichlorophenols, and dichloroanilines for which data was available. Figure

7.1 shows that the 0,0 transitions within each of the families (toluenes, phenols and anilines)

are grouped closely together, but that the three families are spread out from each other due

3 2to the nature of the CH , OH, or NH   substituent.

For trisubstituted benzenes of the types studied in Chapters 4 (dichlorotoluenes), 5

(dichloroanilines), and 6 (dichlorophenols), the main factors to be considered in the shift of
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2,3-DCT UV

3660324

2,3-DCP R2P1

35398 L.O.
energy10

2,3-DCA UV

3346028

2,6-DCT R2PI

365111

2,6-DCP

no data

2,6-DCA

33434

3,5-DCT UV

3629225

3,5-DCP UV

3543726

3,5-DCA

33393

2,4-DCT

35808

2,5-DCP

35198

2,5-DCA

33113

2,5-DCT

35764

3,4-DCP

34484

3,4-DCA

32325

3,4-DCT

35650

2,4-DCP UV

3438327

2,4-DCA UV

32196  or29

3222930

Table 7.5: Showing 0,0 π-π* transition energies of the dichlorotoluenes,
dichlorophenols, and dichloroanilines arranged for each
family in decreasing order. UV indicates that the value is
from ultraviolet data. R2PI indicates that the value is from
REMPI data other then this work. “No data” means no data
could be found for the compound. L.O. energy is the lowest
observed transition energy but it is not known if this is the 0,0
transition energy. (Energies in cm .)-1
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Figure 7.1: Showing 0,0 π-π* transition energies of dichlorotoluenes,
dichlorophenols, and dichloroanilines. Data from the present
work and other studies. (See Table 7.5 for references). 
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the 0,0 π-π* transition energy from that of unsubstituted benzene are steric/coulombic effects

versus electron donating effects. Especially important is how the electron donating effects

are enhanced by the configuration. Para configurations cause a sizable enhancement in

electron donating strength. Ortho and meta configurations have a lesser effect.

For disubstituted benzenes, the electron donating strength is enhanced most by a para

configuration of the substituents. The electron donating strength then decreases for a  meta

configuration of substituents, and the electron donating strength decreases even more for the

ortho configuration of substituents. Substituents having an ortho configuration may also have

steric/coulombic problems. When the electron donating ability of the major group is high

2enough (as with the NH  group), then an ortho configuration of substituents has a higher

electron donating strength than a meta configuration of substituents.

For dichlorotoluenes, the order of decreasing energy for the 0,0 transition is 2,3 > 2,6

> 3,5 > 2,4 > 2,5 > 3,4 as shown in Table 7.5. Mehrotra  and Tembreull et al.  did not include2 1

the 3,5 isomer in their discussions, so they could not perform a complete analysis. They came

to the conclusion that dichlorotoluenes, with a chloro group ortho to the methyl group, have

higher energy 0,0 π-π* transitions than dichlorotoluenes that do not have a chloro group

ortho to the methyl group due to coulombic and steric effects between  the ortho chloro and

the methyl group. The sequence of decreasing 0,0 transition energies, when the additional

information is used, shows that the conclusions of Mehrotra  and Tembreull et al.  are not2 1

universally true. While it is true that steric effects, with ortho chloro groups, result in higher

energy 0,0 transitions than some of the members of the family with no ortho chloro groups,

this is not true in all cases.
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The 3,5 isomer of any of these families of compounds can be used as a reference

point, for that family, as it should show no steric/coulombic effects and no ortho/para

enhancements of electron donating ability due to resonance. In the case of all three families

of compounds, dichlorotoluenes, dichlorophenols, and dichloroanilines, the 3,5 isomer is in

the middle of the sequence of decreasing 0,0 transition energies.

For the dichlorotoluenes the 2,3 and 2,6 isomers have a higher 0,0 transition energy

than that of the 3,5 isomer. This is presumably due to the high level of steric/coulombic

effects which reduce the ability of the substituents to most effectively donate their electrons

to the ring.

The highest transition energy is found in the 2,3 isomer, where the two chloro

substituents are on adjacent carbons on the ring. This is similar to the disubstituted benzenes,

in which ortho-chlorotoluene and ortho-dichlorobenzene have the highest transition energies.

The 2,3 isomer probably has a higher transition energy then the 2,6 isomer due to higher

steric/coulombic effects between the two chloro groups, as opposed to between a chloro and

a methyl group in the case of the 2,6 isomer. Either that, or the ortho electron donating

enhancement between the two chloro groups adjacent to each other in the 2,3 isomer, is less

then the ortho-chloro-methyl enhancement in the case of the 2,6 isomer.

