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He swears from time to time to 
Begin a new life 

Whenever the night time comes 
with its own counsellings 

With its own compromises 
And its own undertakings 

But whenever the night comes 
with its domination 

Of the body that wills and wants 
to that same 

Fatal enjoyment, lost, he goes again 
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Abstract 

This thesis is concerned with weakly bound neutral and ionic clusters. Spectra of 
the region near the S l t S o  electronic origin of four neutral van der Waals molecules - 
aniline-argon, phenol-argon, chlorobenzene-argon and fluorobenzene-argon - were 

obtained using resonance enhanced multiphoton ionization (REMPI). These spectra 

indicate that Fermi resonances between van der Waals stretching and bending motions are 

important in these molecules. Effective Hamiltonians are constructed that describe well the 

low frequency vibrations. In order to better discuss the low fpequency van der Waals 

motions of aromatics bound to one and two rare gas atoms a simple model for the 

vibrations is developed The model enables expression of van der Wads frequencies in 

terms of fundamental molecular properties and enables facile comparison of effective 

force constants in a variety of van der Waals molecules. The model is sucessfully 

employed to explain van der Waals vibrational structure associated with the origin region 

of aniline-(argon)2 using van der Waals potential parameters derived from the 

aniline-  argon)^ spectrum. REMPI and emission spectra of larger clusters of aniline and 

agon are also reported and discussed. Using atom-atom potentials, equilibrium smctures 

for aniline-(argon), (n=l, 2,3) are calculated. The calculations prove useful in the 

analysis of the spectra. 

The B+X transitions of the cation complexes fluorobenzenec-argon and 

chlorobenzene+-argon have been investigated The cations were prepared by resonance 

enhanced multiphoton ionization of the neutral van der Waals molecules. A time delayed 

tunable dye laser was then used to dissociate the cations, loss of an argon atom being the 

dominant process. When the second laser was tuned to a cation resonance the dissociation 
cross section increased markedly, allowing characterization of B t X  transition. The 

resulting spectra are presented and discussed. 
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1 

Introduction 

This thesis focuses on the electronic transitions of a number of neutral and ionic 

aromatics bound to one and more argon atoms. Small dispersively bound neutral clusters 

are u s d y  described as van der Waals molecules and have been a subject of very active 

research, particularly over the last fifteen years @wing 19751, kevy 19811, 

[Castleman 1986131, [Jortner 19881. Despite this activity, little reliable experimental 

information has emerged concerning the low frequency vibrations of such molecules, 

even though such information allows a direct determination of the van der Wads potential 

near the equilibrium conformation of the cluster. In comparison with their neutral- 

analogues, small ionic clusters consisting of an aromatic cation bound to a rare gas atom 

have received very little attention. The difficulties of preparation and spectroscopic 

exploration, have meant that the electronic spectroscopy of all but the simplest ionic 

clusters is relatively unknown [Castleman 1986al. These shortfalls in current knowledge 

of neutral and ionic clusters are addressed in this thesis. 

The impetus for the study of weakly bound cluster systems comes from several 

directions. Clusters f o m  a bridge between the more developed foundations of gas phase 

and condensed phase physics and chemistry, and observation of the development and 

evolution of cluster properties as size increases has been one of the enduring charrns of 

the subjec~ Neutral and ionic clusters have been shown to play important roles in such 

diverse areas as gas phase chemical reactions [Goodings 19821, atmospheric chemistry 

[Smith 19801, catalysis [Kaldor 19881, and astrophysics [Smith 19811. The intrigue of 

cluster research is evidenced by the volume of published work that has appeared, 

particularly over the last 10 - 15 years, and several reviews of general progress in the area 

have been published [Castleman 1986b1, [Celii 19861, [Phillips 19861, [Ewing 197.51, 

[Levy 19811. 

The explosion of interest in clusters has been allied to the development of the 

technologies of lasers, supersonic expansions and mass spectrometry. It is with these 

three technologies used in consort, that many advances in our understanding of clusters 

have been made. In typical experiments advantage is taken of the cooling in a supersonic 

expansion to produce a cooled vapour which in the early stages of the expansion, 

undergos some degree of condensation to form clusters b v y  19811. The latter region of 

the expansion is essentially collision free bevy 19811 and clusters formed early in the 

expansion are immune to further condensation or fragmentation. By varying vapour 

constitution and expansion conditions, homogeneous and heterogeneous clusters of rare 

gas atoms parges 19831, metal atoms wuhlbach 19821, [Kaldor 19881, diatornics and 



polyatomics Dyke 19721, [Harris 19741, pung 19831 md combinations of these 

constituents b v y  19811 have been created. These clusters have been interrogated using 

a variety of techniques including electric resonance Dyke 19721, [Harris 19741, laser 

induced fluorescence (LE) [Amirav 19821, [Fung 19811, multiphoton ionization with 

mass selective ion detection [Fung 19831, [Hopkins 19811, electron diffraction 

[Farges 19831 and infrared laser excitation with bolometer detection Miller 19851. 

The van der Wads molecules described in the first four chapters of this thesis, 

represent the first steps from an isolated aromatic molecule towards an aromatic solvated 

in a rare gas mamx. Even for relatively simple clusters consisting of an aromatic bound to 

a rare gas atom, ab initio calculations of cluster structures and properties are at present 

impossible [Schuster 19801, [Brocks 19861, and in any case, as the complexity of 

cluster constituents or cluster size further increases, the ab initio methods of molecular 

physics are entirely overwhelmed. When the cluster is in an equilibrium configuration 

there is a balance between attractive and repulsive forces. The attractive forces primarily 

responsible for the stability of the neutral clusters discussed in this thesis, are due to the 

correlation of electronic motion in the cluster constituents and are known as dispersive 

forces. Such attractive forces between two bodies were first given fm quantum 

mechanical foundation by London Fisenschitz 19301. Overlap of the electronic 

wavefunctions of the cluster constituents results in a repulsive force at shorter ranges. 

The potential energy of neutral clusters is often conveniently represented as the sum 

of pairwise atom-atom potentials of the Lennard-Jones 6-12 type [Ondrechen 198 11, 

[Menapace 19871, [Momany 19741, [Henke 1985b1, [Boesiger 19861. Potential 

parameters for the interaction between any two atoms are usually assumed to be 

transferable from one situation to another [Momany 19741, [Ondrechen 19811. While the 

expediency of this procedure is appealing, and potentials generated by these means yield 

reasonable van der Wads vibrational frequencies, the procedure has not been supported 

by detailed spectroscopic studies of clusters. Rationalization of the observed van der 

Wads vibration frequencies in small clusters should provide a sensitive test for these 

model potentials. Observation of the vibrational frequencies in complexes of substituted 

benzenes and a rare gas atom for instance, allow examination of the effects of different 

substituents on the cluster potential. Also, by examini-~g the van der Wads vibrational 

frequencies of molecules which include one and two rare gas atoms, it should be possible 

to assess the assumption of pairwise additivity for cluster potentials. Theories for three 

body dispersive forces have been previously developed by Axilrod and Teller in an 

attempt to explain the crystal structure of rare gas matrices [Axilrod 19431, 

[Axilrod 195 11. 

The work described in this thesis stops short of actually providing an analytical 

expression for the complete potential energy surface of an aromatic bound to a rare gas 



atorxi The spectroscopic data obtained in the course of this study is pertinent to the region 

of the potential surface skounding the potential energy minimum. A traditional approach 

has been taken and the potential in the equilibrium region has been expressed in terms of a 

Taylor series [Califano 19761. As the largest terms potential terms are expected to be 

those that are quadratic in the displacement coordinates the system is viewed as a 

perturbed harmonic oscillator. Higher expansion terns (cubic and quartic in the 

displacements) are treated as perturbations. Unfortunately there- are insufficient spectral 

data to define even all of the cubic potential terms. 

In the experiments described in Chapters 1,3 & 4 of this thesis, use is made of 
resonance enhanced multiphoton ionization (REMPI) to investigate the S l+So electronic 

transition of neutral van der Waals molecules synthesized in a skimmed free jet 

expansion. While the coarse spectroscopic properties of these van der Waals molecules 

are found to be similar to those of the isolated aromatic chromophore, the finer 

spectroscopic details reveal aspects of the weak intracluster bonding. Comparison of the - 
S i t s o  electronic spectra of an aromatic and an aromatic bound to a rare gas atom usually 

highlights several general features. Red shifted by some tens of cm-1 from each vibronic 

feature in the aromatic spectrum there is a corresponding feature in the aromatic-rare gas . 
spectrum. Tens of cm-1 to higher energy from these transitions in the aromatic-rare gas 

spectrum are weaker features due to transitions to vibronic levels that include one and 

more quanta in the van der Waals vibrational modes [Levy 19811, [Brumbaugh 19831, 

[Boesiger 19861, [Castleman 19841, [Castleman 19851. The frequencies of these van 

der Waals vibrations range between 10 cm-1 and 100 cm-1 and are one or two orders of 

magnitude less than the frequency of chemical vibrations (100 cm-1 - 4000 cm-1). In the 

case of an aromatic bound to a rare gas atom, the energy required to rupture the van der 

Wads bond (some hundreds of cm-1) is two orders of magnitude less than the energy 

necessary to break any other bond in the molecule (- 30 000 cm-l) [Levy 19811, and is 

of the same order as the energy of low quanta combinations of aromatic vibrations. 

In Chapter 1 the origin region of the S l+So transitions of the neutral aromatics 

aniline, phenol, fluorobenzene and chlorobenzene complexed with a single argon atom are 
examined, The Sit-SO spectra of the four van der Waals molecules were collected in the 

course of this work Analysis of their spectra reveals that the three van der Waals modes 

of these molecules are not well described by a purely harmonic Hamiltonian and it is 

found necessary to include additional cubic and quartic terms which lead to mixing of the 

bending and stretching vibrations. The zero order energies and effective cubic couplings 

are derived and the consequences for the spectroscopic and dynamic behaviour of van der 

Waals molecules are discussed. Deconvolution of the spectra allows comparison of the 

zero order frequencies of the molecules and provides an opportunity to assess the effects 

of different substituents on the interaction potential. 



To assist in the discussion of van der Waals vibrations of aromatics bound to one 

and two rare gas atoms, a model for these vibrations is developed in Chapter 2. A general 

treatment of the van der Waals vibrations of aromatics bound to one and two rare gas 

atoms has thus far not appeared in the literature. In Chapter 2 the aromatic-rare gas and 

aromatic-(rare gas12 complexes are modeled as a rigid plate bound to one and two masses 

respectively, with analysis leading to the expression of vibrational frequencies in terms of 

masses, aromatic moments of inertia, bond distances and quadratic, cubic and quartic 

potential parameters. While a standard normal coordinate package could have been used to 

analyse the vibrational motion wenapace 19871 the model developed in Chapter 2 lends 

considerable physical insight to the problem. 

Despite the presence of three extra van der Wads modes, the origin region of the 
aniline-(argon)2 S l+So spectrum appears to be simpler than the aniline-argon spectrum. 

The model developed in Chapter 2 for the bending and stretching vibrations for aromatics 

bound to one and two rare gas atoms is deployed in Chapter 3, and affords rationalization 

of the observed results. Using the aniline-argon potential derived from the aniline-argon 

spectrum, we are able to predict a spectrum for aniline-(Ar)2 that matches closely the 

observed spectrum. This success lends credence to both the model for low frequency van 

der Waals molecular vibrations and also to the postulate advanced in Chapter 1 that 

stretching vibrations are coupled with bending vibrations by cubic terms in the van der 

Waals potential. 

The spectroscopic and dynamical behaviour of aniline molecules clustered with 
three and more argon atoms is discussed in Chapter 4. The origin region of the S i t s o  

spectrum of aniline-(Ar)3 displays a series of peaks spaced by -16 cm-1. Arguments are 

advanced that these peaks correspond to a progression in a totally symmetric bending 

vibration. To assist in the discussion of the aniline-(argon)3 spectrum, calculations of the 

cluster minimum potential energy configurations were performed. The cluster potential 

energy was expressed as the sum of atom-atom potentials and equilibrium geometries 

were found by minimizing the energy. Two different cluster geometries were found to 

have similar energies and it is doubd3.d whether the atom-atom potentials used are 

sufficiently accurate to distinguish between them. 

REMPI spectra recorded at masses corresponding to aniline-(argon)4 and 

aniline-(argon)fi displayed a broadened hump like structure though the aniline-(argon)4 

spectrum does show some evidence of a progression with a spacing of -16 cm-1. The 

recorded spectra probably consist of contributions from many different sized larger 

clusters. In an an attempt to investigate the spectroscopy and dynamics of these larger 

clusters, dispersed fluorescence spectra were measured. Spectra were recorded with the 

excitation laser tuned to various positions within the absorption hump. It was found that 

regardless of the excitation energy the emission peaks occurred at the same energies. This 



behaviour is explained in terms of Franck-Condon active van der Wads modes that are 

anharmonically coupled to non Franck-Condon active modes. 

The spectroscopic studies of the neutral aromatic complexes were mostly conducted 

using the technique of resonance enhanced multiphoton ionization (REMPI) 

[Parker 19781, [Johnson 19801, [Antonov 19801. Molecules are subjected to an intense 
radiation field. When the photon energy is resonant with a S itso vibronic transition the 

ionization efficiency is greatly increased and a record of ion yield versus photon energy 

mimics the molecular absorption spectrum. In all of the molecules and clusters described 
in this thesis, the ionization energy was less than twice the S i t s o  transition energy, so 

that ionization proceeds via two photon absorption. An advantage of this technique is that 

the ions may be mass analyzed, assisting in the identification of the photoactive species. 

This is welcome in the study of clusters generated in a molecular beam, where a variety of 

closely related species exist. These species usually have closely spaced and overlapping 

resonances making spectral assignment on the basis of techniques which are not mass 

selective, hazardous. It is possible however, that even when REMPI is used, 

interpretation of spectra may be difficult. Lf the energy of the vibronic state being 

investigated, is more than half the cluster ionization energy, the ionic cluster may be 

formed with more than enough energy to rupture one or more of the weaker van der 

Wads bonds. Spectra recorded at a particular mass may then contain contributions from 

larger clusters. As part of the work described in this thesis, a technique which effectively 

discriminates against the spectral contributions from larger clusters has been developed. 

Ionic clusters that dissociate, generally have different velocities than intact clusters and 

detection may be arranged so that they are ignored. This technique is described fully in 

Chapter 1, 

Chapter 5 represents the beginning of an excursion into the electronic spectroscopy 

of aromatic-rare gas cationic complexes. Experimental advances have permitted the 

measurement of the electronic spectroscopy of the fluorobenzene and chlorobenzene 

cations cornplexed with a single argon atom. Open shell complexes may be expected to 

exhibit dispersive, electrostatic and chemical interactions wulliken 19641, with 

interaction possible between argon atom orbitals with the unfilled halobenzene cation 

orbital. Different studies of various open shell neutral complexes h..ve concluded that 

consideration of chemical interactions may be necessary for explanation of equilibrium 

geometries [Powers 19811, [Goodman 19761, [Goodman 19771. Studies of radical 

cation complexes especially those involving larger polyatomics, have been rare. 

Complexes of the hexafluorobenzene cation and rare gas atoms have been studied by 

Miller and coworkers meaven 19821, PiMauro 19841, [Kennedy 19861. For 

complexes which include helium as the rare gas atom, a structure with helium placed on 

the symmetry axis has been inferred. LIF spectra of hexafluorobenzene cations 



complexed with larger rare gas atoms are generally broadened and reflect the contribution. 

of many different sized clusters to the spectrum PiMauro 19843. 

Problems of uncertain cluster stoichiometry are avoided in the study of cationic 

clusters described in this thesis. The cations are created by resonance enhanced 

mulltiphoton ionization of neutral van der Waals molecules that are synthesized in a 

skimmed supersonic expansion. Resonant ionization ensures that only cations containing 
zero or one rare gas atom are created. A second laser scanning the cation BtX transition 

intercepts the complexes in the source region of a time of flight mass spectrometer. 

Promotion of a complex to the B electronic state is followed by mass spectroscopically 

detectable fragmentation. Photodissociation spectra of the weakly bound 

chlorobenzene-argon and fluorobenzene-argon cations are presented along with an 

interpretation of these spectra in terms of the electronic and vibrational structure of 

halobenzenes coupled to a weakly perturbing rare gas atom. Our data c o n f i i  the 

assignment of previously reported photoelectron spectra of chlorobenzene and 

fluorobenzene and lead to comment on the role that rare gas atoms play in matrix 

absorption and LIF spectra of cations. Presence in the spectra of transitions from 

vibrationally excited cationic complexes allows us to set a lower bound on the dissociation 

threshdld for the X state ions and to gauge the extent of intramolecular relaxation from 

high fhequency 'ring' modes. 

This thesis includes two appendices that supply additional information on technical 

aspects of this work. Almost all of the experimental work described here was carried out 

in a molecular beam system that incorporated a time of flight mass spectrometer 

(TBFMS). A substantial part of my Ph.D. candidature was spent developing parts of this 

apparatus. While relevant details of the apparatus are included in the experimental section 

of each chapter, a more complete description is included in Appendix 1. Appendix 2 

includes the computer programs which implement the simplex algorithm to detemrine the 

dine-(argon)3 potential hypersurface minima. Development of the computer programs 

was largely carried out by Andrew Rock but they are included in this thesis for 

completeness. 



Chapter 1 

The S l t S o  Electronic Spectra of Substituted 
Benzene-Argon van der Waals Molecules 

Introduction 

While the importance of van der Waals (vdW) interactions in a variety of physical 

phenomena has been recognized [Levy 198 11, [Ewing 19751, detailed information on 

the interaction potential between complex partners is rare. Details of the potential surface 

near the potential minimum may be derived from spectroscopic measurements of the low 

frequency van der Wads vibrations. In this chapter an experimental approach towards 

elucidating the role that particular parts of the molecule may play in deciding the total 

interaction is described The effect of different ring substituents on the low frequency 

vdW vibrations in a range of aromatic-rare gas complexes is explored. In the course of 

these studies the importance of anhannonic coupling between low frequency stretching 

and bending motions associated with the van der Wads bond has become apparent. 

The popularity of studies of van der Waals molecules arises not only because of 

the fundamental importance and intrigue of the subject, but also because the combined 

techniques of molecular supersonic jet cooling and laser spectroscopies (LF and MPI) 
have proven so successful in unraveling the excited state vibrational structure of 

polyatomics. Any laboratory equipped for the study of jet cooled polyatomics, is also 

equipped for the synthesis and study of a huge variety of related cluster species. Indeed, 

unless special precautions are taken to suppress their formation or detection, the spectral 

signatures of van der Waals molecules are ubiquitous in both LIF and MPI jet spectra. 

The paucity of detailed information concerning van der Waals vibrational motions is 

particularly evident when attempts are made to explain the selectivity of the destination 

state in both collisional and half collisional relaxation of polyatomics. Intramolecular 

vibrational relaxation, vibrational predissociation and dissociation dynamics of vdW 

molecules have been explored with a view to understanding the patterns of vibrational 

energy flow [Brumbaugh 19831, malberstadt 19841, [Butz 19861, [Mikami 19861, 

[Jacobson 19881, weber  1988a1, P;Veber 1988bl. In the case of pdFB-Ar 

predissociation, Ewing, Parmenter and co-workers Putz  19861 have explained rapid 

predissociation and vibrational selectivity with a model that invokes Fermi resonance 



between a zero order 'light' state and a manifold of 'dark states that include substantial 

energy in the van der Waals bond. While the model is successhl in explaining 

qualitatively the observed behaviour, it relies on unsubstantiated assumptions concerning 

the density of van der Waals states and the strength of the coupling of these states to high 

frequency vibrations. Recently Weber and Rice [Weber 1988a1, [Weber 1988b1 have, 

using perturbation theory, developed propensity rules that describe intramolecular 

vibrational relaxation in vdW molecules using tetrazine-Ar as their test case, Further 

knowledge of aromatic ring-rare gas potentials should allow evaluation of the 

assumptions on which these models are based and perhaps bring such models closer to 

providing quantitative predictions. 

Systems for which intermolecular vdW vibrational frequencies have been measured 

include pdFB-Ar [Butz 19881, [Jacobson 19881, carbazole- Kr [Boesiger 19861 

benzene-Ar wenapace 19871, s-tetrazine-Ar [Brumbaugh 19831, and s-tetrazine-Ar, Kr, 

Xe [Weber 1988a1, Weber 1988bl. This relatively small data set does not allow us to 

gauge the effect a ring substituent may have on the intemolecular potential surface. 

Measurements of binding energies of vdW complexes are now also emerging 

[Boesiger 19861, [Even 19821, [Gonohe 1984],~[Dimopou1ou-Rademann 19881. This 

information augments structural descriptions of vdW complexes obtained from rotational 

analyses of microwave, infrared and electronic spectra [Kukolich 19821, 

[Yamanouchi 19841, calculations of vdW spectral shifts [Boesiger 19861, pven  19821, 

Fonguet-Higgins 19571, [Amirav 19831, Leutwyler 19841, menke 1985al and 

estimates of vdW vibrational frequencies from atom-atom potentials [Brocks 19861, 

[Menapace 19871. 

One-colour resonance enhanced multiphoton ionization (1C-REMPI) has been 
combined with time of flight mass spectrometry (TOFMS) to investigate the S l t S O  

origin region of four monosubstituted benzene& systems, synthesized in a skimmed 

supersonic expansion. The results constitute an extensive comparative study of aromatic- 

Ar vdW molecular spectra. The intermolecular low frequency vibrational modes of the 

vdW complexes are observed and the spectral shifts of the complex relative to the parent 

are measured. ~ s s i ~ n m e n t  of the vdW vibrational bands is achieved in terns of a model 

Hamiltonian that includes cubic coupling between symmetric stretching and the symmetric 

and asymmetric bending motions of the complex. 

The aromatics aniline, phenol, fluombenzene and chlorobenzene have been selected ' 

for this investigation since they all possess ionization energies that are less than twice the 
S l t S o  transition energy and hence are accessible subjects for 1C-REMPI. The 

spectroscopy and physical properties of the substituted benzenes have been extensively 

studied both experimentally and theoretically petruska 196 11, M a m i  19801, 



[Muralcard 19801, [Prab humirashi 19861, [Goodman 19831, [Gonohe % 9851, 

[Mehler 19851. 

Tunable radiation required for the 1C-REMPI spectroscopy is provided by a 

Lambda Physik excimer laser (EMG 101 MSC), running on XeCl(308 nm), pumping a 

Littman configuration, transversely pumped dye laser, The laser dyes (Exciton) R590, 

R560,6540A and C500 are used to scan the region of interest 590 nm - 525 nm. This 

light is frequency doubled by an angle tuned KDP crystal. A rotatable prism polarizer 

placed after the doubling crystal is used to decrease the W laser intensity so that 

saturation of transitions is avoided. The laser is weakly focussed with a 500 mm lens into 

the molecular beam apparatus and aligned so that it is colinear and counter propagating to 

the molecular beam. The laser is aligned through the extraction grids of the TOFMS, 

through the skimmer, into the source chamber and onto the nozzle. A light baffle is used 

to stop scattered light reflecting back from the skimmer into the extraction chamber. The 

nozzle and laser are pulsed at 10 Hz. 

C&15Cl, C&15F, C6H50H and C&15NH2 are seeded ( ~ 1 % )  in argon. 

Chlorobenzene, phenol and aniline are kept at room temperature, while fluorobenzene is 
placed in a CaClz slush bath at -8OC. The vapour of these liquids, diluted in argon, is 

expanded using a total backing pressure of one atmosphere through a 1 mm diameter 

nozzle in to the source chamber ( 3 ~ 1 0 - ~  torr). The free jet is collimated by a 1 mm 
diameter skimmer between the source chamber and the extraction chamber. The nozzle- 

skimmer separation is - 5 cm. The extraction chamber is maintained at pressures lower 

than 10-6 ton. REMPI created positive ions are pulse-extracted into the TOF chamber 
(10-7 torr) through a 5 mrn aperture. An 1800 Volt fast risetime pulse (zr < 15 ns) 

provides the accelerating voltage to the TOMS grids. The grids are connected by Zener 

diodes, so that one fast voltage source is able to provide the fast rising voltages for all 

grids and spacing electrodes. The Zener voltages of the diodes are chosen so that the 

Wiley-McLaren space focussing condition is satisfied miley 19551. Horizontal and 

vertical electrostatic deflectors guide the ions through a 800 cm field-free region towards a 

tandem microchannel plate ~ammamatsu). The signal is buffered by a 100 Mhz 

operational amplifier and is displayed on a Tektronix 2434 digital storage oscilloscope. 