In the dichlorotoluenes there is one isomer quite far out of sequence compared to the

dichlorophenols and dichloroanilines. The 2,4 isomer is out of sequence of decreasing

transition energies, compared to the dichlorophenols and dichloroanilines, as it comes next

(at 35808 cm )  after the 3,5 isomer (36292 cm ). The 0,0 transition energy of the 2,4 isomer-1 -1

is very close to the 0,0 transition energy of the 2,5 isomer (35764 cm ). In the dichlorophenol-1
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and dichloroaniline sequences the 2,4 isomer comes at the lowest transition energy. The

3smaller electron donating strength of the CH  group, which is less than the electron donating

2strength of either the OH group, or NH  group, must be responsible for this shift in the

3sequence order. The CH  group does not have any lone pairs of electrons to donate so this

may also account for the 2,4 isomer change in order.

3The 2,4-DCT isomer has the CH  group para to a Cl group, and due to the lesser

3electron donating ability of the CH  group, this does not have as strong an electron donating

para effect as in the 2,4-dichlorophenol and 2,4-dichloroaniline isomers. 2,4-DCP and 2,4-

2DCA have a higher electron donating character due to the OH and NH  groups. For 2,4-

3dichlorotoluene, the para electron donating effect must be less for the Cl - CH  combination

then for the Cl - Cl para combination in the 2,5 isomer as these two isomers are very close

3in 0,0 transition energy and each has an ortho CH  - Cl as well. 

The 3,4-DCT isomer has the lowest 0,0 transition energy of the dichlorotoluene

3isomers. 3,4-DCT has a para CH  - Cl interaction, but it does not have a Cl adjacent to the

3CH  group and thus does not have a steric/coulombic problem. The 3,4-DCT isomer seems

to show that a Cl - Cl, adjacent to each other on the ring does not have as large a

3steric/coulombic effect as when the CH  - Cl are adjacent to each other on the ring, as in the

2,4 isomer. The other possibility is that the ortho Cl - Cl electron donating enhancement in

3the 3,4 isomer is stronger than the ortho Cl - CH  enhancement in the 2,4 isomer.

7.5 The Shift in 0,0 π-π* Transition Energies of Dichlorotoluenes

The addition of a second Cl substituent, in progressing from chlorotoluenes to

dichlorotoluenes, shows a further electron donation effect for almost all of the DCT isomers,
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because almost all of the DCT isomers have a lower transition energy than the chlorotoluene

isomers. This shows that, regardless of where the second chloro group is added, it still

exhibits an electron donating (transition energy lowering) effect, as almost all the shifts in

transition energies in Table 7.6 are negative values even if some of them are very small.

Table 7.6 shows that the shift upon the addition of the second Cl group in going from

meta-chlorotoluene to 2,3-DCT is very small, only +1 cm . This shift is calculated from the-1

lowest energy chlorotoluene precursor, which in this case is the meta isomer. As the second

Cl group is actually located between the methyl and chloro groups of meta-chlorotoluene,

it can be seen that any ortho electron donating effects, either between the added Cl and the

3existing Cl or between the added Cl and the CH  group, are completely offset by the

3steric/coulombic effects of having a Cl to one side and a CH  to the other side of the Cl

group.

The shift upon the addition of the Cl group (to go from ortho-chlorotoluene to 2,6-

DCT) is much greater (-362 cm ). This can be explained as the second Cl experiencing an-1

ortho electron donating effect yet, not having as much steric hindrance/coulombic interaction

as with the 2,3 isomer. In 2,6-DCT, a second Cl group does not have to be squeezed in

between two existing substituents as for the 2,3-DCT isomer.

If the shifts in transition energy between 2,4-DCT and p-CT, and between 3,4-DCT

and p-CT are compared, it can be seen that the 3,4-DCT has a larger energy shift, -643 cm ,-1

than the 2,4-DCT isomer, -486 cm . This seems to show that either there is greater steric-1

3hindrance/coulombic interaction between the CH  and Cl groups in the 2,4 isomer than there

is Cl - Cl steric hindrance/coulombic interaction in the 3,4 isomer, or there is a greater 
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2,3-DCT
shift from

m-CT

+1

2,3-DCP
shift from

m-CP

?

2,3-DCA
shift from

o-CA

-190

2,6-DCT
shift from

 o-CT

-362

2,6-DCP
shift from

o-CP

?

2,6-DCA
shift from

o-CA

-216

3,5-DCT
shift from

m-CT

-310

3,5-DCP
shift from

m-CP

-324

3,5-DCA
shift from

m-CA

-268

2,4-DCT
shift from

p-CT

-475 

2,5-DCP
shift from

m-CP

-563

2,5-DCA
shift from

o-CA

-537

2,5-DCT
shift from

m-CT

-838

3,4-DCP
shift from

p-CP

-338

3,4-DCA
shift from

p-CA

-253

3,4-DCT
shift from

p-CT

-632

2,4-DCP
shift from

p-CP

-439

2,4-DCA
shift from

p-CA

-382 or -349

Table 7.6: Showing energy shift of the 0,0 π-π* transition of
dichlorotoluenes, dichlorophenols, and dichloroanilines.
Shifts are due to the addition of the second Cl group and are
calculated from the lowest energy chlorotoluene,
chlorophenol or chloroaniline precursor in Table 7.3. ?
indicates the shifts are unknown because the 0,0  π-π*
transition energies are unknown (Energies in cm .)-1
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electron donating enhancement due to the ortho Cl - Cl in the 3,4 isomer than to the ortho

3CH  - Cl in the 2,4 isomer.

The energy shift in the 2,5 isomer is the largest, -838 cm . When this is compared to-1

m-CT, it again demonstrates the enhancement of the electron donating effects when a

substituent is added para to another electron donating substituent. In this case, the two Cl

groups are para to each other. The addition of a Cl ortho in the position of m-CT to make the

2,5 isomer shows a shift of -838 cm , compared to Cl addition in the ortho position of m-CT-1

to make the 2,3 isomer with a shift to +1 cm . This is a result of the much greater Cl - Cl-1

para effect and lesser steric/coulombic effects in the 2,5 isomer.

7.6 The 0,0 π-π* Transition Energies of Dichlorophenols

For the dichlorophenols the order of known 0,0 transition energies is 3,5 > 2,5 > 3,4

> 2,4. No data was found to give 0,0 transition energies for the 2,3 and 2,6 isomers of DCP

so they were left in the same order 2,3 > 2,6 as observed for the DCTs and DCAs. This

sequence shows a large change of position for the 2,4 isomer compared to the sequence for

dichlorotoluenes, in which the 2,4 isomer came between the 3,5 and 2,5 isomers.

The 3,5 isomer (0,0 transition energy of 35437 cm ) can be taken as a reference-1

point, as it should show neither steric hindrance/coulombic interactions, nor para/ortho

enhancement of the electron donating effect. It is assumed that the 2,3 and 2,6 isomers have

higher 0,0 transition energies. The only data available for the 2,3 isomer was the lowest

energy transition observed (no 0,0 transition was clearly defined) and no data could be found

for the 2,6 isomer.

The 2,5 isomer is at a lower 0,0 transition energy, 35198 cm , than the 3,5 isomer,-1
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(35437 cm  0,0 transition energy). The 2,5 isomer has some electron donating enhancement-1

from the Cl groups para to each other, and it might also have a slight electron donating

enhancement from the ortho Cl-OH configuration. However the 2,5 isomer will be affected

by the steric effects/coulombic interactions of the ortho Cl-OH configuration.

The 3,4 isomer is at a 0,0 transition energy of 34484 cm . The 3,4-DCP isomer has-1

a lower 0,0 transition energy than the 2,5 isomer. The para OH-Cl configuration in 3,4-DCP

causes the highest electron donating ability. The ortho Cl-Cl groups show some electron

donating ability, but they will have some steric/coulombic effects because the two Cl are

groups ortho to each other.  

For the dichlorophenols, the 2,4 isomer has the lowest 0,0 transition energy, 34383

cm . The para OH-Cl configuration is more effective for lowering the 0,0 transition energy-1

in 2,4-DCP than the same configuration in 2,4-dichlorotoluene. 

3,4-DCT has a lower 0,0 transition energy than 2,4-DCT. Therefore, 3,4-DCP might

be predicted to have a lower 0,0 transition energy than 2,4-DCP. However, 2,4-DCP has a

lower 0,0 transition energy than 3,4-DCP. Since 3,4-DCP has a higher transition energy than

2,4-DCP, it seems that the two Cl groups adjacent to each other in 3,4-DCP have higher

steric/coulombic effects than the two Cl groups adjacent to each other in 3,4-DCT. The

steric/coulombic effects in 3,4-DCP reduce the electron donating abilities of the substituents

and therefore raise the 0,0 transition energy. Alternately, 2,4-DCP has an extra resonance

effect from the ortho OH-Cl structure that reduces the 0,0 transition energy.