The mass selected signal is averaged using a boxcar integrator (EG&G 162/166) and the 

signal and laser power are collected on a PDP 1 1/23+ minicomputer and recorded on a 

strip chart recorder. The synchronization and triggering of all the equipment is carried out 

using a multiple output programmable delay generator. Further details of the molecular 

beam, time of flight mass spectrometer system can be found in Appendix 1. 



Discrimination against Fragmentation from Large Clusta  

A concern when using 1C-REMPI to exaxnine weakly bound clusters is the 

contribution of ionic fragments from larger clusters to the signal at a particular mass. 

Although some degree of mass selectivity is ensured by the use of a TOFMS, as long as 

the energy of two photons exceeds the ionization energy of the complex, the signal at a 

particular mass may be due to the fragmentation of larger mass complexes which are 

present in the molecular beam. Two means are used to discriminate against such signals. 

For each molecule, MPI spectra are recorded at the mass of the substituted benzene, that 

gf the substituted benzene plus one argon atom and that of the substituted benzene plus 

two argon atoms, so that barring coincidences, peaks common to two MPI spectra may be 

assigned as due to resonances in clusters at least as large as the higher mass. The other 

technique used to discriminate against larger cluster contributions to the MPI spectrum 

involves ionizing upstream from the extraction region of the TOFMS. 

Since the laser is colinear with the molecular beam, we excite the entire gas packet to 
fonn a sausage of ions (- 300 mm long for 400 ys nozzle opening time and argon carrier 

gas), The composition of the sausage varies along its length with larger clusters towards 

the tail. By varying the delay between nozzle opening and laser firing, one may selectively 

probe regions with different cluster distributions. If the laser and the extraction pulses are 

fired at the same time, molecules with transitions resonant with the laser frequency and 

lying in the extraction region of the TOFMS may be ionized and repelled towards the 

detector. 

If instead of firing laser and extraction pulse simultaneously, the voltage pulse is 

delayed, the packet of ions ejected will have been ionized upstream from the extraction 

region. Any molecules fragmenting after ionization will have additional translational 

kinetic energy and will follow altered trajectories relative to the unfragmented ions. Off- 

axis components of velocity make it less likely that ionic fragments will end up in the 

extraction region of the TOFMS, and both off-axis and on-axis components reduce the 

chance that extracted fragments will follow a path in the TOWS leading to the detector. 

We find that by firing the extraction pulse 20 ys later than the laser (corresponding 

to - 15 mm of argon beam drift) we are able to discriminate effectively against the 

contributions from higher cluster fragments in our mass selected REMPI spectra of 

aromatic-argon complexes. Figure 1.1 shows REMPI spectra recorded at the mass of 

An-Art ion with and without the delayed extraction technique, along with a spectrum 

recorded at the the An+ mass. Comparison of the two An-ArC spectra indicate that some 

of the peaks apparent in the undelayed spectrum are due to larger clusters. 
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The ability to ionize upstream while still maintaining adequate signal levels, depends 

on the number of ions created, stray fields and alignment. Particular care is taken to shield 

insulators in the extraction region, since accumulated surface charges produced by 

t 

1 i 1 I 1 
100 0 -100 

Relative Energy (cm-l) 
Figure 1.1 

REMPI - TOFMS S spectra of aniline expanded in argon recorded at (a) 

de=93 and @), (c) m/e=133. Contributions from larger clusters in the undelaved 

de-133 spectrum (b) are obvious when compared to the delayed m/e= 133 
0 0 specmm (c). 00, OO and 6; refer to the origins of aniline, aniline-argon and 

aniline-   argon)^. 



scattered W light can lead to stray electric fields. If many ions are created, the ion packet 

suffers Coulomb repulsion, mass peaks are broadened and signal is diminished. We have 

used the delayed extraction technique only when the spectra are congested and confused 
by photofragment contributions. The number of substituted benzene-& complexes and 

the degree of fragmentation into the substituted benzene-Arl mass being detected, 

determine the congestion or "hump" contribution to the spectra. Fragmentation 

probabilities of weakly bound complexes ionized by 1C REMPI, depend on the differehce 

between the two photon energy and the ionization potential of the molecule, and on 

fianck-Condon factors associated with the second ionizing optical transition. 

Table 1.1 
Measured spectral shifts for substituted benzene-Arl,-Ar2 complexes 

and related physical properties. 

C6HSCI C6H5F C6H50H C6H5NH2 

Arl spectral shift ( ~ m - l ) ~  27 24 36 54 
Ax2 spectral shift (cm-I)a 56 50 -- 112 

Dipole p.@ebyes) So 1.889 1 . 6 3 ~  1.45' 1 . 53~  

S1 2.03j 1.96' 1.65' 2.38' 

Sit-So osc strengthe 0.0012 0.0072 0.0154 0.0224 

SlcSoorigin(cm-1) 37051b 37816~ 36354' 34031' 

Ionization potential (cm-l) 73 1 2 2 ~  74230~ 68621 62278' 
Excess energy (cm-l) 980 1402 4087 5784 

a this work ' [Lombardi 19691 

[Ripoche 19881 [hbhurnirashi 19861 

' &emaire 19871 [Czaszar 19841 
[Gonohe 19841 ' [Poynter 19631 

[Petruska 19611 j [Wu 19711 

Table 1.1 lists the energy of the S1-SO electronic origin, the ionization potential 

and the excess energy for each of the parent molecules. Note that the ionization potential 

of a molecule decreases as the number of attached argon atoms increases so that the listed 
excess energies are a lower limit for clusters. For example, in CG5F-Ar the ionization 



potential is 200 cm-l lower in energy than the ionization potential of 

[Gonohe 19841. The electronic origin of the complex is 24 cm-1 lower in energy than the 

electronic energy of the parent. The excess energy is therefore - 150 cm-1 greater for the 

complex than for the parent. 

The substituted benzene-Arl spectra may be expected to contain bands due to 

transitions involving the vdW stretch (s,), the symmetric (b,) and the asymmetric vdW 

bend (by). Figure 1.2 illustrates these vibrational modes for a substituted benzene-Arl 

complex. The orientation and labelling of the axes is shown in the figure. The four vdW 
molecules have approximate C, symmetry and the three low frequency vibrations are 

classified in this point group- Only totally symmetric fundamentals, overtones or 

combinations should appear in the electronic spectrum (i.e. the asymmetric bend should 

appear only in even quanta transitions, whereas the symmetric stretch and bend may 

participate in odd and even quanta transitions). From the existing data base 

[Menapace 19871, [Bmmbaugh 19831, [Butz 19861, [Jacobson 19881, 

[Boesiger 19863, we expect progressions to be short, consistent with little geometry 

change on electronic excitation. 

Schematic diagram showing the (a) s, and (b) b, van der Waals vibrational modes for 

the chlorobenzene-Ar complex (adapted from menapace 19871). The bending motion 

actually also involves rotation of the aromatic about the y axis. See Chapter 2 for a 



REMPI - TOFMS S l t S O  excitation spectra of aromatic-Arl complexss in the 
region near the electronic origin of the complex. Relative intensities are listed in 
Table 1.2. Assignments marked on the spectra relate to the dominant 
vibrational character associated with each transition. Consequences of stretch-bend 
interactions are discussed in the text. The origin band for the -Ar2 complex 

(fluorobenzene, chlorobenzene) is denoted by the assignment 6:. Delay times at the 



Mass Selected REMPI Spectra of Aromatic - Rare Gas '~omwlexes 

Figure 1.3 shows the mass selected 1C-REMPI spectra of aniline-, phenol-, 

fluorobenzene- and chlorobenzene-Ar van der Waals molecules. Different delays (noted 

to the left of each spectrum) between laser and extraction pulse are chosen for each of the 

four molecules in order to achieve, in each case, the best signal to noise ratio and 

suppression of higher cluster fragmentation contributions. The spectra have been aligned 
so that the positions of the electronic origin bands of the aromatic-Arl complexes are 

coincident and the major vdW vibrations have been assigned using standard notation. 

W l e  the details vary, all four spectra are similarly structured i.e, there are three to four 

prominent vibrational peaks lying between 15 cm-1 and 50 cm-1 from the origin. 

0 The red shifts associated with the complex OO transitions are presented in 

Table 1.1. The displacements of the various vdW vibrations from the respective origins 

are displayed in Table 1.2. The dips in the spectra, indicated by an mow in 

Figure 1.3, correspond to the origin band positions for the free parent molecule. These 

dips result from ringing of the detector output as the laser scans over the intense parent 

molecule electronic origin. 

Discussion 

Red Shifts for the Four Substituted Benzenes - Arl and Ar2 

The spectral shift of the van der Wads molecule origin with respect to the parent 

origin, is equal to the difference in the van der Wads binding energy in the two electron 
states. The observed spectral shifts for the (substituted benzene)-& complexes are listed 

in Table 1.1. The dipole moments and oscillator strengths for the parent substituted 

benzene are also included. In accordance with previous observations of aromatics bound 

to argon atoms, the spectral shifts are towards lower energy, indicating that complexes 

are more tightly bound in the S1 state. It is interesting to note that the magnitude of the 

red shifts display the same qualitative trends along the series fluorobenzene, 

chlorobenzene, phenol, aniline as do the red shifts in the electronic origin transitions for 

the four parent substituted benzenes relative to the benzene electronic origin. The 

measured values for the vdW spectral shifts are in reasonable agreement with those 

measured previously [Gonohe 19841, [Y amanouchi 19 871, [Amirav 19 831, 
[pademann 19831, [Karnei 19851, with the exception of the shift measured for aniline- 
Ar2. We obtain a value of 112 cm-l whereas Amirav et. al. assign a band appearing in 

their LIF spectrum 102 cm-1 to lower energy from the aniline origin as the An-& origin 



[Amirav 19831. Mass selected E M P I  spectra are usually more reliable than EBF" spectra 

iri determi~ng the origin of spectral features, hence we favour our value, 

Table 1.1 presents some physical properties of the substituted benzenes. The 

properties listed include some of the ingredients used in the theoretical calculations of 

spectral shifts in aromatic-rare gas complexes [Leutwyler 19841, Wenke 1985al. 

Existing theoretical treatments of van der Waals red shifts are generally based on 
inductive and dispersive contributions to the So and S 1 potentials while repulsive 

contributions are usually neglected. There is limited howledge of the parameters 

required to proceed with the calculations and the red shifts have not been calculated. 

Estimates of ground and excited state dipole moments for example, are often conflicting 

[Prabhumirashi 19831, [Prabhumirashi 19861, [Mehler 19851, kombardi 19691, 

wu 19711, [Cszasar 19841. 

We note that the red shift associated with the Aq complex is usually more than 

double that associated with formation of the Arl complex. A greater red shift for the 

second Ar implies an increased stabilization of the excited state with respect to the ground 
state for the second argon. Rotational analysis [Yamanouchi 19871 of the S l t S o  

transition of aniline-argon has shown that the van der Wads bond length decreases upon 

electronic excitation. The argon atoms are in the attractive region of their mutual 

interaction potential. Thus a decrease in aromatic-Ar bond length will result in a greater 
con.tribution to the S van der Wads binding energy due to the Ar-Ar interaction than 

there would be for So. Hence there will be a greater spectral red shift for the second argon 

atom. The effect will probably be mediated by the shielding of the argons from one 

another by the aromatic ring. 

In the case of aniline-Ar, a further explanation applies. So aniline is nonplanar 

while S 1 aniline is planar. Hence the two aniline-& binding sites are energetically 

different in the ground state but equivalent in the excited state. The first argon atom will 
bind to the So aniline molecule on the most energetically favourable side, possibly the 

side with the hydrogen atoms closer to the Ar, while the second atom will bind to the 

other side, leading to greater stabilization for the first argon than for the second. In the 
S1 state, both binding positions are energetically equivalent and the stabilization should 

be almost the same for both atoms. The difference in stabilization between S 1 and So is 

therefore greater for the second argon atom than the first, leading to the increased second 

atom red shift. 

Assirnment of Spectra 

Vibrational modes of aromatic-Ar clusters are generally poorly characterized. Many 

spectra measured in the past have been of insufficient clarity to allow detailed 



interpretation. In contrast, the spectra presented here are relatively free ljam congest.ion 

and are of sufficiently good signal to noise ratio to permit clear assignment, A 

preliminary assignment of the vdW modes, based on analogy with the existing data on 

vdW modes in benzene and teaazine complexes [Menapace 19871, [Jacobson 19881, is 

listed in Table 1.2. Included are the band positions and intensities measured from the 

spectra shown in Figure 1.3. 

Table 1.2 

Measured band positions and band intensities together with 
conventional assignments for substituted benzene-argon van der Waals 
complexes 

Origin shift Intensity Assignment 
(cm-1) (A) 

CsHsCl-Ar 0 1.00 o," 
16 0.13 bxh 

30 0.06 bx; 

34 0.07 by; 

43 0.08 bx; 

45 0.28 1 
Szo 

61 0.01 - 
67 0.05 - 

C6H5F-AP 0 1.00 o," 
2 1 0.07 bxt 

34 0.07 b; 

3 8 0.12 bx; 

47 0.22 1 
Szo 

54 0.01 - 
70 0.03 - 



Table 1.3 compares preliminary vibrational assignments with those for three other 

aromatics for which data on vdW interactions are available. Calculations of vibrational 

frequencies for a number of systems to date, have had fair success at matching observed 

stretching frequencies, but less success with the bending frequencies [Menapace 19871, 

[Brocks 19861. In benzene-Ar the band lying at +40 cm-l from the complex origin is 

assigned as a transition to one quantum of the stretch (sd transition) while the band at 

2 +3 1 crn-1 is assigned as a transition to two quanta of the doubly degenerate bend the (bxyo 

transition) Ffenapace 19871. Calculations by Menapace and Bernstein Ffenapace 19871 

place the stretch at 40 cm-1 and two quanta of the doubly degenerate bend at 22 cm-1. 

Discrepancies between the calculated and measured bend frequencies are perhaps 

attributable to the inadequacy of potential surfaces based on sums of atom-atom pair 

potentials, in providing a good route towards estimating vibrational motion in the 

complex. 



In pDFB-Ar [Butz 19861 the transition observed at +42 cm-1 from the complex 
2 origin is assigned as s$ . The band at +34 cm-1 is assigned as the b,, transition 

i 

associated with the bend along the fluorine-carbon bonds i.e. v (b,) = 17 cm-1. In 

tetrazine-Ar, Brumbaugh et al. [Brumbaugh 19831 assigned the +44 cm-1 transition as 
1 the sg) transition involving the stretch. The bends have been assigned as 17 cm-1 and 

Table 1.3 

Frequencies of van der Waals vibrations in aromatic-Ar complexes 

based on conventional assignments. 

Molecule b x  by S, Reference 

benzene-& 15.5 40 a 

pDFB-Ar ? 17 42 b 

tetrahe-& 44 C 

tetrazine-Ar 17 19 d 

tetrazine-Ar (So) 1 5 5  17.6 42.1 e 

chlorobenzene-Ar 16 17 45 f 

fluorobenzene-Ar 21 17 47 f 

p henol-Ar 21 19 47 f 

aniline-& 22 19 49 f 

a [Menapace 19871; b, = bxy [Rarnaekers 19831 

[Jacobson 19881 weber  19881 

[Brumbaugh 19831 This work 

19 cm-1 respectively [Ramaekers 19831. More recently Weber et al. weber  1988a1, 

weber 1988bl have studied tetrazine in both electronic states complexed with Ar, Kr and 

Xe. They deduce ground state frequencies of 15.5, 17.6 and 42.1 cm-1 for the two bends 

and the stretch for tetrazine-Ar. The vdW modes appear at first sight to be described well 

by harmonic progressions. Frequencies in the ground and excited states are found to be 

similar, i.e. the interaction potential appears to be essentially the same in the ground and 

excited electronic states. The stretch frequency in the excited state is slightly higher than in 

the ground state, confirming that there is stronger bonding in the excited state, consistent 

with a red spectral shift. A puzzling aspect of the spectra reported by Weber et al. 

weber  1988a1, weber  1988bl is that Au = 2 and Au = 4 transitions are seen 

respectively in the b, and by bends. The occurrence of progressions with even quantum 

changes in non-totally symmetric modes usually result from a large frequency change 



menberg 19661. However, this is not consisient with the evidence of small frequency 

changes. As shall be seen below, an alternative explanation follows from the analysis of 

the spectra presented in this thesis. 

Attention is again drawn to the spectra displayed in Figure 1.3. The conventional 

assignments, arrived at by analogy with cases referred to above, are marked on the 

spectra, The prominent bands in each of the spectra are the one quantum transition 
associated with the vdW stretch (s3 at approximately 47 cm-1 and the one quantum 

transition associated with the symmetric bend (b,) at approximately 21 cm-1 (16 cm-1 in 

chlorobenzene). Progressions in the symmetric bend (b,) are seen, for example in 

chlorobenzene at +16, +30 and +43 cm-1, while progressions in &e asymmetric bend 
(by) are absent from all spectra. No progressions in the stretch (s,) are seen, i.e. the 

relative intensity of s; progression members for n 2 2 must be less than 0.005 (taking 

0 the intensity of the OO transition as unity). 

An examination of the intensity patterns displayed in the spectra shown in 

Figure 1.3 reveals some anomalies. These anomalies are similar to those appearing in 

the spectra of the s-tetrazine -Ar complex. For example, in aniline-&, the transition 
2 1 assigned as bq displays intensity twice that of the bq band. The observed intensity of the 

1 2 bxO transition may be used to estimate the intensity of the bq transition based on Franck- 

Condon factors for harmonic oscillators. The parameter D that is related 
[Henderson 19641 to the displacement AQ in equilibrium position is estimated. It may be 

assumed with some confidence that the frequency of b,' is not very different from b,", 
1 0 i.e. we may take 6 = (v"/vl)ln 5 1.1. The observed intensity of bxo relative to O0 is 

0.17, From calculations of harmonic oscillator Franck-Condon factors, it may be deduced 

that D = 0.6. With the choice D = 0.6, 6 = 1.1, the intensity for b,: in the harmonic 

2 0 approximation is estimated to be 1 0.02. The observed intensity of bq relative to OO is 

0.29, i.e. the discrepancy is a factor of 15. 

2 The observed intensity of the byo transition, involving the non-totally symmetric van 

der Waals bend may be compared with that expected on the basis of harmonic oscillator 
Franck-Condon factors. The shift in the equilibrium position (AQ) for the by normal 

coordinate must be zero (it is not a syrnmewic mode); we estimate that the frequency ratio 
6 = (vt'/v')1R for by is close to unity since in other aromatic-rare gas van der Wads 

complexes, frequencies for the van der Wads modes remain essentially unchanged upon 
electronic excitation rjVeber 19881. For a choice of parameters D = 0 and 6 I 1.1, the 



0 intensity of the by; transition relative to Oo is predicted to be S 0.004. The observed 

intensity (0.09, see Table 1.2) is a factor of over 20 greater than the predicted intensity. 

Similar anomalies are apparent in the spectra for phenol-Ar, fluorobenzene-Ar and 

chlorobenzene-Ar (see Figure 1.3 and Table 1.2). 

These anomalous intensity patterns lead us to advance the proposition that 

anharmonic coupling is responsible for a redistribution of intensity among the van der 

Wads transitions in the aromatic. A quantitative model is developed that incorporates the 

notion that the van der Wads stretch vibration is coupled through cubic potential and 

kinetic energy terms in the vibrational Hamiltonian to the symmetric and asymmemc 

bending vibrations. 

Stretch - Bend Interactions in the van der Waals Modes 

In some triatomics, for example C02, the near resonance between the zero-order 

symmetric stretching frequency and two quanta of the zerc-order bending frequency, 

along with cubic anharmonic coupling, leads to appreciable interaction. The spectral 
manifestations of this F e d  resonance in C02 are well documented werzberg 19661, 

with a splitting of - 100 cm-1 for the perturbed levels. It should be noted that the 
magnitude of the Q1Q22 cubic matrix element in C02 (i.e. - 50 cm-l) is - 9% of the 

magnitude of the vibrational frequency for v2. Fermi resonances in aromatics have also 

been characterized on a number of occasions [Knight 1988a1, m i g h t  1988bl and cubic 

eoupIing matrix elements are found to range between 1 and 10% of the vibrational 

frequencies involved. 

A view of the interaction between stretch and bend in C02 has been been provided 

by Sibert et al. [Sibert 19831 who by discussing the motion in curvilinear coordinates, 

and by using zero order vibrational normal coordinates which correspond to deformation 
of the curvilinear coordinates s and @, show that the cubic anharmonic coupling has 

components from both potential and kinetic energy coupling terms. The anharmonic, 

kinetic coupling arises because the kinetic energy for vibrationaI motion when the 
displacements are large, involves the terms @pspe and sp+2 which couple the two zero 

order motions. The cubic kinetic coupling terms are calculable given the molecular 

geometry, atomic masses and zero order frequencies. The potential anharmonic coupling 

on the other hand, arises from the dependence of the force constant for one motion on the 
displacement of the other coordinate i.e. the bend frequency for C q  depends on the 

stretch coordinate. These potential coupling terms depend on the details of the potential 

surface and are less amenable to facile calculation. Comparison of the contributions from 
the two anharmonicity sources in C@ has shown that they are of opposite sign and that 

the kinetic coupling term dominates. 



The low frequency stretches and bends of aromatic-argon van der Waals molecules 

are also related by a near 2: 1 frequency ratio. Hence there is opportunity for Femi 

resonance involving two quanta of a bending vibration with one quantum of the stretching 

vibration. In this study we deduce effective coupling matrix elements that serve to explain 

the perturbed energies and intensities of the van der Waals transitions in the 

aromatic-rare gas complexes. By comparing these coupling terms for molecules of 

similar geometry, mass, mass distribution and zero order frequencies, and hence kinetic 

coupling, one should be able to decide the effect of the substituent on the potential 

coupling. . 

Both of the bending motions will be coupled to the van der Waals stretch motion by 

terms quadratic in the bending coordinate and linear in the stretching coordinate, but the 

two bending vibrations will remain essentially uncoupled to each other in first order, 

i.e. there will be no direct off-diagonal term in the Hamiltonian matrix that couples e.g. 
bx2 to by2. However, because both bx2 and by2 are themselves coupled to s, directly, 

-7 

matrix diagonalization will lead to mixing of the bx2 and by2 wavefunctions. 

Coupling Calculations 

A simple 3 x 3 model Hamiltonian matrix is constructed to describe the stretch-bend 

couplings among the low frequency van der Wads modes. Only cubic anharinonic 
coupling between bx2 and szl and between by2 and szl are invoked, i.e. terms involving 

Qbx% and Qby% in the expansion of the vibrational potential. Zero order energies 

(Elii) and off diagonal coupling matrix elements @Iij) chosen for each of the four 

aromatic-rare gas complexes are listed in Table 1.4. The choice of the zero order energy 
associated with bx2 is arrived at by recognizing that bxl will be relatively uncoupled (the 

first non-vanishing matrix element will be quartic, and the zero order energy separation 
between bxl and szl is relatively large) and by assuming that the zero order energy of bx2 

is approximately the harmonic value i-e. twice v(bx). Minor adjustments are made when 

fitting to observed energies. Coupling parameters are chosen (with a degree of hindsight) 

to lie in the range 5 12% of the zero order stretch frequency, i.e. choices are not permitted 

that would be classified as outrageous in comparison with cubic anharmonic coupling 

matrix elements found in a wide range of polyatornics [Baggot 19851, Knight 1988a1, 

[Peyerimhoff 19841, [Dubal 19841. 

The results of the model calculations for the four aromatic-rare gas complexes are 
summarized in Table 1.5. The eigenvectors Yl,  Y2, Y3, refer to the mixed states 

emerging from coupling between the bx2, by2 and sZ1 zero order states. As may be seen 

from the table, the calculated eigenvalues and the observed van der Waals vibrational 

energies match well. A more rigorous test however is the matching of the. observed 
intensities. Transitions that terminate in each of the bx2, by2 and szl zero order states may 



possibly carry Fmck-Condon intensity. The assumption may be advanced that of these 
1 three transitions, sy) alone canies oscillator strength. This assumption is justifiable since, 

as discussed above, the frequency changes associated with electronic excitation are 

expected to be small, hence the zero order intensity for by; will be negligible; the shift in 

equilibrium position for the totally symmetric bend, estimated from the b d  band intensity 

0 2 (relative to Od, pennits prediction of a negligible zero order intensity for bq . 