7.7 The Shift in 0,0 π-π* Transition Energies of Dichlorophenols

In Table 7.6 it can be seen that the dichlorophenols all shift to lower 0,0 transition



196

energy, when compared with their lowest energy monochloro-substituted precursor in Table

7.3. This shows that the addition of a second Cl group causes more electron donation and

reduces the 0,0 π-π* transition energies. It can also be seen that the amounts of these shifts

are almost equal to (for 3,5-DCP), or less than, the shifts from the corresponding

dichlorotoluenes. The 2,4-DCP shift (-439 cm )  is less than that of 2,4-DCT (-475 cm ).-1 -1

The 2,5-DCP shift (-563 cm ) is less than that of 2,5-DCT (-838 cm ). The 3,4-DCP (-338-1 -1

cm ) is less than that of 3,4-DCT ( -632 cm ). This shows that the electron donating ability-1 -1

of the second Cl group is less in the dichlorophenols than in the dichlorotoluenes. This is due

to the higher electron donating strength of the OH group in the dichlorophenols, compared

3with the CH  group in the dichlorotoluenes. The higher electron donating strength of the

major group (OH in the dichlorophenols) reduces the electron donating strength of the other

substituents.

The only other major shift of note is that, as was the case with the dichlorotoluenes,

the largest 0,0 transition energy shift occurred with the 2,5 isomer compared to m-CT. The

introduction of a para Cl-Cl configuration upon the addition of the second Cl group causes

a much greater transition energy lowering effect than any other shift.

7.8 The 0,0 π-π* Transition Energies of Dichloroanilines

The order of the decreasing 0,0 transition energy for the dichloroanilines is 2,3 > 2,6

> 3,5 > 2,5 > 3,4 > 2,4. See table 7.5.

The 2,3 and 2,6 isomers have the highest 0,0 transition energies, due to the high level

of steric hindrance as described for the 2,3- and 2,6-DCT isomers.

The ordering of the other four isomers follows the ordering observed for the DCP
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2isomers. For the DCA isomers, the higher electron donating strength of the NH  group, when

3compared to the OH group in the DCP isomer and the CH  group in the DCT isomers, causes

the same sequence as for the dichlorophenols, with the 2,4-DCA isomer having the lowest

0,0 transition energy. The DCA isomers have lower 0,0 transition energies than the DCP

2isomers, due to the greater electron donating strength of the NH  substituent.

7.9 The Shift in 0,0 π-π* Transition Energies of Dichloroanilines

In Table 7.5 the 0,0 transition energies of the dichloroanilines are all lower than the

lowest energy monochloro-substituted aniline precursors in Table 7.3. Therefore, the second

Cl group donates electrons to the ring, in progressing from the chloroanilines to the

dichloroanilines. Two shifts are given in the table for 2,4-DCA because it is unclear which

of two values from previous works is the actual 0,0 transition energy.

The shifts for 3,5-DCA; 2,5-DCA; 3,4-DCA; and 2,4-DCA are lower than the

2corresponding DCP shifts because the NH  group in the dichloroanilines is a better electron

donator then the OH group in the dichlorophenols; this reduces the ability of the added Cl

group to donate electrons, and therefore the transition energy does not shift as far. The shift

for 2,6-DCA is lower then the shift for 2,6 DCT, for the same reasons.

The shift for 2,3-DCA (-190 cm ) is much larger than the shift for 2,3-DCT (+1cm ),-1 -1

and this arises because of a higher level of ortho electron donating enhancement between the

2NH  group and the ortho Cl in 2,3-DCA. In the case of 2,3-DCT, it appeared that the addition

3of the second Cl group between the Cl and CH  groups of m-CT caused almost no shift in the

transition energy from that of m-CT due to a high degree of steric hindrance/coulombic

interaction from both sides. In the case of 2,3-DCA, there must be either less steric
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hindrance/coulombic interaction or a much greater ortho effect. This can also be seen in the

disubstituted anilines, where the o-CA is actually at lower energy then the m-CA, although

the reverse is true in the case of the chlorotoluenes and chlorophenols.

As was the case with DCT and DCP, the greatest energy shift occurs with the 2,5

isomer, -537 cm , showing that the introduction of a para Cl-Cl configuration has a very-1

large effect.

Another difference in the shifts in the dichloroanilines, is that the shift in 3,4-DCA

(-253 cm )  is now smaller than the shift in 2,4-DCA (-382 cm ), whereas the reverse was-1 -1

true for  the dichlorotoluenes and dichlorophenols. This may again be due to the higher

2electron donation enhancement of the ortho NH -Cl configuration.

7.10 Summary of 0,0 π-π* Transition Energies of Multisubstituted Benzenes

From the analysis of the order of the transition energies, and the shifts involved when

increasing the number of substituents to generate trisubstituted benzenes, it is possible to

summarize the results and then predict the order of the 0,0 π-π* transition energies of

substituted benzenes, for use in (1 + 1) REMPI studies. 

2 3Based on electron donating ability NH  > OH > Cl > CH , it can be said that the

stronger the electron donor, the lower the 0,0 transition energy will be.

When dealing with multiple substituents, the position of the substituents becomes

important.

For disubstituted compounds in which one substituent is a Cl group, first determine

the strongest donating substituent. A Cl group para to this should have the lowest 0,0

transition energy (greatest shift from base structure).
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A compound with a group meta to the strongest electron donating group is expected

to come at the next lowest 0,0 transition energy. This should be true until the strength of the

2strongest electron donating group becomes “too large” (such as with NH ), in which case the

meta substituted isomer will have the highest 0,0 transition energy.

The ortho Cl substituted isomer has the highest 0,0 transition energy unless the

electron donating ability of the strongest electron donor is higher than that of OH. As the

electron donating ability of the strongest electron donor increases, there is an increased ortho

effect between it and an added ortho Cl group. This increased ortho effect causes this

configuration to have a lower then expected transition energy.

When dealing with three substituents (two of them Cl groups), it seems that the

2lowest 0,0 transition energies occur when the major electron donating substituent, NH  or OH

3but not CH  in this study, is para to one of the Cl groups. The lowest 0,0 transition energy

occurs when the second Cl group is added where there is the least steric hindrance/colombic

interaction, or where there is the greatest electron donating ortho enhancement. This occurs,

2in this work, when the second Cl group is ortho to the NH  or OH group. Therefore the 2,4

isomer has the lowest 0,0 transition energy in these instances.

2The next higher 0,0 transition energy from the 2,4 isomer (for NH  and OH based

3compounds but not CH  based compounds) is the 3,4 isomer whenever there is a para

configuration between a Cl group and the major electron donating group.

The next higher 0,0 transition energy has a 2,5 arrangement in which the two Cl

2groups are para to each other in the case of the NH  and OH based compounds.

In the case of the DCT isomers, and perhaps in the case of any group of compounds
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when the non-Cl substituent has a lower electron donating ability than OH, the 2,4 isomer

falls at higher transition energy than the 2,5 isomer because, while it does have a beneficial

3para Cl-CH  arrangement this does not seem to have as strong an electron donating

enhancement as does the para Cl-Cl grouping in 2,5-DCT; in addition, it is also not enhanced

by a beneficial ortho Cl-Cl configuration as in 3,4-DCT.  

The next highest 0,0 transition energy is when all three substituents are meta to each

other. This type of configuration should have no beneficial ortho or para electron donating

effect and no steric hindrance/coulombic interaction effects.

The highest transition energies are when all three substituents are ortho to each other

(1,2,3-configuration). In this configuration are found not only the highest steric

hindrance/coulombic interactions but also no beneficial electron donating para effects. The

2,6 isomer should have a lower 0,0 transition energy then the 2,3 isomer (as was seen for the

dichlorotoluenes and dichloroanilines) due to a higher level of steric hindrance in the 2,3

isomer or a greater ortho electron donating effect in the 2,6 isomer.

7.11 Predicting 0,0 π-π* Transition Energies of 2,6-DCP; 2,3-DCP; and 2,4-DCA

In the current work there were three dichloroaromatics for which no definitive

information was available or determined about the position of the 0,0 π-π* transition. The

concepts developed in this chapter will now be used to make some predictions about the

position of the 0,0 π-π* transition for these three molecules (2,6-DCP; 2,3-DCP; and 2,4-

DCA).

For 2,6-DCP one should begin with the lowest energy precursor o-CP which has a 0,0

π-π* transition energy of 35892 cm . Upon the addition of a second Cl group to o-CP it is-1
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expected that the 0,0 π-π* transition energy will shift to lower energy in the newly created

2,6-DCP due to the electron donating ability of the Cl. Upon addition of the new Cl no para

configurations are produced so the energy shift is not affected in that way but it could be

affected by a small ortho effect between the add Cl and the existing OH. However, steric

effects due to the new Cl being positioned ortho to OH on the ring will also limit the

magnitude of the shift. Based upon the shifts seen in the other dichloroaromatics studied it

can be predicted that the new Cl group will shift the 0,0 π-π* transition energy by

approximately -200 to -300 cm . This would roughly place the 2,6-DCP 0,0 π-π* transition-1

between 35692 and 35592 cm  but to date it has not been observed in either REMPI or UV.-1

A precursor of m-CP (0,0 π-π* transition energy 35761 cm ) is used for the basis of-1

shift predictions for 2,3-DCP. In almost all previous molecules, the addition of a Cl reduced

the 0,0 π-π* transition energy. In the case of 2,3-DCT, the addition of a Cl on the ring

3between the existing Cl and CH  in m-CT actually caused the transition energy to shift by +1

cm . So while a shift from the m-CP towards lower energy is expected the magnitude of the-1

shift is expected to be very small. For 2,3-DCP the addition of the Cl on the ring between the

existing Cl and OH of m-CP means there will be a great deal of steric hindrance and no

beneficial para configuration effect. In Uchimura’s work  on DCPs only the lowest energy10

band position is listed at 35398 cm . This is a shift of -363 cm  from the 0,0 π-π* transition-1 -1

energy of m-CP at 35761 cm . Based upon the shifts studied in this work, that shift is too-1

large and the 0,0 π-π* transition energy of 2,3-DCP should be closer to that of m-CP.