Thus, in order to estimate the intensity of a transition associated with a mixed state, 
(e.g. Y1 for aniline) the (c~efficient)~ of the component of the Y1 eigenvector that 

corresponds to stretch character, i.e. a(vsz), which in this case is (-0.37)2 = 0.14, is 

taken as the normalized relative intensity of that transition. Calculated intensities are 

listed in Table 1.5 for the transitions associated with each of the mixed states for all 

four aromatic-rare gas complexes. The calculated intensities are found to lie within - 5% 

in all cases, i.e. within experimental uncertainty. A minor discrepancy may be noted for 
chlorobenzene. The calculated intensity for Y3 is not in good agreement with the 

observed value. This is because so far, only a three level system has been used for 

chlorobenzene-Ar to facilitate comparison of the calculations with those carried out for 

the other substituted benzenes. 

r 

Table 1,4 
Zero order energies and coupling matrix elements used in the Ferrni 

resonance model. 

H1 1 H22 %3 H13a H23a 

2vbx 2vby vsz 

aniline 46,O 39.5 43.5 4.5 0.5 

phenol 41.0 37.4 43 .O 4-5 0.5 

FB 41.7 35.0 4 2 2  4.5 2.5 

CB 31.0 36.0 41.5 3.0 4.5 

tetrazineb 3 3.5 36.0 40.0 1.2 3.5 

a Cubic coupling matrix elements, proportional to Qb2Qsz, where b 

refers to b, or by. 

Vibrational frequencies and band intensities taken from 

[Weber 1988al. 



Calculated eigenvalues, eigenvectors and band intensities using the 

zero order parameters and matrix elements given in Table 1.4 
compared with observed band positions and intensities, The calculated 
intensity is obtained from the square of the coefficient a(v,) of the 

eigenvector Y that corresponds to stretch character. 

Table 1.5 (a) Eigenvalues, eigenvectors and irftensities 

Obs vib energv 

Table 1.5 (b) Eigenvalues, eigenvectors and intensities 

C'alc eigenvalues 37.1 37 -7 46.6 

Obs vib energv 37.0 37.0 47.0 

Intensity (calc) 0.2 1 0.18 0.61 
Intensity (obs) (Yl+Y2) = 0.37 0.63 

Table 1.5 (c)  Eigenvalues, eigenvectors and intensities 
fluorobenzene-Ar yl y 2  y3 

a(2vbx) 0.23 -0.72 0.66 

a(2vby) 0.89 0.42 0.16 

a(v,> -0.39 0.55 0.74 

Calc eigenvalues 33.9 38.3 46.7 

Obs vib enerw 34.0 38.0 47.0 
Intensity (calc) 0.15 0.30 0.54 
Intensity (obs) 0.17 0.29 0.54 



Table 1.5 (d) Eigenvalues, eigenvectors and intensities 
chlorobenzene-Ar 

Table l.S(e) Eigenvalues, eigenvectors and intensities 
tetrazine-Ar 

(Y1+Y2) = 0.24 

Inspection of the chlorobenzene-Ar spectrum (Figure 1.3) reveals an extra band, 

not present in the spectra of the other aromatic-rare gas complexes, as a shoulder to 
1 lower energy from the transition assigned nominally as sq. This transition may be 

identified as arising due to a near-resonant coupling between bx3 and sZ1. Only in 

chlorobenzene is there such a coincidence between the frequency of the symmetric 
stretch (41.5 cm-l) and three quanta of the symmetric bend (3vbX = 43.9 cm-l) and 

therefore the model must be extended to a 4 x 4 Harniltonian mamx to include the small 
quartic coupling (- 0.5 cxn-l) between bx3 and sZ1. Tablc 1.6 shows the results for this 

extended calculation. There is now close agreement between observed and calculated 

band positions and intensities for all  four mixed states in chlorobenzene-Ax. 

Included in Table 15 are data for tetrazine-Ar in the ground electronic state 

meber 1988al. Application of the coupling model to those data also proves successful. 

The intensity anomalies in the tetrazine-Ar dispersed fluorescence spectrum that are akin 

to those in our excitation spectra may be explained satisfactorily in terms of stretch bend 

coupling among the van der Wads modes. 



Calculations repeated for chlorobenzene, with parameters as given in 
Table 1.5, but with the inclusion of the level 3vbX at 43.9 cm-l and 

with an additional coupling matrix element = 0.5 cm-1. 

shlorobenzene-Ar Y 

Band Positions and Intensities 

The comparisons provided in Figure 1.2 and Table 1.5 show that as one 

progresses through the series: aniline, phenol, fluorobenzene, chlorobenzene, the relative 
1 2 intensity of the sm band increases steadily while the bend overtones b$ and bYO steadily 

lose intensity. Only in chlorobenzene do we see the b$ transition. These trends may be 

explained by the differences among the four molecules in zero order energies for the 

interacting states, e.g. the zero order energies for the two-quantum bend levels lie much 

closer to the stretch in aniline than they do in chlorobenzene, and by differences between 

the coupling matrix elements (see Table 1.4). 

It proves interesting to examine these differences between the four complexes a little 

more closely. In Chapter 2 the reduced masses for the vibrational motions of an aromatic 

bound to a rare gas atom are calculated. Table 1.7 lists the reduced masses for the 

stretching and bending motions for the four molecules and also the force constants 
ki = pivi2 for all three motions. The effects of diagonal cubic and quartic anhmonicities 

on the zero order frequencies are ignored. It is assumed that the potential between argon 

and aromatic is diagonal in the internal coordinates and that the argon atom lies over the 

aromatic's centre of mass. These suppositions are discussed further in Chapters 2 & 3. 



Parameters used in the comparison of substituted benzene-Ar vibrational frequencies 

Anilinea phenolb F B  

Aromatic mass 

equilibrium distanceC 

Aromatic y axis Iw (amu A2) 195 
moment of inertia 

Aromatic x axis I, (amu A2) 9 1 
moment of inertia 

((cm-I)2 m u )  52983 51772 50219 

((cm-1)2 m u  A) 59048 53802 54243 

((cm-112 m u  A) 27694 24828 21437 



Comparison of the force constants for the van der Waals motions in the four 

molecules reveals some interesting trends. Aniline has the largest force constants for all 

three motions. While the force constants for the stretching motions in the four molecules 

vary by less than 6%, the force constants for the two bending motions exhibit greater 

variability. The symmetric bend in chlorobenzene for instance, is characterized by a 

constant that is - 25% less than in the other three molecules. The four molecules have 
asymmetric bend force constants which differ by little. The by bend normal coordinate is 

orthogonal to the C2 axis of the aromatic and hence the force constant for this motion 

should be relatively insensitive to the substituent on the aromatic ring. In contrast, the b, 

vibration involves motion along the C2 axis of the aromatic, and there is opportunity for 

interactions between the argon atom and the substituent to play a part in deciding the force 
constant. Comparison of the b, and the by force constants for each molecule indicates 

substantial interaction between the argon atom and the substituent. It is also interesting to 

note that the force constants for the stretching motion correlate with the molecules' 

ionization energies (see Table 1.1). Aniline, which has the lowest ionization potential, 

has the highest stretch force constant, and fluorobenzene which has the highest ionization 

potential has the lowest force constant. Correlations have previously been noted between 

atomic ionization potentials and polarizabilities m c k e  19861. 

Couuling Matrix Elements 

The interaction matrix elements are also of interest. In broad terms, the coupling 

constants are of conservative magnitude. The van der Waals well depths are of the order 
of 300 - 400 cm-1 for these complexes, hence the anharmonicity constant (w,Q for say 

v, (- 40 cm-l) estimated from the van der Waals dissociation energy is in the range 

1-2 cm-1. It is comforting that the largest cubic coupling constant required in the model is 

4.5 cm-1. As discussed earlier, when the vibrational motion is viewed from a curvilinear 

perspective, the anharmonic coupling terms have contributions from both anharmonic 

kinetic and anharmonic potential coupling [Sibert 19831. If the bonding geometries are 

similar, the kinetic anharmonic coupling for fluorobenzene, aniline and phenol should be 

similar, as the relevant kinetic parameters - masses, moments of inertia, and zero order 

frequencies - vary little between the three molecules and any differences in the total 

coupling terms must be indicative of differences in the cubic component in the aromatic- 
Ar potential function. Coupling between s, and bX2 (i.e. Hlg) is the same for the aniline-, 

phenol- and fluorobenzene-Arl complexes (4.5 cm-l), while for chlorobenzene it is a little 

less (3 cm-I). In the case of aniline- and phenol-Arl, the coupling between s, and the by2 

is small (0.5 cm-I), increasing to 2.5 and 4.5 cm-1 respectively for fluorobenzene- and 
chlorobenzene-Arl. It is unclear why the coupling between s, and by2 should be less in 

fluorobenzene than in the other two light aromatics. Similarly the very different coupling 

parameters for chlorobenzene-argon are unlikely to be due only to differences in the 



kinetic parameters and probably reflect subtle details of the potential surface, Explanation 

of these subtleties should present a sensitive test for model interaction potentials between 

rare gas atoms and aromatics. 

The spectra displayed in Figure 1.3 invite a final comment. In the fluorobenzene- 

and chlorobenzene-Ar spectra, weak features are seen beyond the frst group of stretch- 
0 bend bands, in the region +60 to +80 cm-1 displacement from the OO band. It has been 

established using delayed extraction methodology that these are due to the -Arl complex, 

i.e. they are not due to higher -Aq, complexes. They lie in the region where the coupled 

states deriving intensity from the two-quantum stretch sz2 should display excitation 

features. The zero order states involved will be: bx4, by4, bx2by2, bX2sz1, by2szl and s,2, 

with additional states arising from combinations involving b,3 for chlorobenzene-Ar. A 

preliminary analysis of these features using an extension of our model described above 

suggests that we will require better knowledge of diagonal anharmonicities and higher 

order coupling coefficients before a satisfactory fit to experiment may be achieved. 

Summarv and  conclusion^ 

Mass-selected REMPI spectra for a range of aromatic-argonl van der Wads 

complexes have been obtained in the region near the S1- So electronic origin. The spectra 

reveal with clarity, msitions associated with'the van der Waals stretching and bending 

motions. The relative intensities of the observed transitions do not conform with 

expectations derived from harmonic Franck-Condon factors. However, a model that 
includes stretch-bend coupling between one quantum of the zero-order stretch (s,l) and 

two quanta of the symmetric bend (b,*), and between szl and two quanta of the 

asymmetric stretch (by2), proves successful in explaining the observed band positions and 

intensities in the S1 - So excitation spectra for all four complexes, i.e. aniline-, phenol-, 

fluorobenzene- and chlorobenzene-Arl. Data for the So state of the tetrazine-Arl complex 

are also explained satisfactorily by this model. 

An important conclusion emerges from this work. The eigenvectors associated with 

the states that display intensity in the excitation spectra of the aromatic rare gas complexes 

are the result of appreciably mixed zero order stretch and bend states. Physically, this 
means that aside from the odd quanta b z  and byn states in the lower part of the vibrational 

manifold, the van der Waals modes are not described effectively by the normal coordinate 

representation that has been proposed in the past wenapace 19871. Instead, we must 

view the vibrational motions of these van der Waals modes as a fairly even combination 
of stretching motion, i.e. motion along the s, coordinate, together with a combined 

symmetric and asymmetric bending motion. As the vibrational energy increases, close 

resonances between overtones of the zero order stretch and bend frequencies will -become 



the rule and all semblance of distinct stretch or bend vibrational character of any level will 

disappear. This extensive mixing has important consequences in the exchange of energy 

between high frequency ring modes of van der Waals molecules to the low eequency 

motions so important in IVR and predissociation of these van der Wads molecules 

[Butz 19861, meppener 198.51. 



Chapter 2 

Low Frequency Vibrations of Small van der Waals 
Clusters 

Introduction 

In this chapter we derive expressions for the frequencies of van der Waals 

molecules consisting of a single ring aromatic bound to one and two rare gas atoms 

(M-R1 and M-R2) in terms of the potential constants between aromatic and rare gas atom, 

molecular and atomic masses, moments of inertia and bond distances. Despite interest in 

the low frequency vibrations of van der Waals molecules consisting of an aromatic bound 

to one and two rare gas atoms, a normal coordinate analysis of an aromatic bound to a 

rare gas atom in the limit of complete decoupling of low frequency 'van der Waals' 

vibrations from higher frequency 'chemical' vibrations, has not to our knowledge, yet 

appeared [Levy 19811, [Menapace 19871, [Brumbaugh 19831, [Boesiger 19861, 

Dao  19841. This is not to say that analyses of the low frequency vibrations of van der 

Wads molecules have not emerged over the last ten years wenapace 19871, 

@rocks 19861, poesiger 19861, it is just that these analyses have not led to general 

formulae for stretch and bend frequencies in terms of fundamental molecular properties - 
masses, moments of inertia, bond distances and potential parameters. In this chapter we 

develop such formulae for van der Waals molecules involving one and two rare gas 

atoms. 

The reasons for pursuing this analysis are several fold. Expression of the 

vibrational frequencies in terms of elementary molecular properties allows insightful and 

facile comparison of force constants in a variety of van der Wads systems. The results are 

used for example, to determine the role different substi~ents play in the van der Waals 

potential of the four substituted benzene-argon van der Wads molecules described in 

Chapter 1. In Chapter 3 the results derived in this chapter will be used to predict an 

aniline-Ar2 spectrum from an analysis of the An-Ar spectrum in Chapter 1. Successful 

prediction of the vibrational spectrum of an aromatic bound to two rare gas atoms from 

the spectrum of an aromatic bound to one rare gas atom, should lend support to the 

stretch-bend interaction model advanced in Chapter 1. 



It was shown in Chapter 1 that the van der Wads vibrations of substituted 

benzene-rare gas (M-R) molecules are well described by a Hamiltonian that is primarily 

harmonic, but which includes cubic terms that are responsible for substantial changes in 

the vibrational level structure. With this in mind, the description of van der Waals 

molecules is approached by fmt assuming that the potential between the aromatic and rare 

gas atom is harmonic in the three internal coordinates with cubic and quartic terns in the 

potential energy considered later as perturbations. We suppose that the vibrations of the 

aromatic skeleton are completely decoupled from the van der Waals vibrations, i.e, we 

assume all of the aromatic force constants are infinite and that it may be considered as a 

flat rigid plate, the important properties of which are the plate's mass and moments of 

inertia. 

The shifts in the electronic origins of M-R and M-R2 with respect to the aromatic 

origin are linear with the number of added rare gas atoms [Brumbaugh 19831, 

[Rademann 19831, Dao  19841, P a o  19851, (also see Chapter 1). Rotational contour 
analysis of the S l+So origin bands of tetrazine-Ar and tetrazine-An indicate that in 

tetmzine-Ar2 the argon atoms lie above and below the middle of the tetrazine ring with 

similar van der Wads bond distances as in tetrazine-Ar majlnam 19841. These data 

indicate that in M-R2, the interaction potential between aromatic and each rare gas atom is 

similar to the interaction potential between the aromatic and the rare gas atom in the M-R 

molecule. If this is the case it should be possible to predict the spectrum of M-R2 from the 

potential data extracted from analysis of the M-R spectrum. This chapter is largely 

directed towards such a prediction. 

Theorv 

As explained in the Introduction, the van der Waals potential is treated first of all as 

harmonic with anhmonicities later introduced as perturbations leading to corrections to 

the zero order eigenfunctions and eigenvectors. We propose that the high frequency 

aromatic vibrations are essentially decoupled from the low frequency van der Waals 

vibrations and that the M-R molecule may be represented as a rigid, flat plate bound to a 

rare gas atom lying over the plate's centre of mass (c-m.). Rotational analysis of 

aniline-argon [Yamanouchi 19871 and benzene-Ar Eung 19811 LIF spectra indicates 

that the argon atom is very nearly situated over the aromatic's molecule's c.m. It is 

supposed that in the M-R2 complex, the argons are symmetrically disposed above and 

below the ring's centre of mass (c.m.). We further suppose that the interaction between 

each rare gas atom and the aromatic ring in M-R2 may be represented using potential 

energy terms extracted from the M-R1 spectrum. With the above suppositions, the normal 

frequency problem is analogous to the problem of finding the normal modes and 

frequencies of a rigid plate bound to one and two masses. 



Diagram of aromatic and rare gas atom. Axes, angles and bond distances 
are defined. At equilibrium A@ = Atq = 00 and R =Rg. 

Plate with One Mass 

We treat the case of a plate mass M, moments of inertia I, and Iyy about x and y 

axes passing through the plate c.m. The plate is bound to a body with mass m, displaced 

by a distance Rg from the plate's c.m. Figure 2.1 illustrates the situation. In the 

equilibrium geometry, the line between the mass and the plates's c.m. lies along the 

z axis. The potential energy V is supposed to be quadratic in incremental displacements 

of the three chosen coordinates shown in Figure 2.1 so that the potential energy 

between plate and mass may be written: 

where ~ R R  = - , k ~ 4 = ~  - 
at equilibrium 

etc. 
at equilibrium 

The Hamiltonian must be totally symmetric, so that in molecules with at least Cs 

syrnrne try (e.g. aniline- argon), 



and 

We assume in this analysis that the other cross term in the potential energy is also equal to 

zero, e.g. 

This will be strictly true in van der Waals molecules with C2, symmetry e.g. in pdFB-Ar 
and s-tetrazine-Ar. 

The supposition that the rare gas atom lies over the plate's c.m. along with 

Eqns 2.2a, 2.2b and 2 . 2 ~  mean that the vibrational motion of the system may be 

discussed in terms of three separable coordinates. The three normal coordinates of the 

system will involve pure stretch, pure x axis bend and pure y axis bend. The stretching 

motion is obviously equivalent to the stretching of a heteronuclear diatomic, and the 

frequency may be written: 

where the reduced mass ps is defined as, 

The bending vibrations require a little more thought. We consider the bend along the 

x axis (bx bend) . Fig 2.2 illustrates the situation. The kinetic energy, T, for the 

bending motion may be written in terms of external coordinates: 

where rl and r2 are respectively, the displacements of the. mass and the ring's c.m. from 
the entire system's c.m. and r l  + r2 = Ro. A a l  and Aa2  are in turn, the tilt of the plate, 

and the tilt of the line joining the the mass to plates c.m.with respect to space fixed axes. 

I,,,, is the moment of inertia of the aromatic about the y axis. 



Side view of plate bound to one mass, defining angles and distances. At 
equilibrium (I = 900 and R = Rg. 

The two Sayvetz conditions defining the coordinate system translating and rotating 
with the molecule [Califano 19761, may be used to elirninate a l ,  a2, r l  and r2 from the 

expression for the kinetic energy. These conditions may be written: 

and 

Employing these two conditions, the kinetic energy expression Eqn 2.5, reduces after 

some manipulation to 

where 

The frequency for the bending vibration vb,, is then given by the expression: 



It is obvious from the expression for the reduced mass pbx (Eqn 2.9), that the bending 

vibration involves back and forward relative motion of the mass and the plate, and 

rotation of the plate about its centre of mass. The analogous expressions for the by bend 

are of the same form as Eqns 2.9 and 2.10 and are found by replacing Iyy by I,, and 

ki#, by kw in the above expressions. 

If the potential energy is written in terms of the normal coordinates (&, Qbx and 
Gy), it becomes obvious that the normal coordinates are related to the AR, A$ and A y  

coordinates by the following expressions Wilson 19551, 

Qsz = pslD AR 2.11 

Plate with Two Masses 

We now turn to the problem of finding the normal modes and frequencies of a flat 

plate bound to two equal masses. A side view of the situation is displayed in 
Figure 2.3. There are six internal coordinates: four angular coordinates, $1 and $2, y 1  

and w, and two bond displacements R1 and R2. Equilibrium angles and dis'tances for the 

two bonds are assumed equal to those in the previous case of a plate bound to one mass. 

The stretching motion is equivalent to the stretching motions of an XY;! triatomic (if the 

potential energy is diagonal in the internal coordinates), and the frequencies for the 
symrnetric and asymmetric stretches vsZs and vs,, can be written [Goldstein 19801: 

vszs = ' q5Gr 
2n Pszs 

where y ,,,, the reduced mass for the symmetric stretch is given by: 

and 

where the reduced mass for the asymmetric stretch p,, is given by: 



Plate bound to two masses. At equilibrium $1 = $2 = 900 and R1=R2=b. 

Again we explicitly treat only the x axis bends and later extend the results to the 

y axis bends. The problem of the bending vibrations is conveniently treated using the 

Wilson GF matrix methd. Several texts detail the method Wilson 19551, 

[Califano 19761 and it will be described here only briefly. First of all, the transformation 

matrix from external coordinates to internal coordinates B, is deduced by considering 

infmitesimal displacements of the systems's constituents. The inverse mass matrix, which 

is diagonal in the external coordinate system, is transformed using the B matrix to form 

the inverse reduced mass matrix G in the internal coordinate system. The normal 

coordinates and their frequencies are found by diagonalizing the GF matrix. The force 

constant matrix F in the internal coordinate system is assumed to be diagonal. 

We choose as our external coordinates, the Cartesian coordinates of the two masses 

and the plate c . a  and the tilt of the plate with respect to space fixed axes. These 

coordinates are illustrated in Fig 2.3. The incremental displacements in the two internal 
angles A$l and A k  are given as, 



Axa, Ax2 and Ax3 are the x axis displacements of the plate c.m., the mass above the ring 

and the mass below the ring respectively. A a  is the tilt of the plate about the y axis. The 

B matrix, transforming external coordinates to internal angular coordinates, can be 

written: 

The kinetic energy matrix in the internal coordinate representation G, may be found by 

employing the transformation 

where 

We then have that 

The G matrix may now be calculated: 

The potential energy is supposed diagonal in the internal angle coordinate representation, 

so that the F matrix can be written: 



Solution of the secular equation [GF- hE] = 0, yields two eigenvalues, These 

correspond to symmetric and asymmetric bends. The fi-equencies and reduced masses for 
the symmetric and asymmetric bends vbxs and vb, are respectively: 

where pbxs, the reduced mass for the symmetric bend is given by: 

and 

where pbxa, the reduced mass for the asymmetric bend is given by: 

The normal coordinates are given by symmetric and antisymmetric combinations of 

the internal coordinates multiplied by a normalizing factor. The normalizing lactor is again 

found by considering that potential energy in the internal and normal coordinate 

representations [Wilson 19551. For the stretches we obtain: 

and for the bends: 

The symmetric bending vibration involves in-phase deformation of both internal 

angles so that the plate does not rotate and hence the plate moment of inertia does not 

appear in the expression for the frequency of the symmetric bend. On the other hand the 

asymmetric bend involves out-of-phase deformation of the two internal angles during 

which the plate's c.m. doesn't move, and hence the plate's mass does not appear in the 

expression for the frequency. To conserve angular momentum, the plate rotates counter to 

the direction of motion of the masses hence the moment of inertia appears in the 



expression for the reduced mass. Expressions describing the y axis bends are obtained by 

replacing Iyy by I,, and by kw in the above expressions. 

A S S & ~  that the stretching and bending force constants kRR and for the 

interaction between plate and masses are the same for both the plate bound to one mass 

and plate bound to two masses, we can write the frequencies of the plate with two masses 

in term of the frequencies of the plate bound to one mass. In fact the ratio of the 

frequencies is just the square root of the inverse of the ratio of the reduced masses. For 

example, 

Similar expressions for the other vibrations apply. Eqns 2.34, 2.29,2.27,2.17, 

2.15,2.9 and 2.4, allow calculation of all vibrational frequencies of a plate with two 

masses in terms of the vibrational frequencies of a plate with one mass. 

Cubic and Ouartic Anharmonicities 

The above analysis was based on a harmonic force field. We now proceed to take 

into account the effects of small cubic and quartic potential anharmonicities. As 

demonstrated in Chapter 1 the van der Wads vibrational Harniltonian in M-R molecules 
includes important anharmonic terms. Explanation of the S 1 +SO spectrum of M-R 

molecules may be made in terms of a zero order harmonic Hamiltonian, with a cubic 

perturbation term that is responsible for coupling two quanta of the bending vibrations to 

one quantum of the stretching vibration. Cubic coupling leads to substantial changes in 

the peak positions and intensities expected with a harmonic Hamiltonian. An additional 

perturbation term, quartic in the symmetric bending coordinate is necessary to explain the 

increased spacing between the symmetric bend vibrational levels as the vibrational 

quantum number increases. Not having information on any but the by2 level in the 

monosubstituted benzenes, we do not include in the Hamiltonian any perturbation term 

quartic in the asymmetric bending coordinate Qby. 

Up to this point, the coordinates used to describe the system have been internal 

curvilinear coordinates. It is also possible to use rectilinear internal coordinates to describe 

the system. To quadratic order there is no difference in the use of either system. However 

when anharmonicities are considered there are differences in the details of the ensuing 

mathematical discussion even though the results are the same [Sibert 19831, 

pariseau 19651. If the situation is discussed in terms of rectiIinear coordinates, the 

anharmonic coupling is a potential energy term, cubic in the displacements. The kinetic 

energy is diagonal in this representation. On the other hand if curvilinear coordinates are 



used, there is a coupling term cubic in the displacement coordinates and as the kinetic 

energy is not diagonal in this representation, there are also kinetic coupling terms 

involving the momenta (see Chapter 1) [Sibert 19831, In most circumstances chemical 

intuition is best satisfied by expression of the potential energy in terms of internal 

curvilinear coordinates. However, so that all of the anharmonic coupling terms are 

potential energy terms, it is more convenient for our purposes to describe the system in 
terms of the internal rectilinear coordinates A$' and AR', described in Fig 2.4. A$' then 

corresponds to a deformation of the bond angle which also involves an alteration in the 
separation between the plate c.m. and the mass. AR' is the change in relative displacement 

of the plate c.m. and the mass in a direction orthogonal to A$'. It is again emphasized that 

to quadratic order, the two sets of coordinates are identical and the transformations 

developed in the preceding harmonic analysis are used to express the normal coordinates 
in terms of AR' and Ao'. 

The vibrational Hamilto~an for the M-R molecule can be written in terms of normal 

coordinates as, 

c.m. 

Figure 2.4 
Definition of the internal rectilinear coordinates AR' and A$' used in the 

discussion of anharmonic couplings. For consistency with the preceeding 

discussion, the distance between the plate c.m. and the point p where the 
deformation A$' is defined, is taken as unity. Note that a displacement A$' in 

the bending coordinate leads to an increase in the valence bond length. 

-t 



HO is the harmonic part of the Hamiltonian, The cubis terns in Eqn 2.35 are 

responsible for coupling the stretching and bending motions. In Chapter 1 the matrix 
elements <szlia a, ~ ~ ~ 2 i b ~ 2 >  = Hlg and <szlip Qz ~ ~ ~ ~ l b ~ ~ >  = Hz3 were 

determined for four substituted benzene-argon van der Wads molecules in their S 1 

electronic states. We may use formulae for harmonic oscillator matrix elements Wilson 
19551 to find the parameters a and P: 

and 

The quartic anhannonicity parameter 6 in Eqn 2.35 was not determined in 

Chapter 1, but may be ascertained from the energies of the zero order bxl and bx2 levels 

merzberg 19661. Employing fmt order perturbation theory, and the harmonic oscillator 

matrix elements for Qbx4 we have that Wilson 19551: 

where A is the second difference in the bx energy levels. 

Eqns 2.11 & 2.12 can be used to transform the M-R1 Hamiltonian from normal 

to internal coordinates: 

H(AR1, A$', Ay') = Ho(AR1, A$', Ay') + f~t$y,l AR' A $ ' ~  

+ f ~ ~ ~ y *  AR' ~ y ' 2  + h$*$t$y,' A $ ' ~  

= HQ(AR', A$', Ay') + a psz-1/2pbx-l AR' ~ 0 ' 2  

+ p psZ-lnpby-1 AR' A W ' ~  + S pbx-2 A$'4 2.39 

where psZ, pbx and pby are the reduced masses for the stretch, the x axis bend and the 

y axis bend respectively and fRy,y,* = etc. 

For the M-R2 molecule, the vibrational Hamiltonian in internal coordinates may be 

written: 



We suppose that the potential parameters for the two van der Waals bonds in M-R2 

( k ~ w ,  q q ,  kv'v'y f ~ q q ,  f q y '  and hyq4yf) are the same as they are for M-R. The 

Hamiltonian for an aromatic bound to two atoms may be written in terms of the normal 

coordinates as: 

Attention is focussed on the cubic and quartic perturbation terms, V' and V". Using the 

transformations Eqns 2.30- 2.33 the cubic term in Eqn 2.41 may be written: 

+ PS&" ~ b x s - ~ ~ ~ ~ ~ b x a - ~ ~ ~ z a  Qbxs Qbxa) 2.42 

Eqn 2.36 may be used to express a in terms of the M-R cubic off-diagonal matrix 

elements H13 and H23, and so that by using tabulated matrix elements for the harmonic 

oscillator Wilson 19551, the matrix elements of V' may be written: 

The matrix elements for the by bends are given by similar expressions. Using the 

transformations Eqns 2.30 - 2.33 the quartic term in Eqn 2.41 may be written: 



using the harmonic oscillator matrix elements for Qb,4, Qbxs29 Qbxa2 and Qbx2 and 

Eqn 2.38 we obtain expressions for the matrix elements of v": 

and 

where A is the second difference in the M-R bx energy levels. The principal effect of V" is 

to alter the energies of the bxs and bxa bending levels. The Qbxs2 Qbxa2 tenn in 

Eqn 2.44 does couple the bxs2 and bx,2 levels but, because these two levels are well 

separated (at least in the molecules discussed in this thesis) the coupling is relatively 

unimportant. 

Summarv 

The procedure used for determining the M-R2 spectrum from a M-R spectrum is as 

follows. First of all the M-R spectrum is analysed to give zero order frequencies and 
cubic perturbation terms Hi3 and H23, as described in Chapter 1. Deviations from the 

expected 'harmonic' positions for the symmetric bend levels bxl and bx2 allow 

determination of the quartic perturbation term. The zero order frequencies for M-R2 are 

calculated using Eqn 2.34 and related equations for the other frequencies. Corrections 

to the bxs and bxa levels due to the quartic anharmonicity using Eqns 2.45 & 2.46 are 

made. Finally the Hamiltonian mamx is set up, with zero order energies along the 

diagonal and with off diagonal terms given by Eqns 2.43a, b & c (and their 

equivalents for the by bends). Diagonalization of the Hamiltonian mamx then yields the 

eigenvalues and eigenvectors. Application of these procedures to aniline-& and 

aniline-Ar2 is carried out in Chapter 3 of this thesis. 



Chapter 3 

The van der Waals Vibrations of Aniline-(Arg~n)~ 

Introduction 

Hitherto, electronic spectra of aromatics bound to more than a single rare gas atom 

have not been of sufficient quality to allow detailed examination of low frequency 

vibrational structure [Rademann 19831, [Dao 19851. Such structure is in effect, the 

signature of the van der Wads potential and high quality spectra should allow 

determination of the intermolecular van der Wads potential and permit spectroscopic 

assessment of the importance of many body effects in dispersively bound clusters. The 

spectrum presented in this chapter displays a discrete vibrational structure and allows 

opportunity for detailed examination of the vibrational structure of a van der Waals 

molecule involving more than one rare gas atom. 

In Chapter 1 mass-selected REMPI spectra of four aromatic-& van der Waals 

molecules including aniline-argon, were described. These spectra provide a clear view of 

the intensities and band positions associated with: the van der Waals stretching and 

bending vibrations. Satisfactory interpretation of these spectra requires consideration of 

Fermi resonance interactions between the van der Waals modes. A self-consistent model 

has emerged, whereby one quantum of the van der Wads stretching vibration is seen to 

be anharmonically coupled, via cubic terms in the vibrational potential, to two quanta of 

the van der Waals bending vibration. The manifestations of van der Wads stretch-bend 

coupling may also apply in the vibrational level structure of higher An-& clusters. 

MPI and LIF spectra reveal that Sl+So electronic origins of An-Arl and An-Ar2 

are red shifted by 53 cm-1 and 112 cm-1 respectively from the An origin [Amirav 19831, 

{see Chapter 1 } . The near additive shifts of An-Arl and An-&, strongly suggest that the 

two argon atoms in An-Ar;! occupy nearly equivalent positions on opposite sides of the 

ring, and that the mutual interaction of the two argon atoms is small. Available theoretical 

and experimental data indicates that three body effects between dispersively bound bodies 

are relatively small compared to two body interactions [Schuster 19801, [Axilrod 19431. 

We might expect therefore, that the potential between each argon atom and the ring in 

An-& would be very nearly the same as it is for the single Ar atom in An-Ar. If so, by 

using van der Waals potential parameters derived from the An-Ar spectrum, we should be 



able to predict peak positions and intensities for bands associated with van der Waals 

stretching and bending vibrations in the An-& spectrum, The normal coordinate problem 

for one and two argon atoms harmonically bound to an aromatic was solved in Chapter 2. 

Cubic a n d  quartic terms in the potential between rare gas atom and aromatic were 

introduced in Chapter 2 as perturbations, the principal effects of which, are to shift the 

vibrational levels from their harmonic positions and to mix the bending with stretching 
vibrations. Analysis of the An-Ar S 1 t S o  origin region spectrum in terms of the model, 

yields quadratic, cubic and quartic potential parameters. With the model developed in 

Chapter 2 for the van der Wads vibrations of an aromatic bound to two rare gas atoms, 

the origin region spectrum of An-Ar2 is predicted and compared with the measured 

spectrum. 

The experimental arrangement for recording the REMPI spectra is described in 

Chapter 1 and Appendix 1. We have found that the composition of the plume of gas 

extruded by the nozzle changes along its length. We observe that the pulse tail contains 

more larger clusters than the leading edge. By varying the delay between opening the 

nozzle, and triggering the laser, we can probe a region that contains the species of 

interest, but does not contain great numbers of larger clusters. If a clear spectrum of a 

particular mass cluster is desired, it is important to limit the contributions that fragmenting 

higher mass clusters make to spectra recorded at that mass. In the study of clusters which 

include one argon atom, we have used a delayed extraction technique, to suppresses 

fkagrnentation contributions from clusters of larger mass. Unfortunately, the low 

concentrations of larger clusters make this technique less readily applicable to An-&;?, 

An-Ar3 and An-& clusters. The already marginal signal-to-noise ratio in the spectra is 

compromised if delayed extraction is used. On the other hand, if care is not taken to limit 

the contributions from larger clusters, the small van der Waals molecule spectra are 

obliterated by fragmentation contributions. 

Results 

1C-REMPI spectra recorded at m/e=173 in the region near the aniline 1 ~ 2  + 1 ~ 1  

origin is shown in Fig 3.1. We assign the m/e=173 spectrum spectra as due to An-Ar2 

in the region associated with its electronic origin. There are four major peaks apparent in 

the An-Ar2 spectrum. The most intense peak is displaced 112 cm-1 to lower energy from 
the aniline S l t S o  origin and has been assigned in Chapter 1 as the An-& S l t S o  

origin. This band is also apparent in the m/e=93 and m/e=133 spectra presented in 

Chapter 1 (Fig 1.1). The displacements of the three peaks to higher energy from the An- 

Ar2 origin (15 cm-l,30.5 cm-1 and 38.5 cm-1) are typical of van der Waals vibrational 

frequencies in aromatic-Arl van der Waals molecules described in Chapter 1 and 



elsewhere [Menapace 19871, [Boesiger 19861, weber  1988aI. Peak positions and 

tentative assignments for the m/e=173 spectrum are given in Table 3.1. 

Figure 3,1 
Relative Energy (cm-l) 

1C-EMPI spectra of aniline expanded in argon recorded at m/e=173. The An-Ar; 

spectrum appears superficially similar to the An-Ar spectrum (see Chapter I), in 

that the van der Waals bands are apparent, but reduced substantially in intensity 

relative to the Franck-Condon favoured origin. Zero displacement on the energy 

scale coincides with the aniline origin. 

* 

Table 3.1 
Observed peak positions and intensities for the An-Ar2 REMPI 

spectrum. 

Energy Relative Intensity Assignment 
(cm" 1) displacement (arb) 

from 0: (cm-1) 

33919 0.0 1 .OO 0: 

33934 15.0 0.13 1 
bx% 

33949 30.0 0.07 2 
bxsO 

33957.5 38.5 0.44 1 
SzsO 

C 
d 



Discussion 

Assignment of the m/e= 173 spectrum as being due to S 1 +SO transitions of An-Ar2 

relies to some extent on the examination of the m/e=213,253 and 293 spectra presented in 
Chapter 4 (Fig 4.1). The rn/e=173 spectrum contains only four distinct peaks, none of 

which correspond to peaks apparent in the larger mass REMPI spectra and hence we feel 

confident that they may be attributed to vibronic transitions of An-Ar2. The most 

surprising aspect of the An-Ar2 spectrum in the region of the complex origin, is its 

relative simplicity compared with the An-Ar spectrum. The An-Ar spectrum displays five 

bands that have appreciable intensity, Although An-Ar2 has three more low frequency 

modes than An-Arl, only four transitions appear associated with the origin band. The 

electronic shift of An-Aq with respect to the-An and An-Ar origins has already been 

discussed in Chapter 1. 

The origin region of the An-Ar spectrum has been analyzed in Chapter 1 using a 

model that invokes cubic anharmonic coupling between one quantum of the van der Waals 

stretch vibration and two quanta of the symmetric and asymmetric van der Wads bends. 

While the stretching mode is coupled directly to the two bending modes, there is assumed 

to be no appreciable direct coupling between the two bending modes. In An-Ar, the near 

resonance of one quantum of the stretching vibration szl with two quanta of'the bending 

vibrations b,2 and by2 leads to shifting in the zero order energies and a sharing of the 

chmcter of s, zero order state amongst the three resulting states. The intensity of a 

transition to one of the mixed states is assumed to be proportional to the square of the 

coefficient of the zero order state in the mixed state. 

In Chapter 2 a simple model was developed for the low frequency vibrations of 

substituted benzenes bound to one and two rare gas atoms. Here we employ the model in 

the prediction of the spectrum of An-Ar2. The six low frequency normal modes for 

An-Ar2 are illustrated schematically in Fig 3.2. The natures of the normal modes are 

apparent from the expressions for the reduced masses for the normal modes 

(Eqns 2.15, 2.17, 2.27, 2.29). 



The six van der Wads normal modes of aniline-Ar2. The displacement arrows 

are schematic and do not indicate n o m d  coordinate displacements. 



The zero order An-& frequencies are calculated using the model, Molecular 

paranaeters necessary for calculating the reduced masses for low frequency vibrations in 

An-& and An-Ar2 are listed in Table 1.7 in Chapter 1. An-Ar low frequency vibrational 

Hamiltonian matrix elements, determined from the analysis in Chapter 1 are listed in 

Table 3.2. 

Table 3.2 
Diagonal and off diagonal Hamiltonian matrix elements for An-& 

Harmonic Anharmonic 
Element Value (cm-l) Element Value (em-1) 

0 
< s ~ l ~ ~ l  s,% 2 1.8 < b ~ l ~ " l b ,  > 0.5 

< S ~ ' ~ H ~ I  sz l> 65.3 <bxl lvWlbx '> 2.5 

0 > 9.9 <b: l~"lb,% 6.5 

<b: lQ1by2> 49.4 <b:l~'ls,3~ 4.5 

< b ~ l ~ ~ l b ~ ( b  10.0  by^ IV'IS,~> a 0.5 

<bX1 l&lb,'> 30.0 

<b,l1~01b,Z> 50.0 

a cubic coupling: 

< b 2  I V ' I S , ~  = Hi3 (see Chapter 1). 

< b y Z l ~ ' l s Z ~  = Hz3 (see Chapter 1). 

The calculated An-& frequencies along with vibrational symmetries and allowed 

transition energies are given in Table 3.3. Corrections to vibrational levels due to cubic 

and quartic terms in the Hamiltonian are not included. 



Unmixed aniline-Ar2 vibrational frequencies calculated on the basis of the 

model described in Chapter 2. Quartic corrections to the b, and b, levels 

are not included and cubic couplings are ignored. 

Mode Symmetry Descriptiona Predicted Allowed Transition 
frequency transitions energiesb 

asymmetric 49.6 

of phase bend 

b y-axis in 10.5 
2 

by, " Y ~ O  2 1 .o 
phase bend 42.0 

b ~ a  a2 y-axis out 26.0 k 52.0 

of phase bend 

a The modes are illustrated schematically in Fig 3.2 
relative to the An-Ar;? S  l c S 0  origin 

As in Chapter 1 the supposition is advanced that the only zero order S  1 states 

coupled optically to the So vibrational ground state, are one quantum of the symmetric 
1 1 stretch and one quantum of the symmetric bend i.e. sq and bxso are the only zero order 

transitions that have significant oscillator strength. Again the assumption seems 



reasonable as and &, are the only totally symmetric van der Waals vibrations of 
Am-Ar2, AS discussed in Chapter 1, Fianck- Condon factors for even quanta changes of 
non totally symmetric vibrations will be appreciable only if there is a large change in 
kquency upon electronic excitation. This will almost certainly not be the case for any of 
the van der Waals vibrations of An-Ar2. Inspection of Table 3 3  then immediately 
yields clues as to why the An-& spectrum is simpler than the An-Ar spectrum. In 
An-Ar2, unlike the situation in An-Arl, the calculated zero order bending states, apart 
k m  the b,2level at 27.8 cm-1 are far from resonant with the sz,l level at 36.4 cm-1. 
Thus cubic anharmonic coupling in An-Ar2 is expected to influence intensities in the 
An-& spectrum less than the An-Ar spectrum, where sZ1 is near resonant with bx2 and 
by2. 

Using the parameters listed in Table 1.7, the An-Ar couplings given in 

Table 3.2, and Eqns 2.43a, b & c and Eqns 2.46a, b & c from Chapter 2, we 
are able to calculate the An-Ar2 cubic and quartic perturbation matrix elements. These 
elements are listed in Table 3.4. Using these couplings we first of all make quartic 
corrections to the zero order &, and bxa energy levels and then diagonalize the An-Ar2 
low ffequency, vibrational Hamiltonian matrix, and find corrected eigenvalues and 
eigenvectors. The cubic couplings determine the constitutions of the molecular eigenstate 
in terns of the zero order states. 

Table 3.4 
Cubic (V') and quartic (V") matrix elements for An-&. 

Cubic Quartic 
Element Value (cm-1) Element Value (cm-l) 

< b X ~ l ~ ' l ~ , 3  2.0 <bx~l~"lb,% 0.1 

<h21 V'I szs 3 3.6 <bxsl IV"I bxs l> 0.6 

<bxS1bxa1l~'l~za'> 2.2 <bX:lv"l bxsa> 1.6 

<by?lv1l sZs 3 0.2 <b;raOl~"lb~~ 5 0.4 

<by?lvtl sZs l> 0.3 <bn1 l ~ ' l b ~ ~ ' >  1.9 

<b$lv"lbxa 3 4.9 



Because the zero order states are well separated in energy, the perturbed 
eigenfunctions are predominantly composed of one zero order eigenfunction of a 
pdcular  character and we continue to use the zero order labeling- The relative energies of 

spectroscopically important transitions are given in Table 35. We assume that the 

intensity of transitions to states which contain some zero order sslcharacter, have an 

1 intensity which is proportional to the square of the s, coefficient, As explained in 

Chapter 2, there is a perturbation term proportional to couples the bxs 2 

and &:levels. 7 5 s  his is relatively small and as the levels are well separated the 

coupling is negligible. We propose, as we did in Chapter 1 that the x axis and y axis 

bending modes are not directly coupled to one another. Predictions for the intensities of 

&ansitions assuming this hypothesis are presented in Table 3.5. 

Table 3.5 
Calculated An-& transitions and intensities (all energies are in cm-1). 

Only transitions with appreciable intensity are included. Intensities of 
1 2  2 1 the szsg, bxso and bxaO transitions are given by the square of the ss, 

character in the mixed wavefunction (see text). 

Vibrational Zero order Energy Energy Calculated 
level energy with quartic with cubic intensitiesb 

corrections coupling 

1 bxsO 13.9 14.4 14.4 

bx; 27.8 29.3 28.7 7 
1 

SzsO 36.4 36.4 36.2 89 

bx$ 49.0 53.5 54.2 4 

a Cubic and quartic anharmonicities are derived from the An-& 

anharmonicities. See the text. 

7 

1 The spectroscopically important effect of cubic coupling, is to mix the sZs state 

2 with the bxzand bxa states. The result of this coupling is that the intensity of the zero 



i order szw trapsition is shared between three transitions occurring at energies (relative to 

the An-&;! origin)'28.7 cm-l,36.2 cm-1 and 54.2 cm-1, The relative intensities of 
transitions to these three levels are calculated to be approximately 7: 89: 4 respectively. 

Inspection of the measured An-Ar2 spectrum (Table 3.1 and Fig 3.1) reveals 
that the positions of the bands at 15.0 cm-1,30.5 cm-1 and 38.5 cm-1 agree reasonably 

well with our expectations b m  the model predictions. These peaks may be confidently 
assigned as king due to transitions to vibronic levels whose predominant character is 
respectively, one quantum of the x axis symmetric bend @A), two quanta of the x axis 

2 symmetric bend @nsd and one quantum of the symmetric stretch ( ~ ~ 4 ) .  The predicted 

and measured positions for these three bands differ in all cases by less than 2.5 cm-1. The 
bxG transition appears in the spectrum with roughly twice the predicted intensity. It 

should be noted that a peak slightly to higher energy exists in the d e = 2  13 REMPI 
spectrum and there may be some fragmentation contribution to the de=173 spectrum, 
leading to an enhancement of the b2 peak height On the other hand the b 4  transition, a 

transition which is predicted by the model to be relatively weak, is not apparent in the 
measured spectrum. 

Several reasons may be advanced for the discrepancies between the energies and 
intensities produced by the model and experiment. Perhaps the most questionable 
introduced in Chapter 2, is that the potential between ring and argon is diagonal in the 
internal coordinates (Eqn 2.2~). The presence of the amine group on one end of the ring 
means that cross terms between the stretching displacement AR and the internal angle 

displacement A$ will certainly occur. As we do not have any idea of the cross terms' 

magnitude, we do not pursue the investigation of how inclusion of such a term will affect 

the zero order frequencies and anharmonic couplings for An-AI~. As noted, we rely on a 
published rotational analysis of the origin band of the SlcSo of An-Ar to locate the argon 

atom over the aniline ring's c.m.~amanouchi 19871. This analysis is only sufficient to 
determine the x coordinate (see Fig 3.2) of the argon atom to within - 0.6 A. We have 
no means of howing for certain where the argon atoms are positioned in An-Ar2, though 
the S l c S o  origin red shifts of An-Ar and An-Ar2 from the An origin (54 cm-1 and 112 

cm-1 respectively), suggest that the argon atoms do occupy nearly equivalent positions in 
the two molecules. It may be the case that the van der Waals potential in An-Ar2 differs 
significantly from the potential in An-Ar and the potential parameters k ~ p ,  4'91, fwlq 
etc. are not transferable b m  An-Ar to An-&. This may result from the direct effect that 
each argon atom has on the other argon atom, or because of three body interactions 
between the argon atoms and the aniline molecule. 



Another assumption, that the aniline molecule may be considered as a flat rigid 

plate, should, for our purposes, be quite a gsod one. Although the atoms of the aniline 

molecule, particularly the amine hydrogens, may be expected to respond to the presence 

of an argon atom centred roughly over the middle of the ring, the overall changes should 

be reasonably small. The aniline molecular frequencies are at least an order of magnitude 

larger than the van der Waals frequencies and interactions between the high fkquency 

ring vibrations and van der Waals vibrations should be small. The equilibrium 

configuration of aniline in the S1 state has the amine hydrogens lying in-plane 

mollas 19831. It is uncertain whether in the S1 state of An-Ar, the equilibrium position 

of the hydrogens will be towards or away from the argon atom. 