Looking carefully at Uchimura’s REMPI wavelength spectrum of 2,3-DCP  under high10

magnification, it is possible to distinguish bands at approximately 35425 cm  and 35475 cm-1 -1
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but both of these bands still seem to be too low energy to be the 0,0 π-π* transition energy

of 2,3-DCP. A rough estimate of the 0,0 π-π* transition energy of 2,3-DCP based upon this

work would place it between 35761 and 35661 cm . However, as with the 2,6-DCP this-1

transition has not been conclusively observed in either REMPI or UV work.

In the case of 2,4-DCA, two values (32196 and 32229 cm )  were presented for the-1

0,0 π-π* transition energy  in previous UV studies,  but since no bands near either of these29,30

values were observed in the present work it was not possible to comment upon which value

is more suitable. To predict the 0,0 π-π* transition energy of 2,4-DCA a precursor of p-CA

with a transition energy of 32578 cm  is used. Upon addition of a second Cl the transition-1

energy with shift lower for 2,4-DCA. There will be some steric effect upon the addition of

2a Cl ortho to the NH  on p-CA to form 2,4-DCA and no new para effects are created so these

factors both limit how far the transition energy will shift. Based upon the other shifts studied

in this work a shift of -300 to -400 cm  from the 0,0 π-π* transition energy of p-CA could-1

be expected but both of the previous values fall within this range so a definite determination

of which value is correct is still not possible. 
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Chapter Eight

Summary, Conclusions, and Future Work

8.1 Summary of Experimental Work

The technique of REMPI was studied and evolved through the use of various

instrumentation techniques including the use of a simple glass cell where the electrons

produced from a REMPI process were collected on a wire. Electrons from a REMPI process

were then collected on a wire in the aluminum ionization chamber with a better vacuum and

pumping system. Ions from a REMPI process were collected first using a quadrupole mass

analyzer and then by a TOF-MF system.

Each detection method demonstrated that REMPI wavelength spectra could be

observed by that method and each successive method worked towards the creation of a

better, more useful system. This all led to the construction of the new REMPI-TOF-MF

instrument. 

2The new REMPI-TOF-MF system was optimized through the study of Br (gas) by

performing both REMPI wavelength spectroscopy and REMPI mass spectroscopy

2experiments. The Br (gas) experiments resulted in a REMPI wavelength spectrum with S/N

2and resolution comparable to previous studies. The mass spectroscopy work using Br (gas)

demonstrated some limitations of the TOF-MF. Due to the TOF software the resolution of

the TOF system is low and the relative peak intensities in mass spectra can be skewed. 

2Atomic bromine was generated through the photodissociation of Br  and its

resonance transition observed using REMPI wavelength spectroscopy was used to calibrate
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the wavelength value of the laser system.

Resonance transitions of atomic carbon, from the photodissociation of hydrocarbon

residues in the vacuum system, and atomic iodine, from photodissociation of methyl iodide,

were observed by REMPI wavelength spectroscopy and were also used to calibrate the

wavelength of the laser system.

During this work a side project was conducted. This project involved the design,

construction, and optimization of a pulsed valve inlet system. This pulsed valve inlet system

2was tested using N  in air and demonstrated molecular cooling by showing a reduction in the

number of hot bands in REMPI wavelength spectra.

The newly constructed REMPI-TOF-MF was then used to study three families of

dichloroaromatics this included dichlorotoluenes (DCT), dichlorophenols (DCP) and

dichloroanilines (DCA).

REMPI mass spectra were collected and analyzed for 2,4-DCT; 2,5-DCT; 3,4-DCT;

and 2,6-DCT.

REMPI wavelength spectra were collected and analyzed for 2,4-DCT; 2,5-DCT; 3,4-

DCT; 2,6-DCT; and 2,3-DCT using an effusive inlet system for sample introduction. The 0,0

π-π* transition was observed for three of the DCT isomers but not for 2,3-DCT or the 2,6-

DCT isomer as these transitions were outside the wavelength range of the dyes used.

REMPI wavelength spectra of 2,4-DCT; 2,5-DCT; and a mixture of the two isomers,

were collected when a pulsed valve inlet system was used to introduce the samples into the

system. Molecular cooling was observed in the REMPI wavelength spectra as only the 0,0

transitions of the two isomers were observed demonstrating the high selectivity possible



207

under these conditions.