In the An-Ar2 spectrum there is no evidence for long progressions in the stretching 

vibration i.e. the szg  transition is not apparent in the spectrum. Inspection of Table 3.3 

shows that lying within 10 cm-1 on either side of the s,?evel, there are at least five 

overtone and combination vibrational levels with appropriate symmetry for Fermi 

resonance with the szs?evel. Anharmonic couplings are presumably quite effective in 

mixing the character of levels at this energy and spreading intensity democratically as 

there is no evidence in our spectrum of any distinct peaks in this region. 

It has been demonstrated, with the aid of a relatively simple theoretical model, that 
the An-&;! Sit-SO spectrum can be explained in terms of the van der Waals potential 

parameters derived from the An-Ar spectrum. Positions for all of the observed vibrational 

bands are replicated by the model to within 1 - 2 cm-l.The simplicity of the An-& 

spectrum compared to the An-Ar spectrum, despite An-Ar2 having three extra low 

frequency modes, may be rationalized by noting that multiple quanta of the bending 
2 vibration in An-Ar2, apart from bm , are far from resonant with one quantum of the 

symmetric stretch, s,'. Cubic anharmonic couplings are then, less effective in coupling 

intensity to what are otherwise, Franck-Condon weak transitions. The success of the 

model helps confirm that the two argon atoms do indeed occupy approxhately equivalent 

positions on opposite sides of the aniline ring and also lends credence to the hypothesis 

that van der Waals stretching vibrations are coupled to near resonant bending vibrations in 

An-Ar and An-&. 

Several reasons for the small discrepancies between the predicted and measured van 

der Waals spectrum of An-Ar2 have been advanced. In particular, we suspect the 

assumption that the potential between an argon atom and the ring is exactly diagonal in the 

internal coordinates. It would be interesting when additional data becomes available, to 



test tke model on complexes of rare gas atoms and an aromatic which has D2h. B ; ~  or D6h 

symmetry, (e.g. pDFB, s-triazine, s-tetrazine, benzene) where the assumptions of the 

argon atoms lying o v a  the ring c.m. and potential. energy being diagonal in the internal 

coordinates should be correct. Comparison of the van der Wads frequencies of pDFB-Ar 

and pDFB-Ar2 for exarnple,would allow the interaction of the two van der Wads bonds in 

an aromatic bound to two rare gas atoms to be more properly assessed. 



Chapter 4 

The Spectroscopy and Dynamics of Larger Clusters 
of Aniline and Argon 

Introduction 

Seeded supersonic expansions of chromophore molecules diluted in a rare gas are 

multicomponent systems. Clustering of rare gas atoms around the chromophore molecules 

produces a variety of weakly bound species in the cooled gas flow. The spectroscopic 

characteristics of these van der Waals clusters depend on the number and type of 'solvent' 

rare gas atoms clustered around each 'solute' chromophore molecule. In efforts to 

elucidate the nature of the solvent-solute bond in ground and excited electronic states, the 

electronic spectroscopy of aromatics bound to one rare gas atom has been studied 

extensively during the last ten years, [Fung 19811, [Beck 19791, [Butz 19861, 

[Brumbaugh 19831, weber  1988a1, weber  1988b], weber  1988~1, 

[Leutwyler 19841, [Boesiger 19861, [Menapace 19871, 

[Dimopoulou-Rademann 19881. 

While there is a growing body of experimental data concerning the S l+So 

thansitions of aromatic chromophores 'solvated' by one rare gas atom, there is rather less 

information on the electronic spectra of clusters with more than one solvent atom. There 

are inherent difficulties in obtaining a clear view of the spectroscopy of larger clusters. 

Under expansion conditions favouring the formation of clusters with one rare gas atom, 

there are also clusters with two, three, four and more rare gas atoms. Increased expansion 

pressures skew the distribution towards larger clusters, with a widening of the size 

distribution. LIF spectra thus contain contributions from many different sized cluster 

species, making vibrational assignments difficult. Mass resolved MPI spectroscopic 

techniques, while providing distinction between spectra associated with different mass 

fragments, do not entirely avoid these problems. Post-ionization fragmentation can lead to 

MPI spectra recorded at one mass, containing contributions from higher mass clusters that 

have dissociated to yield clusters of that mass. In Chapter 1 a technique useful for 

suppressing contributions from post-ionization fragmentation was described so that more 

defdte assignment of features in the MPI spectrum of aniline-argon are possible. 



In Chapter 1 it was demonstrated that some regular, s h q  features in the MPI 
spectrum of aniline expanded in argon, recorded at de=133 (An-& mass), were due to 

aniline clustered with more than one argon atom. In this chapter, resonance enhanced 
multiphoton ionization (REMPI) spectra, that may be attributed securely, to the S l t S o  

thansition of An-Ar3 are presented. The spectrum, in the region of the S 1 - So origin, 

displays discrete vibrational features which strongly suggest a progression in a symmetric 

van der Wads bending mode. Other weak features in the m/e=213 spectrum possibly arise 

from a second An-Ar3 isomer. 

As well as the m/e=213 spectrum, we include in this chapter REMPI spectra 

recorded at the mass of An-Arq (m/e=253) and An-Arg (m/e=293) that we believe includes 

contributions from larger clusters. The m/e=253 spectrum does include several discrete 

features that again suggest a progression in a bending vibration. These features overlie a 
broad hump which seems to arise from larger cluster fragmentation contributions. The 

relatively poor signal to noise ratio and broadened nature of the spectrum make secure 

assignment and interpretation of the spectrum impossible. The de=293 spectrum does 

not display obvious discrete features and seems to consist only of a broadened hump 

which again is suspected to consist of fragmentation contributions from larger clusters. 

Also included in this chapter are dispersed fluorescence spectra (SVLF) from larger 

An-Ar, (n>3) clusters, The characteristics of these spectra have important cdnsequences 

in the discussion of intracluster vibrational redistribution. 

The S 1t-So origin shifts for single ring aromatic-Arl and aromatic-Ar2 complexes 

with respect to the aromatic origin, are normally towards lower energy (red shift) and for 

the first two adatoms the shifts are very close to additive [Brumbaugh 19831, 

[Rademann 19831, P a o  19841, [Dao 19851. The shifts for clusters containing more 

than two argon atoms are usually not additive and in several systems, for instance 

fluorobenzene-Ar3 [Rademann 19831, phenylacetylene-Ar3 p a o  19841 and 

paraxylene-Ar3 p a o  19851, the shift for a cluster containing three rare gas atoms is less 

than the shift for the cluster containing two argon atoms. It seems that in these three 

systems, there is little correlation between the shift for a cluster which includes one argon 

atom and the shift for the cluster that includes three argon atoms. Such behaviour is also 

apparent in the spectra of aniline complexed with one, two and three argon atoms. 

In an effort to understand the structure and S i c s o  spectrum of An-Ar3 we have 

calculated equilibrium structures. To do this we have supposed that the cluster potential 

may be represented as the sum of atom - atom potentials supplemented by an electrostatic, 

dipole induced dipole contribution. A number of different equilibrium configurations were 
found, two of which have similar energies. Vibrational structure apparent in the Slt-SO 

spectrum of An-Ar3 is discussed in terms of the equilibrium structures. 



The experimental arrangement for recording the R E W I  spectra is deshlxd in 

Chapten 1 & 3 and Appendix 1. The m/e=213 spectrum was recorded simultaneously 

with the m/e=173 spectrum shown in Fig 3.1, and the rn/e=253 and m/e=293 spectra 

were recorded simultaneously immediately afterwards, with no change in experimental 

conditions. 

Dispersed emission spectra of An-Ar, (n > 2) clusters were recorded after laser 

excitation at different energies. The excitation laser was the same as used to obtain the 

REMPI spectra, ~ lus te r i  were generated in an unskimmed £ree jet apparatus with a neat 

argon expansion (backing pressure -1 bar). The fluorescence was dispersed with a 2.5 m 

f/10 s c g ~ i n g  specrrometer, detected with a photomultiplier and collected using a boxcar 

avenger interfaced to a PDP 11/23+ minicomputer. Specea were recorded with energy 

resolution of 2 - 5 cm-1. 

Relative Energy (em-') 

REMPI spectra of An-Ar recorded at m/e=213, m/e=253 and m/e=293. 

Experimental conditions are discussed in Chapter 1. Zero displacement on the 



REMPI Spectra 

1C-REMPI spectra recorded at m/e=213, m/e=253 and m/e=293 in the region near 
the aniline lB2 c l~~ origin are shown in Fig 4.1. The m/e=213 spectra is composed of 

several discrete peaks. We assign this spectrum as the An-Ar3 S l+So origin region 

spectrum. Reasons for such an assignment will be advanced in the Discussion. On the 

'~ ther  hand, the m/e=253 spectrum is broad and relatively featureless though with some 

evidence of discrete structure. It is believed to contain conmibutions not only from 

An-Ar4, but also from higher clusters. The m/e=293 spectrum does not seem to contain 

discrete peaks and consists only of a broadened hump with width -100 cm-1. 

The An-Ar3 spectrum bears no resemblance to the An-Arl and An-Ar2 spectra, with 

their relatively intense origin transitions and truncated Franck-Condon profile. Instead, 

there are two distinct groups of peaks apparent. The more pronounced group consists of a 

regular, extended progression of five or six bands, the most intense being the third or 

fourth peak. The spacing between the progression members is -16 cm-1, with some 

negative anharmonicity apparent. A further characteristic distinguishes the An-Ar3 

spectrum in the origin region from the An-Ar and An-Ar2 spectra. The lowest energy peak 

of this group (at 34 052 cm-1 vac) is blue shifted from the aniline origin by 21 cm-1. The 

other group of peaks in the m/e=213 spectrum is relatively indistinct and definite peak 

identification and assignment is difficult. The lowest energy transition in this group occurs 

at 33 954 cm-1 (red shifted by 77 cm-l £rom the aniline origin) and there are perhaps two 

or three more peaks to higher energy, all lying within 40 cm-1 of the lowest energy peak. 

Transition energies for the more pronounced group of peaks are given in Table 4.1. 
Displacements from the lowest apparent strong An-Ar3 transition in this goup and peak 

intensities are also given in Table 4.1. 

The m/e=253 REMPI spectrum in the origin band region consists of a broad hump 

(fwhm - 100 cm-1) centred at - 34 030 cm-1, i.e. lying essentially asaide the aniline 
S l c S o  origin. Apparent in the spectrum are three peaks. The lowest energy peak occurs 

at - 34 000 cm-1 and the two peaks occurring t~ higher energy are displaced from this 

peak by - 16 cm-1 and - 32 cm-1 respectively. At first glance the intensity profile of 

these three peaks resembles the the intensity profile of the more intense group in the 

m/e=213 spectnun However we believe that the hump contains clumps of overlapping 
contributions from spectral features associated with the S l t S o  origin region of clusters 

with four or more argon atoms and the intensities of the three discrete peaks are probably 

corrupted by these contributions. 



Table 4.1 
Observed peak positions and intensities for the more pronounced group 

of bands in the An-Ar3 REWI spectrum. 

Energy Displacement Intensity Assignment 
(cm-1) from An-Arj Oo O (arb) 

Like the m/e=253 spectrum, the m/e=293 spectrum is broad but is essentially 

featureless. Although this spectrum corresponds in principle to the An-Arg tomplex, we 

believe that it too suffers from contributions due to higher clusters undergoing 

post-ionization hgmentation, i.e. it contains overlapping contributions from spectral 
features associated with the S l t S o  origin region of clusters with five and more argon 

atoms. 

Disuersed Emission S~ectra 

As an attempt to probe the composition of the m/e=253 and m/e=293 spectra, a 

series of five dispersed emission spectra were obtained with the excitation laser tuned 

successively to probe four separate regions of the unstructured hump around the aniline 
S l c S o  origin, but not tuned to any An, An-& or An-& spectral feature. For the 

collection of these dispersed fluorescence spectra, the expansion conditions were adjusted 

to favour the formation of large clusters. The four spectra are displayed in Fig 4.2. 
Excitation positions are shown in the m/e=253 REMPI s p e c t ~ m  in Fig 4.1. The 

dispersed emission spectra display a series of broadened features (clumps) whose band 

centres match approximately the positions of features observed in the zero point level 

dispersed emission spectrum of bare aniline. These broadened clumps have widths of 

-100 cm-1 fwhm. The most obvious and unusual feature of the five dispersed emission 

spectra is that, despite the fact that each is generated with a different excitation 

wavelength, they all display essentially identical spectra consisting of broadened clumps at 



very nearly the same energy. We explore the implications of these observations in the 

Discussion. 

Figure 4.2 Relative Energy (cm-l) 
Dispersed emission spectra of larger An-& clusters. The excitation positions for 

the four spectra are shown in Fig 4.1. Experimental conditions are described in 

the Experimental section of this chapter. 

Calculated An-Ar3 Structures 

Because of the difficulty of creating ab inino potentials for complex, dispersively 

bound systems @rocks 19861, worakumo 19801, atom - atom potentials have usually 

been used to generate aromatic-rare gas potentials. Such semi-empirical potentials have 
been found to give reasonable values for dissociation energies and vibrational frequencies 

[Menapace 19871, [Ondrechen 19811, @rocks 19861, [Boesiger 19861. By expressing 

the energy of the An-Ar, An-Ar;! and An-Ar3 systems as the sum of atom - atom potentials 

supplemented by a dipole induced dipole contribution, we have calculated minimum 

energy configurations for the molecule. While recognizing that model potentials of this 

type display some deficiencies, especially in regard to the assumption that the electric field 

resulting from the aniline molecule's charge distribution can be represented as a single 

multipole expansion puckingham 19781, such potentials should give an idea of probable 

equilibrium configurations and energies. 



We assume that the potential between each argon atom and the rest of the system 

may be written as the sum of Lemard-Jones potentials, where the sum is over all of the 

atoms in the ring and the other two argon atoms. A point dipole of magnitude 1.53 D, the 

aniline X state dipole moment [Lombardi 19691, is assumed to be situated at the carbon 

atom that is bonded to the nitrogen atom. The effects of higher multiple moments are 

neglected. The van der Waals binding energy of the An-Ar3 cluster may then be written 

as: 

where V~_j(rai) represents the sum of the atom - atom Lennard-Jones terms and Vdidi(r&) 

is the dipole induced dipole contribution to the binding energy. V~-~(ra i )  is written: 

where the fmt double summation tern is the energy of the interaction between the argon 

atoms and the atoms in the aniline molecule and the second double summation term 

represents the argon - argon interaction energy. is the displacement of the a argon 

atom from the i th ring atom. r is the displacement of the a argon atom from the P 
43 

argon atom. The eai and oai are the usual atom - atom Lennard-Jones well parameters 

and are listed in Table 4.2. The factor of 3 before the second summation in Eqn 4.2 

takes into account the double counting of argon-argon interactions implicit in the 

summation. 

The second part of the cluster potential energy, Vadi(rou) can be written 

[Boesiger 19861: 

where p is the dipole moment of the aniline molecule and k, is the vector displacement 

of the a argon atom to the point dipole. ah, the argon atom polarizability is taken to be 

1.64 A3 m l e r  19771. The contribution to the total cluster binding energy from the 

dipole induced dipole potential energy is small and cluster energies and geometries are 

little altered if it is ignored. 



Table 4.2 
Atom-atom potential parameters used in the calculation of An-Ar-3 

minimum energy configurations. The interaction parameters for 

dissimilar pairs are found by using the usual relations: 
1 

Gab = $%a +ebb) and Eab = ( ~ a a ~ b b ) ~  

Atom pair Gab 6) Eab (cm-I) 

AFAP 3.45 83 

Ar-cb 3.42 40 

A ~ - N ~  3.28 55 .. 

A ~ - H ~  3,21 33 

a [Hirschfelder 19541 

[Brocks 19861 

[Momany 19741 

Expressions for the cluster energies of An-Ar and An-&;! are analogous to those 

given above for An-Ar3. The minimum energy configuration for the argon atoms and 

aniline molecule is found by employing a simplex algorithm pantzig 19631 to minimize 

the van der Wads interaction energy. The computer programs which effect the 

minimization for An-Ar3 are listed in Appendix 2. The minimization has been effected for 

An-Ar, An-Ar2 and An-Ar3. In all cases the aniline molecule geometry was frozen in the 

So configuration (Pyka 19851 in which the arnine hydrogens are out of plane, and the 

molecular dipole moment was taken to be 1.53 Debye i.e.the So value Dmbardi 19691. 

Effects of the argon atom on the equilibrium geometry of the aniline molecule were 

neglected. The two sides of the aniline ring are inequivalent and as discussed below, 

geometries and energies are slightly dependent on which side of the ring the argon atoms 

were positioned. 

For An-Ar the calculated lowest energy geometry has the argon atom positioned a 

distance Rg = 3.48 A above the aniline ring. It lies such that the molecule has Cs 
symmetry and so that a line joining the argon to the centre of the ring makes an angle 
a = 6.50 with the vertical, the argon being displaced towards the arnine group. The 

mine hydrogens are on the same side of the ring as the argon atom. This geometry is 



consistent with the So geometry determined from rotational contour analysis which gives 
Rg = 3.50 i: 0.04 A and a = 100 k 80 narnanouchi 19841. The calculated binding 

energy is 404 cm-1. When argon and amine hydrogens are on opposite sides of the ring 

the binding energy is 387 cm-1. Increase of the aniline dipole moment from the So value 

to the S1 value of 2.38 Debye [Lombardi 19691, leads to an increase in the binding 

energy to 41 1 cm-1 for the lowest energy geometry. 

For So An-Ar2 the most stable configuration with a binding energy of 795 cm-1, 

occurs with the two argon atoms occupying equivalent positions on opposite sides of the 

ring. Relative ring-argon positions are much the same as they are in the case of An-Ar. 

Because of argon - argon interactions the binding energy for An-Ar2 is slightly more than 

the sum of the binding energies for the two An-& configurations. Again, change of the 

aniline dipole moment from the So to the S 1 value results in a modest increase of binding 

energy, to 810 cm-1. 

- .. 

Elm' Plan 

L 

Elevation 

L 

Configuration 1 Configuration 2 

Figure 4.3 
Minimum energy configurations for the An-Ar3 molecule calculated using 

atom-atom potentials with dipole induced dipole contribution. Argon atom 

coordinates for the two configurations are given in Table 4.3. 



The An-Ar3 system has several local minima which may be located by choosing 

different initial positions for the argon atoms. Calculations suggest that the two geometries 

illustrated in Fig 4.3 have approximately the same energy in the So state. The 

coordinates of the three argon atoms for the two configurations are given in Table 4.3. 
The most stable structure with van der Waals binding energy of 1166 cm-1 

(Configuration I), has all three argons situated on the same side of the ring in an 

approximately equilateral triangle configuration, - 3.45 A above the ring. This structure 

has C, symmetry. The second structure with binding energy 11 19 cm-1 

(Configuration 2), has two argon atoms on one side of the ring and the remaining 

argon on the other side and has C1 symmetry. The difference in energy for the two 

configurations is small (-5% of the total van der Waals binding energy). Other minima 

exist which differ only slightly in geometry from Configurations 1 & 2 and which 

have binding energies of only few cm-l less, but clusters in these configurations are likely 

to isomerize easily to one of the two lowest energy forms in a molecular beam 

environment. Increase of the aniline dipole moment from 1.53 Debye to 2.38 Debye 

increases the cluster binding energy to 1177 cm-1 and 1137 cm-1 for 

Configurations 1 & 2 respectively. 

Table 4.3 
Argon atom coordinates in An-Ar3. The origin is assumed to be at the 

carbon atom which is bonded to the nitrogen atom. The origin is 

assumed to lie at the carbon atom bonded to the nitrogen atom. The 

orientation of the axes is as shown in Fig 4.3. 

Argon atom coordinates Binding energy 

6 )  (cm- 1) 

x 1 x2 x3 

Y 1 Y2 Y 3 

z 1 z2 z3 

Configuration 1 

-0.58 -0.58 2.69 

1.91 -1.91 0.00 1166 

3.37 3.37 3.55 

Configuration 2 

1.51 -0.9 1 -1.17 

0.38 -2.40 0.00 11 19 

3.49 3.24 -3.47 

C 



The barrier for isomerization from C~nfiguration 2 to Configuration 1 
is estimated by constraining one of the atoms to lie in the plane of the aniline ring. 

Given this constraint, the cluster binding energy and geometry is again found using the 

simplex algorithm These calculations indicate that the isomerization banier is 

- 100 - 200 cm-1. 

Discussion 

An- Ar3 

Assignment of the m/e=213 spectrum as due to the Sl+So transitions of An-Ar3 

relies to some extent on the analysis presented previously for the An-Ar and An-Ar;! 

spectra in Chapters 1 & 2. In Chapter 1 it was shown that some weaker features apparent 

in the m/e=133 spectrum are due to clusters larger than An-Arl. These features coincide 

with the group of five bands that constitutes the major contribution to the m/e=213 

spectrum. The progression appears only very weakly in the m/e=173 spectrum. This 

extended progression is assigned here as van der Wads vibrational structure associated 
with the origin band region of the S l+So transition of An-Ar3. If this band group was . 
due to clusters larger than An-Ar3, we would be entitled to ask: why they are prominent in 

the m/e=213 and m/e=133 spectra, but not in the m/e=173 spectrum, i.e. why should 

clusters of many different sizes decompose upon ionization to give An-& A d  An-& 

clusters but not An-Ar2 clusters ? 

Differences in the prominence of the group in m/e=133, 173 and 213 spectra are 

explicable if consideration is taken of MPI PES spectra of aniline week 19851. These 

spectra show that a large fraction of aniline molecules, ionized through the S 1 origin 

contain no excess vibrational energy, since the two photon energy in excess of the 

ionization energy is proportioned to the ejected electron. Most of the remaining molecular 

ions are formed with more than 1250 crn-1 of vibrational energy, which should be 

sufficient to dissociate two argon atoms (assuming that the argon binding energy is 

- 550 cm-1 [Jortner 19831). Two photon ionization of An-Ar, clusters therefore most 

probably leads to either zero or two argon atom loss, consistent with assignment of the 

m/e=213 spectrum as being due to An-Ar3. Another possible explanation for the series of 

peaks in the An-& spectrum is that they correspond to the origins of a series of An-Ar3 

isomers each of which is destabilized by a slightly different amount upon electronic 

excitation. However it would be coincidental if the concentrations of different cluster 

isomers should be such as to give rise to a profile that conforms so well to a Franck- 

Condon intensity profile, and with such regular spacings between peaks. 

The other, much less prominent, group of bands in the m/e=213 spectrum are in 

such a region that their contributions to the m/e=173 and m/e=133 spectra are masked by 



strong features due to An-Ar;! and An-Ar respectively, This second group of weak bands 

is well separated from the other group of stronger peaks in the m/e=213 spectrum, and it 

seems likely that they may be due to a different isomer of An-Ar3. From the ratio of total 

peak areas for the two groups, the relative populations of the two isomers may be 

estimated to be at least 4: 1. It should be recognized that greater abundance in the 

supersonic expansion of one particular isomer, does not necessarily mean that this isomer 

is the most stable, as abundances may be determined by formation mechanisms. For 

example An-Ar3 with two argon atoms on one side of the ring and one atom on the other 

side (Configuration 2) may arise from a three body association reaction of An-&;! 

(with an argon atom on each side, the most stable An-Ar2 structure), with another argon 

atom, the association energy being removed by yet another argon atom. Conversion of 

this Configuration 2 isomer to a Configuration 1 isomer would require a further 

collision. The atom-atom potential calculations described earlier, indicate a considerable 

barrier for isomerization from Configuration 1 to Configuration 2. 

Electronic excitation of the aniline molecule does not, in the case of the most 

populous An-Ar3 isomer, increase the cluster binding energy. This is evidenced by the 

slight blue shift of this An-Ar3 isomer origin from the An origin (see Table 4.1). The 

other isomer's slightly red shifted bands, indicate that it does experience a slight increase 

in binding energy upon electronic excitation. For neither isomer does the origin shift 

conform to the 'band shift rule' [Levy 19811. This rule describes the shift in electronic 

origin of a van der Wads molecule with respect to the uncomplexed molecule origin, as 

linear in the number of added rare gas atoms. It has been previously noted that the rule 

ceases to apply once the m e  gas atoms are unable to occupy equivalent sites 

[Rademann 19831, p a o  19851, [Levy 19811. 