REMPI wavelength spectra were observed and analyzed for all six dichloroanilines

isomers (2,5-DCA; 3,4-DCA; 3,5-DCA; 2,6-DCA; 2,4-DCA; and 2,3-DCA) using an

effusive inlet system for sample introduction. The 0,0 π-π* transitions were observed for the

2,5-DCA; 3,4-DCA; and 3,5-DCA isomers. The 0,0 π-π* transition for the 2,6-DCA might

have been observed but it is difficult to determine as a broad band was observed. The REMPI

wavelength spectra of 2,3-DCT was very weak. Many bands were observed in the REMPI

wavelength spectrum of 2,4-DCA but none were identified as the 0,0 transition.

REMPI wavelength spectra were successfully collected and analyzed for 2,5-DCP;

3,4-DCP; and 3,5-DCP. The 0,0 π-π* transition was observed for the 2,5-DCP and 3,4-DCP

isomers. Multiple bands were observed in the REMPI wavelength spectra of 3,4-DCP but

no 0,0 transition was seen. The other three DCP isomers studied (2,3-DCP; 2,4-DCP; and

2,6-DCP) did not exhibit molecular spectra as were all photodissociated to produce

identifiable CCl as one of the products. REMPI wavelength spectra of  CCl were collected

from the fragmentation of these isomers as well as from the fragmentation of  trichloroacetyl

chloride.

8.2 Conclusions

The REMPI-TOF-MF system proved itself very effective for collection of low

resolution REMPI mass spectra and high resolution REMPI wavelength spectra. The low

resolution of the REMPI mass spectra was not a problem, as high mass resolution was not

needed for this work, but if a faster data collection card were used, along with software that

allowed for a better determination of ion flight times then a higher mass resolution could be
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achieved. If higher mass resolution were achieved then the TOF-MF could be used more

effectively for mass spectra and REMPI wavelength studies concerning compounds of close

mass could be conducted.

The high resolution REMPI wavelength spectra, achieved even though an effusive

inlet system was used, demonstrates the highly selective nature of the system. In many of the

dichloroaromatic spectra, sharp bands were observed (Figures 4.10, 5.7, and 6.6). A laser

tuned to the energy of one of these bands would be able to selectively ionize the molecule

of interest, even if other molecules were present in the system, without the need for pre-

separation.

The system was able to collect spectra at very low system pressures (2 x 10  Torr-7

when hot C atoms were studied). REMPI wavelength spectra of atomic carbon were collected

at the base pressure of the system when the laser was able to photodissociate hydrocarbon

residues in the system.

The REMPI-TOF-MF system proved itself effective but there are a few limitations.

Because the data collection computer must communicate with the laser control computer via

an RS 232 connection the data collection rate is slow. The speed of the data collection could

be increased significantly if the software on the two computers could be integrated. This is

difficult as the laser manufacturer, Continuum, was reluctant to share the program which

controls the laser, therefore it could not be integrated with the data collection software.

The pulsed valve, while not used extensively, was very effective at cooling the 2,4-

DCT and 2,5-DCT samples. This cooling resulted in the spectra of these molecules becoming

much cleaner with almost no visible peaks except for the 0,0 π-π* transitions. For most of
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this work, it was decided to use an effusive inlet system to reduce system complications, but

also to allow for the collection of information that might be cooled out if a supersonic

jet/pulsed valve system were used.

While using an effusive inlet, the REMPI wavelength spectra for 14

dichloroaromatics were collected. Every compound studied resulted in at least a weak

REMPI wavelength spectra of the parent molecule except for the three DCP isomers which

photodissociated to form CCl. This included some compounds that have been attempted

previously using systems with a supersonic jet inlet system but where no REMPI spectra

were observed (2,4-DCA; 2,6-DCA).  It was believed that REMPI spectra of DCAs and1

DCPs with a Cl group ortho to the main group, could not be collected  but that has been1

proven incorrect. Some of the compounds studied have never been studied by REMPI

previously (2,3-DCT; 2,3-DCA; 2,5-DCA; 3,5-DCA).

The multiplex nature of the TOF-MF allowed for the determination that some isomers

of DCP fragmented and this helps explain why no REMPI wavelength spectra, or only very

weak spectra, could be collected for 2,3-DCP; 2,4-DCP; and 2,6-DCP. This fragmentation

had not been recognized in previous studies  where only the parent ion mass was monitored.1,2

While not all the molecules studied in this work are new, more detailed analysis was

conducted on the results obtained. Previous REMPI studies of dichloroaromatics usually  list

only the first observed band (in nm)  or the longest wavelength where a band was observed.1 2

These previous works do not always indicate if these observed bands are the 0,0 π-π*

transition and they do not tabulate any other bands observed in their spectra. In this work,

energy values are tabulated for all the bands observed, for each of the REMPI spectra
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collected. Where possible, all the bands are compared to UV, IR, and RAMAN work, and

the bands are assigned to the vibration associated with the transition energy. In this way the

library of data for these molecules is increased even if the molecules have been studied

before by REMPI spectroscopy. As well, the studies done in this work were performed using

an effusive inlet system which permits more information to be collected than when using a

supersonic jet/pulsed valve inlet system.