In the electronic spectra of atoms and molecules in m e  gas matrices, a blue shift in 

the electronic origin with respect to the free species origin, may be due to a change in the 

van der Waals radius of the chrornophore species upon electronic excitation 

WcCarty 19591. For instance, if a chromophore occupies a substitutional position in the 

matrix, and has a greater van der Waals radius than the lattice atoms, electronic excitation, 

when accompanied by an increase in van der Wads radius, may result in a blue shift in 

electx~nic transitions. This blue shift may occur, even though the well depth for the 

interaction between an isolated matrix atom and chromophore molecule may increase upon 

electronic excitation. Some such effect may be responsible for the blue shift of the An-Ar3 

origin with respect to the h e  aniline origin. Rotational analysis of An-Ar LIF spectra 

[Yamanouchi 19871 indicates that the distance between the single argon atom and the ring 

decreases from 3.50 A to 3.42 A upon electronic excitation. Argon-argon repulsions 

may prevent the three argon cluster from adopting a configuration where the argon atoms 

are in the minimum of the aniline-argon potential. 



Other explanations for the blue shift are conceivable. It is possible that when argon 

atoms are adjacent to each other, that three body interactions in the So or the S 1 electronic 

states are important The magnitude of these three body interactions may be electronic 

state dependent leading to a destabilization of the cluster upon electronic excitation. 

Theories of long range, three body dispersive interactions were developed some time ago, 

in an attempt to explain the crystal structure of the rare gases [Axilrod 19431. 

The second and third peaks of the prominent progression An-Ar3 S l+So spectrum 

are of equal intensity indicating a substantial geometry change along one of the totally 

symmetric van der Waals coordinates. The progression spacing 16 cm-l, is a typical 

energy for a van der Wads bending vibration in An-Ar and An-& (see Chapters 1 & 2). 

It is almost certainly too low for a stretching vibration between the ring and the argon 

atom, as the deformation of aniline-argon bonds is characterized by frequencies of 

35 - 45 cm-I in An-Ar and An-Ar2. We also believe that it is unlikely that the 

progression arises from excitation of a vibration which includes substantial deformation of 

Ar-Ar distances. Our argument for this is as follows: Configuration 1 An-Ar3 may be 

approximately described as triatomic Ar3 placed above the aniline ring, and 

Configuration 2 An-Ar3 as a diatomic Ar2 on one side of the ring and a single argon 

atom on the other side. The potential change for the deformation of Ar-Ar displacement in 

either configuration is hardly likely to be less than the potential change for deformation in 

the free A .  diatomic. Using the argon-argon interaction parameters &iirschfelder 19541 

we may estimate the stretch frequency for the Ar2 diatomic as - 26 cm-1 [Jortner 19831. 

Similarly, we can calculate the frequencies for equilateral triangular Ar3 assuming Ar-Ar 

interactions are the same as they are in Ar2 i.e neglecting three body interactions 

[Schuster 19801, Wilson 19551. A standard normal coordinate analysis then indicates 

that Ar3 then has frequencies of -32 cm-1 and -23 cm-1 for the totally symmetric al' 

stretch and doubly degenerate e' vibrations, respectively. Any normal vibration which 

p ~ c i p a l l y  involves deformation of Ar-Ar bonds should have an energy greater than these 

values. 

In Configuration 1 the bending motion may correspond to an in phase bending 

vibration for the argon atoms along the x axis, the three argon atoms executing a motion 

such that argon argon distances are not much dtered in the course of a vibrational period. 

In Configuration 2 An-Ar3 it could be imagined that such a frequency might arise 

from a concerted displacement of the two argon atoms on the same side of the ring in the 

direction of the x axis, again with little deformation of the Ar-Ar bond distance. 

The considerable change in van der Waals potential accompanying the S l t S o  

transition in An-Ar3, obvious from the length of the 16 cm-1 progression, seems 

surprising in view of the An-Ar and An-Ar2 spectra which indicate that there is little 

change in the van der Waals potential, in the region of the minimum, in these two 



molecules. It must be remembered however, that the argon atoms in An-Ar3 will occupy 

very different positions than the argon atoms in An-Ar and An-Ar2, and will be sensitive 
to S 1- So changes in different regions of the intermolecular potential. S l t S o  excitation sf 

aniline is a z*(a2)tn(bl) transition. The x(b1) orbital involves substantial resonance 

contributions from the bl nitrogen lone pair orbital Pebies 19721 and S l t S o  excitation 

leads to movement of electrons from the lone pair orbital towards the ring 

b m b a r d i  19691. This may lead to a diminution in the S 1 state, of exchange repulsions 

which in the So state, prevent the argon atoms from wcupying positions near the amine 

POUP. 

An-Arq and Larger Clusters 

The broad m/e=253 and m/e=293 spectra contain contributions from clusters that 

include four and more argon atoms. The discrete peaks apparent in the m/e=253 spectrum 

do not correspond with any particular peaks in the m/e=293 spectrum and they are 

tentatively assigned as due to a progression in a symmetric van der Waals bending 

vibration. Structure in the m/e=253 spectrum is obscured somewhat by the underlying 

hump which presumably arises from different An-& isomers and from the fragmentation 

contributions from larger clusters. 

Apart from a broadened hump which corresponds roughly with the hump in the 

m/e=253 spectnun, reproducible structure appears to absent from the m/e=293 REMPI 

spectrum and we believe that this spectrum represents the behaviour of clusters which 

include five and more argon atoms. It may be expected that as cluster size increases, 

spectroscopic properties will converge to large cluster properties. The anomalous origin 

blue shift and the extent of the low frequency vibrational progression in An-Ar3, show 

that cluster properties change markedly when the argon atoms assume sites where they 

interact substantially with one another. It seems likely that the absorption spectra of 

An-& (n > 3) will exhibit long progressions in Franck-Condon active, van der Wads 

modes similar to that observed in An-Ar3, contributing to the broad hump like spectra 

recorded at larger masses. Other causes for the breadth of the spectral peaks recorded at 

higher masses include contributions from cluster isomers, each of which should have a 

distinct origin and set of vibrational frequencies. 

The most striking feature of the series of the large cluster emission spectra is that 

regardless of the excitation energy of the excitation laser, the emission bands appear in the 

same position. We have observed similar behaviour in the emission spectra of 

p-dichlorobenzene-Ar, clusters Pieske 19891. The onset of fluorescence in the first 

emission peak occurs at - 33 970 cm-1 (vac) which is close to the wavelength of the onset 

of the cluster hump in the m/e=253 and m/e=293 REMPI spectra. These observations are 

explicable if one assumes that, as in An-&, larger clusters have a broad Franck-Condon 



envelope, corresponding to the excitation of van der Waals modes in the S l t S o  

transition. Not all van der Waals modes however, will be Franck-Condon active, We 

propose that energy originally in the Franck-Condon active modes may be redistributed 

via anharmonic couplings to non Franck-Condon active modes before fluorescence 

occurs. Fluorescence then takes place from a level that has no quanta of the Franck- 

Condon active vibration, and will resemble origin level emission in spectral composition. 

Fluorescence transitions will occur to Franck- Condon active states in the So manifold 

leading to the observed broad emission bands. The excited state lifetime of bare aniline is 

12 6 2 ns, and as complexation with argon atoms shortens the lifetime only slightly 

[Apirav 19831 it seems that vibrational relaxation is occuning at rates of at least 

- 5. 109 s-1, from vibrational levels with tens of cm-1 of energy ! The eEciency of this 

process must depend to large extent, on the large density of very low frequency modes, 

and presence of substantial anharmonic couplings. Anharmonic stretch-bend interactions 

have been characterized in smaller van der Wads clusters in Chapters 1,2 & 3. 

A final comment on the spectral shifts for larger clusters is in order. If we assume 

that the de=253 REMPI spectrum is representative of larger cluster spectra and that the 
hump arises h m  the excitation of van der Wads modes, the S l+So origin would lie at 

the onset of the hump at - 33970 cm-1 (vac). This represents an origin red shift of 

- 60 cm-1 for larger clusters. 

Conclusions 

Calculations of An-Ar3 geometries indicate that there are two preferred 

configurations, one in which the three argon atoms are disposed in an equilateral 

triangular configuration over the aromatic ring and an alternative geometry with two atoms 

on one side of the aromatic ring and one atom on the other side of the ring. REMPI 
spectra indicate that two isomers of An-& exist in a supersonic expansions with one 

isomer more abundant by a factor of at least 4. The obvious low frequency progression in 

the more prominent An-Ar3 spectrum is assigned as a bending motion where the three 

argon atoms move back and forward with respect to the ring, with little change in argon- 

argon distances. At the time of the investigations described in this thesis, a high resolution 

etalon tuned dye laser was not available and we were unable to attempt to obtain a 

rotationally resolved spectrum of An-Ar3. Such a spectrum may not allow precise location 

of the argon atoms but may be sufficient to distinguish between structures with all three 

argon atoms on one side of the ring and those with two argons on one side and one on the 

other. The blue shift in the An-Ar3 spectrum and reduced red shift for larger An-& 
clusters has thus far defied proper explanation and should provide inspiration for future 

thought. 



The importance of anharmonic coupling between low fsquency van der Waals 

modes demonstrated in An-& and An-Ar2, helps in understanding the postulated rapid 

rate of intramolecular vibrational redistribution in the larger An-& (n>4) clusters. 

Emission spectra from these clusters indicate that relocalization of vibrational energy from 

Franck- Condon active, van der Waals modes to van der Wads modes which are not 

Franck-Condon active, occurs at rates = 1108 - 109 s-1 and that the vibrational 

redistribution process is competitive with radiation. 



Chapter 5 

The B t X  Transition of the Fluorobenzene - Argon 
and Chlorobenzene - Argon Cations 

Introduction 

In contrast to the weakly bound, neutral, van der Waals molecules described in the 

first four chapters of this thesis, ionic molecular complexes consisting of an aromatic 

cation bound to a rare gas atom have in the past received very little attention. There has 

been almost no experimental data emerging on cation aromatic - rare gas complexes, apart 

from those that include a helium atom as the 'inert' adatom [Kennedy 19861. This is 

unfortunate, as the bonding between a rare gas atom and an aromatic ion may include 

contributions from 'chemical' interactions as well as the dispersive and inductive 

contributions, and interesting effects may be expected. 

Molecular systems consisting of a rare gas atom bound to an aromatic cation, form 

an extended class that should be amenable to photodissociation studies. The binding 

energy of an argon atom to a benzenoid cation in the ground state, is at least an order of 
magnitude less than the cation B t X  transition energy (- 20 000 cm-l) [Jortner 19831, 

so that a transition to an internally converting electronic state will inevitably result in rare 

gas atom loss. As well, depending on Franck - Condon factors, radiative decay from an 

excited electronic level may transfer some fraction of the population to ground state levels 

having more vibrational energy than necessary for subsequent bond rupture. In effect, the 

rare gas atom acts as a probe atom that reacts observably whenever th'e vibrational energy 

exceeds the bond energy. 

Heterogeneous ionic clusters consisting of a chromophore ion surrounded by 

solvent atoms or molecules, provide a connecting link between the isolated gas phase 

chromophore ion and the chromophore ion solvated in a condensed medium. By noting 

how the cluster properties change with size, the importance of primary and subsequent 

solvation spheres may be ascertained Large clusters involving a molecular ion 

surrounded by rare gas atoms, may be expected to display many of the photochemical and 

photophysical properties of ions in condensed media. When an ion is solvated by a matrix 

of rare gas atoms, perturbations to the free ion electronic states usually occur 



pondybey 1983b1. In particular, the electronic states of the isolated ion interact with 

mamx electronic states, resulting from promotion of an electron from the valence band to 

the matrix conduction band [Bondybey 1983b1, The disruption to the free ion spectrum is 

governed in part by the energy gap between these interacting electronic states. Because of 

the high ionization energy of neon (21.56 eV) compared with the energy of the lower 

electronic states of benzenoid cations (9 - 13 eV), the disruption is almost negligible for 

benzenoid cations solvated in neon matrices pondybey 1983bl. Argon, on the other 

hand, has an ionization energy much closer to the energy of these states (15.76 eV), and 

electronic transitions of benzenoid cations in'an argon mamx suffer considerable 

broadening and shifting. 

When the electronic absorption and emission spectra of a free molecular ion are 

compared to the spectra of these same ions trapped in a rare gas matrix, two effects are 

immediately obvious: 

(i) For an ions mpped in a matrix emission is usually from the lowest vibrational .. 
level of the electronic state excited, no matter which vibronic level is initially 

prepared [Bondybey 1983a1, and 

(5) Condensed phase absorption spectra usually display much greater linewidths 

than cool free molecule spectra [Bondybey 1983al. 

The f i t  effect is generally the rule in both neutral and ionic polyatomics 

[Jomer 19691, and follows from the fact that vibrational relaxation in condensed phase 

occurs on a time scale that is short compared with the radiative lifetime. The vibrational 

energy initially deposited in a high frequency mode is dissipated amongst lower frequency 

lattice vibrations. This process is more efficient in larger polyatomics where there is a 

smaller energy gap between the vibration originally excited and the low total quantum 

number combinations of ring and lattice vibrations. For small molecules, there may still 

be a considerable energy gap between the lowest energy molecular vibration and the 

highest energy lattice-molecule vibration, and vibrational relaxation may be relatively slow 

[Bondybey i983al. 

The causes of the second matrix effect mentioned above, i.e. the broadening of 

absorption lines, are several fold. Due to differing ion-matrix interactions in each 

electronic state, the minimum energy solvation configuration for the cation in the matrix 

changes upon electronic excitation. In accord with the Franck-Condon principle, the 

transition is accompanied by excitation of low frequency ion-matrix vibrational modes. In 

the absence of other contributing factors, we might expect that a cation-matrix absorption 

spectrum would appear, at first view, as a number of broad clumps, whose spacing 

reflected the vibrational structure of the isolated molecular cation. Upon closer inspection, 

these clumps would reveal substructure that corresponded to combinations of low 

frequency matrix-ion vibrations with the higher frequency ion vibrations. Conspiring 



against this appealing simplicity is the likelihood that there are many possible equilibrium 

configurations for a guest ion in a surrounding matrix pondybey 1983bl. Each of these 

configurations would have a distinct set of lattice-molecule vibrational frequencies. 

Overlapping of transitions from a variety of molecule-lattice configurations presumably 

contributes to the observed smooth spectral profile of the clumps. 

Studies pertinent to the B t X  transitions of the chlorobenzene cation (CB+) and 

fluorobenzene cation (FB+) include photoelectron spectroscopy [Debies 19721, 

[Ruscic 19811, electron impact excited, emission spectra [Maier 19781, argon matrix 

absorption experiments [Keelan 198 11, [Friedman 19841 and ICR photodissociation 

spectra punbar 19791. Apart from the recently recorded photodissociation spectrum of 

CB+ ppoche  19881, the extant chlorobenzene and fluorobenzene cation spectra are 

broad and relatively uninformative and do not allow reliable location of the By C and D 

electronic states known to lie in this region, let alone allow detailed vibrational analysis of 

any of these states. Previous experimental data are more extensive for CB+ than FB+ and 

no photodissociation spectra of the fluorobenzene cation have been observed in this 

region. 

Since the pioneering photodissociation work of Morrison and coworkers 
[McGilvery 19771, [Goss 1981a1, [Goss 1981bl on the B t X  transition of the methyl 

iodide cation, a number of highly structured electronic photodissociation spectra have 

been observed [Ripoche 19881, [Walter 19891, [Chupka 19831, [Kakoschke 19851. 
The Bt-X transition of the chlorobenzene mpoche 19881 and the benzene 

Walter 19891 cations observed recently using resonance enhanced multiphoton 

dissociation (REMPD), pennit comparison with the spectra of the van der Waals species 

presented in this work, allowing determination of the effect of a bound argon atom on the 

electro&c and vibrational structure of a molecular cation. 

Electronic spectra of gas phase cluster ions are rare, and it is interesting to compare 

results from this study with those from previous work. The few other studies of 

electronic transitions of aromatic cation-rare gas van der Waals molecules 

[Kennedy 19861, DiMauro 19841 have employed LIF spectroscopy to investigate 

clusters formed in a supersonic expansion nf aromatic and rare gas. The spectra of many 

different sized clusters are superimposed in the recorded LIF spectrum. By varying 

expansion parameters and observing the results, the genesis of particular features may in 

principle be ascertained though the results are often ambiguous. Because of contributions 

from different sized clusters, spectra of aromatics expanded in the heavier rare gases are 

broad and lack fine structure (PiMauro 19841. Detailed spectroscopic information using 
LIF has been possible for C&+-He because clustering is more easily controlled in 

helium expansions. The work reported here minimizes problems of uncertain cluster 



stoichiometry by using mass spectroscopy and resonance enhanced multiphoton 

ionization to selectively prepare and investigate ionic clusters of specific composition. 

Halobenzene Cation Electronic States 

Analysis of halobenzene photoelectron spectra and MO calculations have shown that 

a halobenzene's valence electronic structure is profitably discussed in terms of interactions 

between benzene orbitals and the substituent lone pair orbitals [Debies 19721, 

[Ruscic 19811, punbar 19791, [Streets 19731, [Baker 19681. Assuming the validity of 

Koopman's theorem, i.e. ignoring reorganization and correlation energies, molecular 

orbital calculations for the neutral molecule give the energies of the ionic electronic states 

that are formed when an electron is removed from one of the neutral's orbitals. 
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Figure 5.1 
Binding energies (eV) for electronic orbitals of benzene, chlorobenzene and 

fluorobenzene, based on experimental data from references listed in the text. 

The energies of the halogen lone pair orbitals are based on experimental data 

for HF and HC1 punbar 19791 and their interactions with the halobenzene 

ring orbitals are discussed in the text. 



Figure 5.1 illustrates the relative energies of the electronic orbitals for benzene, 

chlorobenzene and fluorobenzene (for simplicity, all interactions between orbitals are not 

included in the diagram, but those of relevance are mentioned here). 

Tke valence electronic structure of benzene has been assigned [Jonsson 19691 as 
la2u(x), 3qg(o), lelg(n). Halogen substitution, lowers the molecular symmeuy from 

D, to q. and leads to a splitting of the doubly degenerate benzene orbitals. The lelg(n) 

orbital is split into a2(n) and bl(n) component orbitals. The a2(n) orbital has a node at the 

point of substitution and is largely unaffected by the halogen. The bl(n) component on 

the other hand, has maximum electron density at the point of substitution and conjugates 

significantly with the out of plane halogen bl(n) orbital [Rabelais 19771. The X state of 
the halobenzene cation results from electron removal from the bl(n) orbital. The A state 

arises from a hole promotion from the bl(n) orbital to the a2(n) orbital. 

The B, C and D states in the halobenzene cations result from the removal of an 

electron from orbitals that are predominantly composed of combinations of the halogen, 
lone pair orbitals and the laz,@) and 3qg(G) benzene orbitals [Debies 19721. In benzene 

the la2Jn) and 3e2&o) orbitals lie close to one another, with energies of 11.49 eV and 

12.1 eV respectively. Halogen substitution results in the preferential stabilization of 
B orbitals, i.e. the 'perfluoro effect' [Rabelais 19771. Substitution splits the degenerate 

3qg(o) orbital into b2(o) and al(o) components and transforms the la2,(n) Orbital to a 

bl(n) orbital. In the monosubstituted halobenzenes, the k(o) ,  al(o) and bl(n) orbitals lie 

in close proximity ~ a b e l a i s  19771. The order of binding energies in the halobenzenes is 
considered to be al(o) >bl(n) > b2(o) [Streets 19731, [Debies 19721, [Ruscic 19811. 

The in and out of plane halogen lone pair orbitals (designated 3p(C1) and 2 p Q  in 
Figure l), conjugate with the b2(o) and bl(n) orbitals respectively. Because of the 

relatively low binding energy of the chlorine lone pair electrons, the chlorobenzene b2(o) 

and bl(n) orbitals are predominantly of lone pair 'non bonding' character, hence in 

Figure 5.1 they are labeled according to their dominant parentage, i.e. ba(n) and bl(n). 
In FB on the other hand, because the lone pairs have a greater binding energy, the k ( o )  

and bl(n) orbitals have greatest contribution from ring orbitals [Debies 19721. This 

assignment of the dominant parentage for the orbitals in the two halobenzenes, is 

supported by the observation that the third and fourth ionization peaks in the 

photoelectron spectra are much sharper in CB than in FB [Debies 19721, [Ruscic 19811, 

[Streets 19731. 

Argon matrix photoabsorption spectra, ICR photodissociation spectra and 

calculations punbar 19791 indicate that there are two strong optical transitions in the 

visible-W region for the two halobenzene cations. The lowest is the 
C 2B l(n-l) tX 2~ l(n-1) hole promotion transition, obvious between 500 nm and 

450 nm in CB+, and between 450 nm and 400 nm in FB+. The other strongly allowed 



transition results from electron promotion from the L%lgl(z) orbital to the antibonding 

2a2(n*) orbital [Keelan 198 11, b e d m a n  19841, [punbar 19791. This transition, 

arbitrarily labeled Y 2 ~ 2 ( n * ) t X  2 ~ l ( x ) ,  is apparent in the ICR photodissociation spectra 

for the fluorobenzene cation, between 300 nm and 250 nm, and in the chlorobenzene 

cation between 330 nm and 280 nm. 

In the C2v point group, the B+X transition is electric-dipole forbidden for both 

halobenzene cations. Ripoche et al.[Ripoche 19881 have argued that the dipole forbidden 
Bt-X transition in CB+ arises as a result of vibronic coupling between the C 2~ 1 and B 

2~~ states via vibrational modes of a2 symmetry. Two a2 modes, namely v16a and Vloa, 

are identified as being active in the CB+ B e X  transition. A similar situation applies in the 

FB cation. The close proximity of the C and B states and the calculated strength of the 
C t X  transition suggests strongly, that the forbidden B t X  transition in FB+ will be 

induced by vibronic coupling between the C and B states via a2 vibrational modes. By 
analogy with CB+, we might expect that V1(ja and VIOa will be active. A further possibility 

is that vibronic coupling between the B and the Y states, induced by a bl symmetry 

vibration, may occur. 

The approximate relative energies of the electronic states in CB+ and FB+ relevant 

to this analysis are as follows: chlorobenzene+, B: -18 000 cm-1; C: -20 500 cm-1; 

Y: -30 at0 cm-1; fluorobenzene+: B: -21 000 cm-1; C: -23 000 cm-1; 

Y: -33 000 cm-1. The locations of the B and C states in CB+ are reasonably secure, on 

the basis of the CB+ photodissociation spectrum of Ripoche et al.. The suggested 

locations of the B, C and Y states in FB+, and the Y state in CB+ are considerably less 

secure. We have relied on data from photoelectron spectroscopy and MO calculations that 

assist in estimating the location of the Band C states [pebies 19721, [Ruscic 198 11, 

[Streets 19731 and argon matrix absorption spectra and ICR photodissociation spectra in 

locating the C and Y states. Due to the difficulties in estimating adiabatic transition 

energies, these data are usually only sufficient to locate states to within 1 000 cm-1. 

Figure 5.2 provides an illustrative overview of the experiment. The ionization and 

photodissociation steps are shown with reference to the electronic states of CB-Ar and 

CB+-Ar. Electronic energies for CB+-Ar are derived by analogy with those for CB+, with 

the exception of the energy of the B state, which stems from the present work. The 

experimental procedure for FB+-Ar is identical, and the relevant electronic energies for 

FB+-Ar are given in the figure caption. 
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Schematic representation of the experimental procedure involved in obtaining the 

photodissociation spectrum of CB+-Ar, and an illustration of the relevant 

electronic states in the CB+-Ar cation, based on the estimated electronic energies 

for CB+ and on measurements obtained in the present work. Dissociation of the 
CB+-Ar ionic cluster proceeds as a result of internal conversion following B c X  

(and Ct-X ) excitation via hv2. The C t X  and Y c X  transitions are dipole 

allowed; the B c X  transition is dipole forbidden, but vibronically induced, An 

analogous diagram applies also to FB+-Ar but with estimates for electronic 

energies as follows: B state: 20 870 cm-1; C state: -23 000 cm-1; 

D state: -23 000 - 25 000 cm-l; Y state: -33 000 cm-1. 

The van der Wads neutrals CB-Ar and FB-Ar were synthesized in a skimmed 

supersonic expansion of argon (backing pressure 1 bar) and halobenzene (< 1%). The 

neutral van der Waals molecules were resonant two photon ionized via their respective 
S1+SO origins wademann 19831. The ionization of the neutral van der Waals molecules 

is described in detail in Chapter 1. The ionizing laser pulse intercepted the jet cooled 



neutrals between the acceleration grids of an 800 mm Wiley-MsLaren configuration 

Wiley 19551 time of flight mass spectrometer (TOFMS). The TOFMS has a mass 
resolution M/6M - 250 at M = 100 amu. After 250 ns, while still in the initial acceleration 

region of the TOFMS, the ions were intercepted by a second dissociating, probe laser 

pulse. The light pulses were collinear with one another and anticollinear with the 

molecular beam. Fragmented and unfragrnented ions were electrically propelled down, the 

flight tube of the mass spectrometer and were detected by tandem microchannel plates. 

The output of the microchannel plates was buffered by a 100 MHz operational amplifier, 

displayed on a digital storage oscilliscope and sent to a dual channel boxcar. Lasers, 

nozzle and detection apparatus were triggered at 10 Hz using a home built programmable 

delay generator. 

The ionizing laser was a Littrow configuration dye laser pumped by the 308 nm 

output of a XeCl excimer laser. The dye laser was operated with Coumarin 500 dye (for 
fluorobenzene) or Coumarin 540 (for chlorobenzene). After frequency doubling - 200 @ 

of UV energy per pulse was available. The second, dissociating dye laser was pumped by 

the third harmonic output (355 nm) of a Q switched Nd:YAG laser. Laser dyes used 

were Coumarin 440,460,485,500 and 540. The available energy output was 
- 200 - 500 pJ per pulse. Dissociating laser power was attenuated so that less than 30% 

of the van der Waals ions lost an argon atom. Halogen atom loss in both halobenzenes 

requires the absorption of at least two photons (the thermochernical thresholds for 

chlorine and fluorine atom loss are 4.0 and 4.4 eV respectively [Rosenstock 19771 and 

at the power densities used in our experiments (- 1 MW cm-2), argon atom loss, 

encouraged by the absorption of one photon of the dissociating laser, always 

predominated. The proportion of complexes which lost an argon atom was for low laser 

intensities proportional to the intensity of the dissociating laser. 

As in the work of Chupka et al.[Chupka 19831 and Ripoche et al. [Ripoche 19881 
the cation fragment mass peak, resulting from a two laser process, i.e. ionization via hvl 

and dissociation via hv2, was temporally displaced (by - 100 ns) from the analogous 

mass peak resulting from a one laser formation mechanism (approximately 20% of CB-Ar 

and 80% of FB-Ar molecules dissociate upon ionization). There was no evidence in the 

mass spectra of ionic clusters containing more than one rare gas atom. Our 

halobenzene-& mass spectra display five peaks (ignoring isotopic variants) as follows 

(here Ha = C1 or F): 



1. A halobenzene+-Ar peak, resulting from the absorption of two photons. 

HaB-Ar (So origin) + hvl-+ HaB-Ar (Sl origin) 

HaB-Ar (S1 origin) + hvl -+ Ha+-Ar (X state origin and other 

nondissociative vibrational levels) + e- 

2 .  A halobenzene+ peak arising fiom prompt halobenzene+-Ar fragmentation after 

ionization. 

HaB-Ar (So origin) + hvi -+ HaB-Ar (Sl origin) 

HaB-Ar (S1 origin) + hvl -+ HaW-Ar* (X state, 

dissociative vibrational levels) + e- 
H~B+-A~*+ HaB9 + Ar 

3. Belayed ffom the former peak by - 100 ns, a halobenzene+ peak due to dissociation 

of halobenzene+-Ar by the second laser. 

4, A QHg+ peak resulting from one laser ionization, and fragmentation of 

hdobenzene6-Ar. 

5 .  A C&I5+ peak resulting from either or both of two, 2-laser processes. The two 

processes are mass spectroscopically indistinguishable with our present 

instrumental resolution. 

(a) Multi hv2 photon absorption by halobenzene-Ar+ resulting in argon halogen 

atom loss. 

(b) Multi hv2 photon absorption by halobenzene cation resulting in halogen loss. 

The attribution of each mass peak to one of the five processes described above, was 

made on the basis of peak behaviour when the second laser was blocked, when the delay 

between the two lasers was varied, and when the intensities of the two lasers were varied. 

Photodissociation spectra were recorded by setting a boxcar gate on the halobenzene 



cation mass peak resulting from two laser photofragmentation (process 3 described 

above) and then scanning the wavelength of the dissociating laser (bandwidth - 1 cm-1). 

The resulting spectra were displayed on a chart recorder and simultaneously collected by a 
PDP-11 computer. The photodissociation spectra are composites of a number of shorter 

scans, involving several different dyes, over the measured range of several 

thousand cm-1, hence relative intensities are not accurate over the whole spectral range. 

However, relative intensities within each clump of bands are reasonably reliable. 

The operating pressure in the TOFMS was less than 10-6 ton, and there is no 

evidence for collisional dissociation of molecular ions. Further details of the experimental 

conditions may be found in the Chapter 1 and Appendix 1. 

Ion- Preparation 

Interpretation of the photofragmentation spectra requires consideration of the 

vibronic levels likely to be prepared by the ionizing laser. Ionization of the CB-Ar and 

EB-Ar van der Wads molecules is a resonant two photon process proceeding via the 
origin of the S1 state. In both molecules the two photon energy exceeds the ionization 

energy by at least several hundred cm-1. Populations of ionic X state vibrational levels 

will be decided largely by Franck - Condon overlap integrals involving the vibrational 
wave function of the S1 origin and the vibrational wave functions of the cation X state 

vibrational levels. On these grounds we may expect preparation of only odd and even 

overtones of totally symmetric vibrations, and even overtones of non totally symmetric 
vibrations Av = 2,4, etc. Franck - Condon factors for the latter transitions will be 

propitious only if there is a substantial frequency change in the vibration concerned. 

Excitation of symmetric vibrktions will be favoured if there is a change in equilibrium 

position between the intermediate and final states. 

We have gathered neutral S l t S O  transition energies, ionization energies and excess 

energies for FB-Ar, CB-Ar in Table 5.1. Fluorobenzene's greater excess energy allows 

opportunity for higher X state vibrational levels to be excited Two previous experimental 

studies are of relevance in deciding the extent of vibrational excitation upon ionization. 

The MPI photoelectron spectra of Anderson et al. [Anderson 19821, suggest that at least 
90% of CB molecules ionized through the S1 origin, are deposited in the vibrationless 

level of the ionic X state. In apparent contradiction with this estimate, is the observation in 
1 n the CB+ photodissociation spectrum [Ripoche 19881 of transitions of the type 16a06a1 

1 n-1 with around half the intensity of the nearby 16$6% transitions. We are unable to 

account satisfactorily for this contradiction, but raise the possibility that the sensitivity of 



the electron spectrometer used by Anderson et al., may be diminished at energies below 

0.1 eV, leading to an underestimation of higher vibrational excitation. 

Table 5.1 
Halobenzene-Ar ionization energies, S l t  So origin energies,excess 

energies 
C6H5C1-Ar C6H5F-Ar 

S +SO origin (cm-1) 37024a 37792' 

ionization potential (cm-1) 72922b 74O3OC 

excess energy (cm-1) -1130 -1550 

a See Chapter 1 
This I.P. is assumed to equal the C&C! I.P. given in 

[Rosenstock 19771 minus a solvent shift of 200 cm-1. 

[Gonohe 19841 

Differences in the degree of vibrational excitation for Hal3 and HaB-Ar are possible 

due to a solvent shift in the ionization potential e.g. the excess energy for CB-Ar is some 

150 cm-1 larger than for CB [Gonohe 19841. Addition of an argon atom lowers the 
symmetry of the halobenzene molecule from C2, to C, and a number of nontotally 

symmetric vibrations become totally symmetric, raising the possibility that they may be 
excited in odd quanta changes. For example it could be imagined that vll, the out of plane 

motion of the halogen substituent (bl symmetry in C2, but a' symmetry in C,; 182 cm-I 

and 138 cm-1 in the S1 states of F'B and CB respectively), may be excited upon 

ionization. It is known that the out of plane halogen 'lone pair' orbital is conjugated with 
the ring bl(x) orbital that is vacated upon ionization [Rabelais 19771. Changes in 

electrostatic interactions between the halogen and the argon atom, and therefore probably 

the halogen equilibrium position, may therefore accompany ionization. In any case, mass 

spectra show that approximately 20% of CB-Ar and 80% of F'B-Ar molecules lose an 
argon atom after ionization through their respective S l t S O  origins. Hence - 80% of 

CB-Ar molecules and - 20% of FB-Ar molecules are deposited in vibrational levels in the 

ionic X state that lie below the HaB+-Ar binding energy. 

Apart from the high frequency 'chemical' vibrations there are three vibrational 

modes involving the bond between the halobenzene cation and the argon atom, that may 

be excited. As has been realized previously mopkins 19811, loss of an electron will 

result in a charge induced dipole contribution to the argon-ring interaction energy. 



Calculations for the benzene-argon system [Jortner 19831 indicate that the well depth 

increases by - 435 cm-1 and the equilibrium distance decreases from 3.48 A to 3.30 A 
leading to the expectation, on Franck-Condon grounds, that van der Waals vibrations will 

be excited. Zero kinetic energy photoelectron spectra (Z~EKE,-PES) of benzene-argon 

[Chewter 1987aI however, show that the well depth increases by only 152 cm-1 between 

the S1 state of the neutral and the X state of the ion and there is no evidence for the 

excitation of low frequency vibrations. The situation for substituted benzenes is not clear 

and we cannot discount the possibility that low frequency vibrations may be directly 

excited upon ionization. 

The initially prepared vibrational level in the X manifold may be coupled to 

dissociative states. Studies of neutral van der Waals molecules [Butz 19861 have shown 

the importance of predissociation in the relocalization of energy from the high frequency 

chemical vibrations to van der Wads motions. Dissociation leaves the molecular fragment 

in a vibrational state whose identity is dictated by conservation of energy and the operable 

intramolecular couplings p u t z  19861, prumbaugh 19831. Dissociation rates for van der 

Waals ions are likely to be similar to those for neutral van der Waals molecules where 

dissociation, if it is energetically possible, proceeds at rates of at least 108 s-1 

[Butz 19861, [Brumbaugh 19831. It is likely therefore, that any halobenzene-argon ions 

which receive more than the dissociation energy from the first laser pulse, will have 

disintegrated by the time the second laser pulse arrives, 250 ns later. 

The degree of rotational excitation accompanying ionization is difficult to estimate, 

though ZEKE spectra of benzene-argon complexes indicate that the degree of rotational 

excitation upon ionization is modest [Chewter 1987a1, [Chewter 1987bl. 

Results 

The Suectra 

The spectra presented in Figures 5.3 and 5.4 extend over several thousand 

wavenumbers. In the lower energy regions they consist of clumps of lines, spread over 

40 - 100 cm-1 and senarated in the lower energy regions by several hundred cm-1. 

Towards higher energies the clumps begin to overlap and considerable congestion ensues. 

At wavelengths shorter than 455 nm, a strongly allowed, broadly structured transition 

becomes apparent in the FB+-Ar spectrum. A similar transition dominates in the CB+-Ar 

at wavelengths below 490 nm. 

The structure of the clumps in both spectra is intriguing, the most notable feature 

being a doubling of the most prominent lines. Doublet spacing is 9 cm-1 in CB+-Ar and 

11 em-1 in FB+-Ar. Congestion makes it difficult to decide whether the detailed structure 



of the clumps is repeated throughout each spectrum. Contri.butions to the constitution of 

the clumps may come from a number of sources. Observations of electronic transitions in 

neutsal van der Waals molecules lead us to expect that progressions of low frequency 

complex vibrations will be built on each high frequency vibronic transition (see 

Chapter 1). 

CBS-Ar Spectrum - 

The spacings between clumps in the CB+-Ar spectrum (Figure 5.3) correspond 

well to those observed in the recently reported CB+ REMPD spectrum [Ripoche 19881 

and reflect the high frequency vibrational structure of the transition. In fact we note that 

the spacings between clumps observed in our CBf -Ar specmm are close to those 

previously reported for the CB+ spec-. The two spectra closely match one another if 

the feature at 18 266 cm-1 in our CBf-Ar spectrum is aligned with the CB+ transition 

assigned as 1 6 4  by Ripoche er al. at 18 213 cm-1 [Ripoche 19881. 

The Bt-X transition is symmetry forbidden in CB+ and is only observable because 

the B state is coupled via an a* vibration to the C state, which has the right symmetry to 

be optically coupled to the 2~~ ground state. Ripoche et al. [Ripoche 19881 suppose that 

the lowest frequency a2 mode v ~ . ~ ~  is responsible for the coupling. If we assume that the 

C B - A ~ + - ~  hv2+CBC+ X r  

1 
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Figure 5.3 Wavelength (nm) 
Resonance enhanced Bt-X photodissociation spectrum of the chlorobenzene+-Ar 

cation complex in the region 495 - 570 nm. The forbidden origin of the transition 

is estimated to be at - 18087 cm-l. Relative intensities are somewhat unreliable 

since a number of different laser dyes were used to span the spectral region. 

Assignments of major features are shown. Spectral resolution is - 1 cm-1. 

i 



addition of an argon atom does not significantly alter the nature of the B or the X 

electronic states, the transition should be induced by the same vibration in CB+-Ar. On 

this basis, we present in Table 5.2, assignments for features in our spectrum after the 

assignments of Ripoche et al. [Ripoche 19881. The clump positions are taken to be those 

of the lower energy member of the doublet prominent in each clump. 

Table 5.2 
Band positions and tentative assignments for major features in the 
CB+-Ar B c X  transition. Energies are in cm-I (vac).Relative energies 

are 4 2 cm-1 and absolute energies 4 5 cm-1. 

hv2 Displacement Assignment 
(cm- 1) from 16ai (cm-l) 

17849 -414 1 0  1 6a06al 

18235 -35 1 1  16a06al 

18266 0 1 1 6ao 

18606 340 1 2  16a06al 

18648 382 1 1  1 6a06% 

18710 444 1 10aO 

18997 73 1 1 3  1 6a06al 

19027 76 1 1 2  16a06% 

1909 1 825 1 0 4 6 4  

19131 865 1 1  16a010 

19412 1146 1 6 4 6 4  

The shift of CB+-Ar transitions relative to the corresponding CB+ transitions are 

uncertain, because of the breadth of the clumps. Matters are further confused by the 
1 n+l 1 n presence of the 16%6al sequences that obscure the low energy side of the 16%6% 

transitions, while not being sufficiently prominent to yield reliable positions. The only 

band in the CB+-Ar spectrum that is relatively uncorrupted, but still comparatively weak, 



1 0  is the 16%6a1 band. Unfortunately due to congestion, there do not seem to be, in either 

spectrum, bands which can be identified unambiguously as progressions in low 

kequency vibrations involving deformation of the bond between the halobenzene cation 

and argon atom. Hence, a determination of the CB+-Ar potential surface has not been 

possible. 

Wavelength (nm) 

Resonance enhanced B c X  photodissociation spectrum of fluorobenzenef-Ar 

cation complex in the region 440 - 500 nm. The forbidden origin of the transition 

is estimated to be at -20 870 cm-l. Relative intensities are somewhat unreliable. 

since a number of different laser dyes were used to span the spectrai region. 

Assignments of major features are shown. Spectral resolution is - 1 cm-1. 

FB+-AT Spectrum - 

The structure of the two halobenzene photodissociation spectra are similar, in 

support of the view that the electronic states involved are the same in both molecules. By 

analogy with the CB+-Ar spectrum, it seems likely that the very weak, lowest energy 
1 0  band in the FB '--Ar spectrum (Figure 5.4) at 20537 cm-1 also represents the 16%6al 

transition. The lowest energy transition is very weak, and is perhaps over emphasized in 

the presented spectrum. The first really intense band in the spec= lies 5 12 cm-1 to 

higher energy at 21049 cm-1. This band is assigned as 164. Credence to these two 

assignments is lent by the observation of a 524 cm-1 progression in the X region in the 

one photon photoelectron spectrum Pebies 19721 of fluorobenzene and its assignment as 
a progression in vg. 455 cm-1 progressions built on these two assigned bands are 



apparent before the spectrum becomes quasicontinuous. We note that the frequencies of 
vg, in the So and S 1 states of the neutral molecule are 5 17 cm-1 and 459 cm-1 

respectively [Lipp 198 1 a], [Lipp 198 lb], [Seliskar 19781, and hence a likely 
assignment of the 455 cm-1 progression is that it is due to vg. 

Table 5.3 displays the measured clump positions (corresponding to the energy of 

the lower energy member of the doublet ) and ow tentative vibrational assignments for the 

FB+-Ar spectrum. 

As with CB+-Ar, the rather congested nature of the clumps in the FB+-Ar spectrum 

makes definite assignment of vibrational levels difficult. As discussed earlier, in addition 

to vibronically active modes of a;? symmetry, inducing modes of bl symmetry may also 
be active in the halobenzene cation BtX transitions. The three doublets apparent at 

1 1  1 - 475 nm may then represent transitions of the type 16a0, xo and yo, where V, and vy 

. 

are other inducing modes of a2 or bl symmetry, and of about the same frequency as vl&. 

The second lowest frequency a2 mode is expected to be ~ 1 0 ,  but its energy is unknown in 

Table 5.3 
Band positions and tentative assignments for major features in the 
FB+-Ar B t X  transition. Energies are in cm-1 (vac).Relative energies 

are + 2 cm-l and absolute energies rt 5 cm-1. 

hv2 Displacement Assignment 
(cm- 1 ) from 16ai (cm-l) 

20537 -512 1 0  16a06al 

20623 -426 

21049 0 1 1 6ao 

21078 29 

21 139 90 

21434 385 1 2  16a,6a1 

21504 455 1 1  1 6a06% 

21595 546 

21651 602 1 10aO 

21959 910 1 6 4 6 4  



neutral or ionic FB. In CB though, v10, has a frequency of 616 cm-l in the S 1 state of the 

neutral, and is unlikely to be any lower in FB. This is too high for 1 0 4  to be one of the 

three bands. The two lowest frequency bl modes are v l l  (frequency 248 cm-1 in the SO 

state of the neutra4. FB bipp 1981b1) and v16b (frequency unknown in either So or S 1 

states of neutral FB but 320 cm-I in S l  CB [Jain 19731, [Bist 19701). It is possible 

therefore that the three doublets near 475 nm are 164,  1 1; and 16b;. 

Discussion 

A one photon, molecular photodissociation spectrum represents the convolution of 

the molecule's absorption spectrum and an energy dependent (and possibly state 

dependent) dissociation function. In order to deconvolute the photodissociation spectrum 

and recover the absorption spectrum we suppose that the dissociation probability is 

independent of energy. In the present case, this is probably a good assumption: Maier and 

coworkers [Allan 19771, [Maier 19781 have concluded from the absence of emission 

after electron impact excitation of the fluorobenzene and chlorobenzene cations that the 

fluorescence quantum yield from the B state is less than 10-5. Internal conversion to either 

the X or the A electronic states is the only likely mechanism competing with radiation and 

should be followed by prompt argon atom loss. 

There are aspects of the two spectra that invite comment including the doubling of 

prominent lines, the presence of 'hot' bands in the spectra and their consequences for 

cluster vibrational relaxation. Unfortunately the breadth of the clumps in the CB+-Ar 

spectrum makes it difficult to ascertain accurately the relative shift of CB+-Ar transitions 

with respect to the corresponding CB+ transitions. The shift is an indication of the relative 

binding energies of the argon atom to the halobenzene cation, in the cation B and X 

electronic states. The band assigned as the 1 6 4  transition in CB-Ar+ is shifted by 

-50 cm-1 to the blue from the 16ai transition in CB+. Assuming that v16a is not altered 

substantially upon complexation, such a shift indicates an argon atom binding energy 

which is roughly the same in B and X states. 

Perhaps the most puzzling feature of the two spectra is the doubling of almost all of 

the prominent lines. Lines of approximately equal intensity, separated by 9 cm-1 in the 

CB+-A~ spectrum and 11 cm-1 in the FB+-Ar spectrum, are apparent throughout the two 
spectra. Photodissociation spectra of the BtX transition of the paradichlorobenzene 

cation recorded in our laboratory display discrete structure but do not show a doubling of 

spectral lines. Whereas in the lower energy regions of the FB+-Ar spectrum almost every 

line has a companion 11 cm-l away, the CB+-Ar spectrum exhibits a number of lines 

which are not obviously associated with any other line. These peaks are almost invariably 



in congested parts of the spectrum and may result from the superposition of several 

peaks. A sequence of spacing 9 cm-1 has not been observed in the chlorobenzene cation 

REMPD spectrum Wpoche 19881, hence it is unlikely, that one member of the doublet is 

a 'hot band' involving ring modes. It might also be supposed that the structure is due to 

rotational transitions from a far from Boltzman ionic ground state rotational population 

distribution, However the ions are formed from cold neutral van der Wads molecules and 

available studies have shown that rotational excitation upon ionization is modest 

[Chewter 1987a1, [Chewter 1987bl. Also if the doublet did reflect rotational structure 

we might expect to see similar structure in the CB+ spectrum. 

An appealing explanation for the doublet is that the spacing represents one quantum 

of a vibration involving motion of the argon atom with respect to the aromatic in the 

B state of the ion. However 9 - 11 cm-1 is almost certainly too low for such a vibrational 

frequency where, even in the less tightly bound neutral analogues 15 - 20 cm-1 is typical 

for bending vibrations and 40 cm-1 for the stretching vibrations (see Chapter 1 for 

examples). Furthermore as the peaks are of equal height, we would expect further 

progression members to appear with appreciable intensity. Such peaks are absent from 

both spectra. 

As noted in the section on ion preparation, it is possible that we prepare X state 

ionic complexes with a range of energy in the cation - argon bond. 'Hot' band transitions 

from one of these levels could conceivably have a sequence spacing of 9 cm-l in CB+-Ar 

and 11 cm-1 in FB+-Ar. If this is the case, why are there no further sequences? If the 

ionization process favours preparation of ions with no quanta and one quanta of a van der 

Waals vibration in equal measure, we would expect on Franck-Condon grounds the 

preparation of substantial hctions of the molecules with two, three and more quanta of 

the vibration. Further difficulties with this explanation arise from the observation that the 

van der Wads binding energies in the X and B states of the ions are very nearly the same, 

making a change in vibrational frequency - 10 cm-1 fairly unlikely. 

A W e r  possibility, also discussed in the section on ion preparation, is that one or 
more quanta of the ring vibration vl l  (out of plane halogen motion) or some other 

vibration, totally symmetric in the C, point group, is excited upon ionization, and that one 

member of the doublet represents a 'hot band' transition from one quantum of v l l  in the 
1 X state, e.g. 11 t16ao. Again it may be asked, why we see only one sequence member, 

and why the relative intensities of the peaks comprising each doublet are nearly equal. The 

non-appearance of higher 11: sequence members may be due to the fact that we would 

expect TVR or dissociation from levels with more than one quantum of v l l  to be a rapid 

process i.e. it would be essentially complete during the 250 ns between preparation and 



1 probing. Hence only 11 would contribute to the sequence structure. Still, it seems 

unlikely that any vibrational coordinate could change so significantly upon ionization as to 

lead to equal populations of molecules with no quanta and one quanta of this vibration. 

Hence we are reluctant to accept an explanation that the doublet structure is due to a single 
sequence member involving e.g. v l  1. 

At present a definite explanation for the doubling cannot be offered but it is 

recognized that the electronic states involved are doublet electronic states and it may be 

possible that the doubling represents spin-orbit splitting, If this is the case, complexes 

involving larger rare gases should display larger splittings. 