The results of this work were used along with literature values to conduct a more

complete analysis of substituent effects than previously performed for these molecules. In

previous work some isomers were not included in the discussions of substituent effects and

therefore incorrect conclusions were made.  While the discussion of substituent effects in1,3

the present work is very qualitative, it does include details previously overlooked and a

method of predicting relative 0,0 π-π* transitions was presented. This method was then used

to predict rough values of the 0,0 π-π* transitions for some compounds in this work where

they were not clearly known. Since 2,6-DCP seems to fragment and no REMPI spectra for

it has been previously recorded and no previous UV work was found that assigns a 0,0

transition this method was used to predict that the 0,0 transition of 2,6-DCP should fall

between 35692 and 35592 cm . This predictive method was also used for the 0,0 transitions-1

of  2,3-DCP (predicted to be between 35761 and 35661 cm ) and 2,4-DCA (predicted-1

between 32178 and 32278 cm ).-1

8.3 Future Work

The future of the REMPI-TOF-MF is an unwritten book. Where is it taken from this

point is limited to the imagination of the user. The system has proven itself capable of
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conducting REMPI studies effectively so it is only a matter of what type of compound to

study next. There are many compounds that, like the dichloroaromatics, are of interest

because they pose a threat to the environment. Other types of compounds of current interest

using REMPI methods include nitro-aromatic explosives and explosive related compounds4,5

and these types of compounds could be characterized using the system developed in this

work. However, before a compound is attempted there should be some indication of the IP

value and the location of the 0,0 π-π* transitions to predict whether a (1+1) or other REMPI

process could ionize the compound. The present work may be of use in predicting 0,0

transitions for aromatic compounds but sadly the library of IP data is limited and not of

sufficient precision to be very effective. The use of a UPS system such as the Mark II system

used in the present work is  therefore beneficial as a complementary system to a REMPI-

TOF-MF instrument.

To make the system more efficient and faster some modifications should ideally be

made. Integration of the software of the two computers would be a primary goal.

A data collection system able to determine shorter and more precise flight times and

therefore increase the resolution of the mass analyzer would add to the flexibility of the

system and allow for even more novel uses of the instrument.

Attempting to determine a method of normalizing the REMPI spectra to account for

changes in laser power density, system pressure, and detector voltage would allow for peak

intensities in the REMPI spectra to be more useful in helping to associate the peaks with

specific transitions. This too could be attempted in the future.

While it was intentionally decided not to used the pulsed valve for the bulk of the
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work detailed here, the pulsed valve did prove itself very effective when it was used. In the

future the pulsed valve could be used more. However, this would require a redesign and

rebuild of parts of the vacuum and pumping system in order to incorporate it into the rest of

the REMPI-TOF-MF system effectively. The integration of the pulsed valve control software

into the data collection software so the computer which controls the pulsed valve could be

eliminated would also make the system more user friendly.

While the system developed in this work is not suitable for on site use, many portable

REMPI systems are being developed including those for real-time monitoring of engine

exhaust,  gas turbines emissions,  and flue gas from municipal waste incinerators.  The6 7 8

system in this work is more suited for molecular characterization and testing to detect species

of interest but its development could lead eventually to more on site applications.

Systems are also being developed which interface REMPI-TOF with gas

chromatography  to give another level of separation which might be needed in some cases8,9

where there are large numbers of species present in a sample and they have similar

absorptions or similar masses which cannot be resolved in the ionization process and/or the

mass analyzer. Tests interfacing the system in this work with a gas chromatography

instrument could be attempted if samples needing extra separation were to be studied.

The use of REMPI ionization processes is also being used to create sensors to

monitor pollutants  or radicals  at a distance. These systems do not use a TOF to detect the10 11

ions like in the system in this work, but instead detect the ions/electrons by use of Rayleigh

scattering and this is known as the Radar REMPI technique. This type of work gives the

selectivity of the REMPI ionization along with the detection at a distance benefit of Rayleigh
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scattering. However, like when the glass ionization cell was used, no mass filtering is

possible. This use of techniques such as Radar REMPI are not what the system in this work

was designed for but this work and the information acquired using the instrument developed

in this work can be used in conjunction with different types of REMPI studies such as

increasing the library of REMPI spectra using either an effusive or pulsed jet inlet system.

“We shall not cease from exploration

And the end of all our exploring

Will be to arrive where we started

And know the place for the first time.”

- from Little Gidding by T.S. Eliot12
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