Electronic Relaxation 

The absence of any fluorescence from electron impact excited FB and CB cations 
has been attributed to the proximity of the B ~ B ~ ( C ~ )  electronic state to the C 2~l (?cr l )  

state from which fluorescence is expected. Due to unfavorable Franck-Condon factors, 
radiationless transitions directly from the C 2 ~ ~ ( s r l )  to the X 2~1(?cr1) state are unlikely 

[Robinson 19631, [Robinson 19671, [Hunt 19621, [ B p e  19651. The B 2~2((r1) 

state acts as a gateway state linking the two states promoting extremely efficient internal 
conversion. The C t X  transition in the photodissociation spectra of CB+, CB-Ar+ and 

FB-Ar+ is very broad and no vibrational structure is apparent. This lack of detail may be 

due to the overlapping of the C t X  spectrum by higher Bt-X vibronic transitions which, 

due to near resonance of B state levels with the inducing C state, have large intensities. In 
fzct C t X  transitions are probably more properly described as transitions to linear 

combinations of zero order C state vibronic levels and zero order B state vibronic levels of 

the appropriate vibronic symmetry. There are many precedents for this category of near- 

resonance vibronic mixing in neutral polyatomics wessel  19701, [McLure 19541, 

pischer 19761, pischer 19741, [Knight 1988bl. This vibronic mixing in CB+, CB+-Ar 

and FB+-Ar is probably responsible for the rapid internal conversion from the C state. 

In our CB+-Ar and FB+-Ar spectra, the lines in the less congested regions, have a 
width of 5 cm-1, i.e. a factor of - 5 times the instrumental resolution. If this represents 

lifetime broadening we may ascribe a lifetime of -1 ps to B state vibronic leve;;. 

However, as explained in the section on ion preparation, it is likely that van der Wads 

vibrations may be excited upon ionization. Thus sequence transitions from these excited 

molecules may be responsible for, or at least contribute to, the observed linewidth. 
Broadening due to the rotational contour of the B t X  transition bands may also be 

important. 



Intramolecular Vibrational Redistribution 

The spectra show that some fraction of X state halobenzene-argon cations with one 
quantum of V6a survive for the 250 ns between the preparation and probe lasers. Despite 

the availability of a field of low frequency van der Waals vibrations into which the energy 
could be redistributed, the energy remains localized in a high frequency ring vibration, v h  

(417 cm-1 in CB+-Ar and 512 cm-1 in FB+-Ar). This may not seem surprising in view 
of the observation that So pDFB-Ar molecules, with one quantum of v22 (348 cm-I), 

have been shown to survive for several hundred microseconds without suffering IVR 

[Butz 19861. Dissociation of neutral aromatic-rare gas van der Waals molecules, when 

energetically possible, occurs with rates of approximately 108 - 109 s-1 [Butz 198q. 

Hence the dissociation threshold probably lies above 419 cm-1 for CBf -Ar and above 

510 cm-1 for FB+-Ar. By varying the delay between preparation and probe lasers it may 

be possible to explore the time dependence of excited vibrational level populations and so 

directly gauge the extent of relaxation from X state vibrational levels. 

Conclusions 

The addition of a minimally perturbing adduct to a polyatomic cation allows the 

characterization of electronic transitions to levels that for some reason or another are not 

examinable using LIF or REMPD spectroscopies. Successful application of LIF 

spectroscopy depends on appreciable fluorescence quantum yields. For mono- and 

di-substituted benzenes the fluorescence quantum yields have been shown to very low 

waier 19781. REMPD is useful in the investigation of electronic states that suffer rapid 

radiationless transitions to lower electronic states, since the absorption of further photons 

by the vibrationally energized molecule can take the molecule above the dissociation 

threshold. The cross section for the absorption of a subsequent photon however, depends 

on Franck-Condon factors between the highly vibrationally excited ground state levels, 

and the vibronic levels to which transitions are possible after the absorption of a second 

photon. These subsequent transitions may not be very strongly allowed especially for a 

photon of the same energy as the frst photon absorbed. 

The photodissociation spectra presented here, go some way towards helping us to 

appreciate how molecular ions immersed in argon matrices come to have broad absorption 

spectra Even for the smallest halobenzene-argon cation cluster, considerable structure 

accompanies each high frequency vibronic transition. It remains unclear how much of this 

structure is due to electronic transitions in vibrationally excited clusters, that may 

disappear if the ions were fully vibrationally relaxed in a matrix. Rationalization of the 

observed line doubling is difficult. If it is due to spin-orbit interaction ionic complexes 



involving heavier rare gases should exhibit larger effects due to increased orbital 

interactions and greater angular momentum 

The low rate for vibrational relaxation from high frequency 'ring' modes to 

combinations of low frequency van der Wads modes is another interesting point to 

emerge from this work. The very fast relaxation observed in polyatomic cation-matrix 

systems Pondybey 1983 b] obviously depends on having a higher densities of 

destination states than are present in the clusters we have studied. The techniques used in 

this study are applicable to the tirne resolved observation of vibrational, relaxation in small 

clusters. 

The spectra indicate that the B state of FB+ arises as it does in CB+, from the 
removal of an electron from the b2(cr) orbital, and the C state arises from electron removal 

from the bl(7-c) orbital. NO photodissociation spectrum has been observed previously for 

the fluorobenzene cation in the visible region, and the data presented here, help ~ o ~ . r m  

that the B state of the fluorobenzene cation results, as in chlorobenzene, from interaction 
of the e2&o) orbital of benzene with the in-plane lone pair orbital on the substituent, and 

that the C state arises from interaction between the a2,(7c) orbital of benzene with the out 

of plane lone pair orbital on the substituent. 



Appendix 1 

The Molecular Beam and Time of Flight Mass 
Spectrometer System 

Almost all of the experiments on neutrals and cations described in this thesis were 

performed using a molecular beam system coupled to a time of flight mass spectrometer 

(TOFMS). Neutral clusters were created in the isentropic expansion of a seeded carrier 

gas from a pulsed nozzle. In the experiments described in Chapters 1,3 & 4 the neutral 

clusters were intercepted and ionized by the output of a tunable dye laser. When the light 

is of appropriate frequency and intensity the neutrals may be ionized through the 

absorption of two or more photons. Ion yield is vastly enhanced when the light is 

resonant with a molecular transition so that a molecular absorption spectrum can be 

inferred from an ion yield spectrum. This technique of resonance enhanced multiphoton 

ionization (REMPI) is profitably combined with mass spectroscopy. By monitoring the 

ion yield at different masses as the laser excitation wavelength is scanned, the absorption 

spectra of several species can be simultaneously recorded. This advantage is particularly 

appealing in the environment of a supersonic expansion where many weakly bound 

species can exist in the cooled flow. Although other forms of mass spectrometer have 

been used, it is the TOFMS that has found most favour for REMPI experiments. Its 

principal benefits are simplicity, high resolution and the capacity to collect and analyse all 

of the ions resulting from each laser shot. Cation photodissociation studies are 

conveniently performed by creating the ions with one laser and then photodissociating 

these ions with a second time delayed laser pulse, while the ions are still in the 

acceleration region of the TOFMS. 

Fig A.1 illustrates the molecular beam, TOFMS system used for most of the 

experiments described in this thesis. The apparatus consists of three connected, 

differentially pumped vacuum chambers - the nozzle chamber, the interaction chamber and 

the time of flight mass spectrometer (TOFMS) chamber. Gas released by a pulsed nozzle 

passes through a skimmer and the acceleration grids of the TOFMS. Light enters the 

interaction chamber through a window opposite the skimmer. The light, if it is of the 

proper frequency and sufficient intensity, may ionize the atoms or molecules in the gas 

packet. Ions formed between the acceleration grids are propelled down the flight tube of 

the TOFMS where they are detected by tandem microchannel plates. 



Schematic of the molecular beam, time of flight mass spectrometer apparatus. 

The three chambers are differentially pumped by diffusion pumps. For more 

details see the text. 

A pulsed nozzle (General Valves Corp.) was operated at 10 Hz. Although the 

nozzle is rated for 28 Volts, most reliable short pulse operation has been obtained with 
500 ys, 100 Volt pulses. Gas output pulses of -300 ps fwhm have been reliably obtained 

for more than 1 year, using these supply voltage parameters. The skimmer (Beam 

Dynamics) consists of an electroformed nickel cone with a 1 mm orifice. On the 

downstream side of the skimmer is a light baffle which minimizes the laser light reflected 

by the skimmer back into the grid region where it might create surface charges. 

A configuration where the gas beam and laser beam are anticollinear, allows 

ionization and detection of greater numbers of molecules than the more usual anangement 

where the light beam crosses the molecular beam at right angles. The laser pulse overlaps 
the entire gas packet (which is - 400 mm long for a 300 ps nozzle opening time). The 

acceleration grids have an aperture of 30 mm so that if the laser beam ionizes a 1 mm 

diameter cylinder of gas, the total volume of ions available for acceleration and detection 



is - 24 mm3. This is probably a reasonable estimate as the ionizing laser beam was 
always weakly focussed or unfocussed and of at lease 1 mm diameter. In the 

conventional arrangement where the laser beam crosses the molecular beam, the excited 

volume would be much less - - 2 mm3. Increases in the number of ions excited are 

reflected in improved signal to noise ratios. The colinear arrangement of molecular and 

laser beams also allows flexibility in the position where the ions are created, which is 

important in the delayed extraction technique described in the experimental section of 

Chapter 1. 

Design of the TOFMS follows the second order space focussing criteria established 

by Wiley and McLaren Wiley 19-55], whereby the ion accelerating fields are arranged so 

that equal mass ions created at the same time at different distances &om the detector, 

anive at the detector at the same time. To accomplish this, the ions are accelerated through 

two regions of different field strengths. Fig A1.2 provides a schematic view of the 

TOFMS showing the dimensions of interest. 
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Figure A1.2 

Dimensions of space focussing TOFMS. The ions are created around 

the point P and are accelerated by electric fields between the grids GI, G2 

and G3. G3 is held at 0 V. The voltage between G1 and G2 is V, and the 

voltage between G2 and G3 is Vd. 

The Wiley-McLaren space focusing condition may be written as: 

where 

and the distances and voltages are defined in Fig A1.2. In our TOFMS the distance D 

between source and detector is 800 mm, sg is 13.5 mm and d is 30 mm. There are two 



spacing electrodes between the second and third grids which assist in maintaining a 

uniform field. The focusing condition only specifies the ratio between the voltages V, and 

Vd. 

Two different configurations have been used to arrange voltages on the acceleration 

grids. In the first arrangement the grids and spacers are connected by voltage dividing 
resistors chosen so that the space focusing condition is satisfied. A resistor of 3.68 MQ 
connects G1 to G2, and 10 Mi2 resistors connect G2 to the first spacing electrode, the 

fzst spacing electrode to the second and the second to G3. Typical voltages of Vd + V, of 

1500 V have been used. The second arrangement, used when delayed extraction of ions is 

desired (see Chapter 1) uses Zener diodes as voltage dividers and is illustrated in 

Fig A1.3. The Zener diodes are chosen so that the space focusing condition is satisfied, 

and allow a single, fast risetime, high voltage power supply to provide the voltages for all 

grids and spacers. 

B 

a 
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Figure A1.3 
TOFMS acceleration grids showing the arrangement of Zener diodes so 

that a single fast risetime voltage source is able to supply.all grids and 

spacers. Dimensions are in mm. 

The grid electrodes are made from 0.5 mm stainless steel sheet and 90% 
transmission, 28 mesh/cm, nickel mesh (Buckbee Mears). The mesh is glued (Varian 



Ton Seal) over a 30 mm diameter hole in the middle of the electrode and the overlapping 

region is painted over with colloidal graphite (Aquadag). This means of attachment allows 

electrical and mechanical contact to made, wMst keeping the mesh very flar, The 

electrdes are supported on four stainless steel rods that also support the deflecting 

electrodes. The electrodes are insulated from the supporting rods with machinable glass 

(Macor) insulators. To rnh imize the effects of surface charge, the insulators are shielded 

with metal cups and all surfaces are coated with colloidal graphite, Insulator shielding was 

found essential for successful 'delayed extraction of ions. 

I 

Figure A1.4 
Schematic view of the TOFMS detector assembly. The two microchannel 
plates (pcp) are separated and electrically connected by a thin metal spacer 

ring. Dimensions are in m. 

The fast risetime high voltage source was a homebuilt Marx generator which was 

triggered by a commercially available 200 V, fast risetime, voltage supply (Avtech 



Electrosystems AVR-3-PW-PS-PN). The system had an output voltage of 1800 Volts and. 

a risetime - 20 ns. To ensure that the ions reach the detector, it is necessary to counter the 

momentum they have along the direction of the molecular beam. This is done with 

electrostatic deflecting electrodes. Voltages on these electrodes were always quite modest 

(< 30 Volts). 

After traversing the length of the TOFMS flight tube the ions are detected with 

27 mm diameter tandem microchannel plates (Hammamatsu F1552-02, 104 gain at 

1000 V). The output of the second microchannel plate was collected by a disc anode and 
the voltage across a 50 C2 resistor to ground was amplified using a 100 Mhz buffer 

amplifier (National Semiconductor LH0063). Microchannel plates and amplifier were 

housed together in the stainless steel detector mount. A schematic of the detector system is 

shown in Fig A1.4. 

Once buffered, the signal is fed via a 50 C2 cable to a digital storage oscilloscope 

(Tektronix 2432) and boxcar amplifier (Princeton Applied Research Model 165 gated 

integrator, Model 162 Averager). REMPI spectra are recorded by positioning a boxcar 

gate on the mass peak of interest and scanning the frequency of the ionizing laser. A 

general schematic of the entire experimental arrangement is given in Fig A1.5. The 

lasers used in the experiments are standard and the various combinations employed have 

been described in the experimental section of each chapter. Triggering and 
' 

synchronization of lasers, nozzles and detection apparatus is managed by a homebuilt 

programmable delay generator which has nine, independently variable trigger outputs. 

Each of the three chambers is provided with independent pumping. The nozzle 

chamber is evacuated by two 6' 2400 Vs diffusion pumps (Varian 0184) and is maintained 

at an average pressure of less than 3. 104 ton when the nozzle is operating. One 10" 

2000 Vs diffusion pump (Edwards) evacuates the interaction chamber which, along with 

the T O M S  chamber, has an operating pressure of less than 10-6 t o n  The TOFMS 

chamber is provided with one 4" 250 I/s diffusion pump (Edwards). The four diffusion 

pumps are backed by two rotary pumps (Alcatel2063). During operation the pressure is 

monitored in the nozzle chamber and the TOFMS chamber by ionization gauges (Varian 

Ratiomatic 843 controllers with Varian 0571-K2471-302 gauge heads). 
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Appendix 2 

Computer Programs for Calculation of Minima 
on the Aniline-(Argon)3 Potential Surface 

C PROGRAM ANPOT3 1 

C * This progam finds the minimum on the potential hypersurface * 
C * of 3 rare gas atoms and an aniline molecule. The * 
C * potential energy is expressed as the sum of Lennard-Jones 6-12 * 
C * atom- atom potentials. Distance units are angsaoms and * 
C * energy units are wavenumbers. * 
C * SEPTEMBMBER 1988 * c ............................................................. 

C DUMMY ARGUMENTS WE MUST SUPPLY TO SIMPLX 

REAL INDEP(9), DEP(9), DUMMY 
EXTERNAL DUMMY, POT 
INTEGER NPOINT 
DATA NPOCNT/9/ 

C REALLY INTERESTING DATA 
C DEFFINE ARGON ATOM'S COORDINATES, UPPER AND LOWER BOUNDS 
AND 
C TOLERANCES 

REAL COORDS (9), CKTRG(9), CLORG(9),CTOL(9) 
INTEGER NCOORD 
DATA NCOORD/9/ 

C SET TNTIAL VALUES FOR ALL INTERESTING DATA BLOCKS 

DATA CTOL/O.OO5,0.005,0.005,0.005,0.005,0.005,0.005,0.005,0.005/ 
DATA CH1RG/10.0,10.0,10.0,10.0,10.0,10.0,10.0,10.0,10.0/ 
DATA CLORG/-10.0,-10.0,-10.0,-10.0,-10.0,-10.0,-10.0,-10.0,-10.0/ 

C DEFINE A COMMON TO HOLD P O ~ N T I A L  DEFINING V A W L E S  

C Constants used to determine the interaction energy 
C Units are cm-langstroms**6, angstroms and Debyes 

ATAA=558950 !hcb 
AIAH=143668 ! brock 
AIAN=280086 ! scheraga 

UOA=3.87 !hcb 
RIAOH=3.60 ! brock 



BTAON=3.69 ! scheraga 

C RING CARBON ATOM COORDINATES 
AT(1,2)=0.0 
AT(1,3)=0.0 
AT(2,2)= 1.208 
AT(2,3)=-0.6975 
AT(3,2)=1.208 
AT(3,3)=-2.093 
AT(4,2)=0.0 
AT(4,3)=-2.790 
AT(5,2)=-1.208 
AT(5,3)=-2.093 
AT(6,2)=- 1.208 
AT(6,3)=-0.6975 

C FUNG HYDROGEN ATOM COORDINATES 
AT(7,2)=2.143 
AT(7,3)=-0.1575 
AT(8,2)=2.143 
AT(8,3)=-2.633 
AT(9,2)=0.0 
AT(9,3)=-3.870 
AT(10,2)=-2.143 
AT(10,3)=-2.633 
AT(11,2)=-2.143 
AT(11,3)=-0.1575 

C NITROGEN ATOM COORDS 
AT(12,2)=0.0 
AT(12,3)=1.402 

C DIPOLE COORDS 
DP(l,l)=O.O 
DP(1,2)=0.0 
DP(1,3)=0.0 

C. ENTER INITIAL ARGON ATOM COORDINATES 

WRITE(S,*)'WHAT ARE THE FIRST ARGON ATOM COORDINATES' 
WRITE(S,*)'Xl=' 
READ(S,*) COORDS(1) 
wRITE(5,")'Y 1=' 
READ&*) COORDS(21 . , 
w R I ~ ( 5 > ) ' ~ 1 = '  
READ(5,*) COORDS (3) 
WRITE(S,*)'WHAT ARE THE SECOND ARGON ATOM COORDINATES' 
WRITE(5 ,*)'X2=' 
READ(S,*) COORDS(4) 



WRITE(5,*)'Y2=' 
READ(5,*) COORDS(5) 
WRITE(5,*)'Z2=' 
READ(5,*) CQORDS(6) 
WRITE(S,*)'WHAT ARE THE THIRD ARGON ATOM COORDINATES' 
WRITE(5 ,*)'X3=' 
READ(5,*) CooRDS(7) 
WRITE(5,")'Y 3=' 
READ(5,*) COORDS(8) 
WRITE(5,*)'Z3=' 
READ(S,*) COORDS(9) 
WRITE(5,*)'ALAC=' 
READ(5,*) ALAC 
WRITE(S,*)'RLAOC=' 
READ(5,*) RIAOC 
WRITE (5, *)'DI=' 
READ(S,*) DI 

C SPECIFY HOW LONG WE LET SIMPLX GO 
DATA MAXITRI10001 

C ALL VARS HAVE "SENSIBLE" VALUES SO GO DO IT 

CALL SRMPLX(DUMMY ,INDEP,DEP,NPOINT,COORDS,CTOL,NCOORD, * CHIRG,CLORG,POT,MAXTTR,ITR) 

C WRITE OUT THE RESULTS 
WRITE(5,*) '# ITR =',ITR 
WRITE(5,*) 'Xl=',COORDS(l) 
WRITE(5 ,*) 'Y l=',COORDS (2) 
 WRITE(^,*) 1 z i = ' , ~ ~ ~ ~ ( 3 )  
WRITE(S,*) 'X2=',COORDS(4) 
WRITE(5 ,*) 'Y 2=',COORDS(5) 
WRITE(S,*) 'Z2=',COORDS (6) 
WRITE(5,*) 'X3=',COORDS(7) 
WRITE(5 ,*) 'Y 3=',COORDS (8) 
WRITE(5,*) 'Z3=',COORDS(9) 
ZZZ=POT(INDEP,DEP,NPOINT,DUMMY ,COORDS ,CHIRG,CLORG, * NCOORD) 
WRITE(5,*) 'POT=',ZZZ 
END 

REAL FUNCTION DUMMY(DUM1) 
REAL DUMl 
DUMMY=DuMl 
RETURN 
END 

REAL FUNCTION 
POT(INDEP,DEP,NPOINT,FITFUN,COORDS ,CHIRG,CLORG, * NCOORD) 

C DUMMY ARGUMENTS 
REAL INDEP(NPOINT),DEP(NPOINT);FITFUN 
EXTERNALFITFUN 
INTEGER NPOINTS 

C REAL ARGUMJ2NTS 
REAL COORDS(NCOORD),CHIRG(NCOORD),CLORG(NCOORD) 
INTEGER NCOORD 

C DEFINE A COMMON TO HOLD POTENTIAL DEF'INING VARIABLES 



C INTERNAL VARS 
INTEGER J,I,A 

C CHECK THE RANGE ON TJ3E COORDS 
DO 5 I=1,9 
IF((COORDS(I).LT,CLORG(I)).OR.(COORDS(I).GT,CHIRG(I))) GOT0 999 

* CONTINUE 

C C A L m T E  THE POTENTlAL AT COORDS IN CORRDS ARRAY 
TPBT=O.O 

C DIPOLE INTERACTIONS 
RIA=SQRT((COORDS (3*J+l))**2+(COORDS(3*J+2))**2+ 

* (COORDS(3*J+3))**2) 
TPOT=TPOT-4.24" 10**3*@1**2*(RIA**(-6))+ * 3*(@I*COORDS(3*J+3))**2)*RIA**(-8)) 

85 CONTINUE 

C ARGON ARGON INTERACTIONS 



C FINISH UP THIS FUNCTION 
POT=TPOT 
RETURN 

C 
C DEAL WITH OUT OF RANGE COORBS 
999 POT=9.9E19 

mTURN 
END 

subroutine simplx(fitfun,indep,dep,npoint,theta,dtheta, 
1 ntheta,hithet,lothet,minfun,maxitr,itr) 

c BY: Andrew Rock 
c DATE: 3-MAR-87 
c FUNCTION:This subroutine implements the SIMPLEX algorithm for function 
c minimisation, 
c DEBUGG1NG:To determine (post-mortem) information on the execution of this 
c routine compile this module with FORTRAN-77 compiler switch, 
c fDLINES. A file (unit=4,file='simplex.log') is created showing 
c information pertaining to each iteration, permitting direct 
c evaluation of the behavior of the numerics involved. 
U 

c OPERATIONAL PARAMETERS: 
C 

real delta,alpha,beta,gamma,kappa !real fixed parameters 
integer maxthe !integer parameters 
parameter (delta4. 1) !increment on initial simplex coords 
parameter (alpha4.9985) !reflection parameter (approx= 1 .O, 

fixed) 
parameter (beta=1.95) !expansion parameter (approx=2.0, 

fxed) 
parameter (gamma=0.49 85) !contraction factor (approx=0.5, 

fixed) 
parameter (kappa4.4985) !rescaling factor (approx=0.5, 

variable) 
c parameter (kappa=-0.9985) (appox=-1.0, alternate value if 0.5 ineffective) 

parameter (maxthe= 10) !maximum # variable 
parameter/dimensions 

C 
c ARGUMENTS: (argument values supplied by calling program unless indicated) 
C 

external fitfun,minfun !function name arguments 
real fitfun !parameterised function to fit data 
real minfun !response function to minimise 
integer npoint !# discrete data points supplied 
real indep(npoint) !discrete data independent coord 

! values 
real dep(npoint) !discrete data dependent cwrd values 
integer ntheta !# variable parameters in fitfun (>=2 ) 
real theta(ntheta) !variable parameter values: 

! input: initial guesses 
! output: final values of best fit 

real dtheta(ntheta) !desired variable parameter tolerances 
real hithet(ntheta) !maximum permissible parameter 

! values 
real lothet(ntheta) !minimum permissible parameter 

! values 
integer maxitr !maximum permissible iterations 
integer itr !actual # iterations (output) 



! if itl. e 0, failure indicated 
! i.e. -itp =. maxi@ 

c INTERNAL VARLABILES: 
real p(maxthe,maxthe+l ) !simplex coordinates: 

!NB: Each vector defining the simplex 
!is one column of the simplex array, 
!so to pass simplex vector 3 to 
!&fun to calculate response, 

, !use ~ ( 1 ~ 3 ) .  
!GrTB: The simplex is defined by one more 
!vector than the dimensions of 
!variable parameter space 

real ~(maxthe) !centroid coordinates 
real pr(maxthe) !reflected/contracted point coordinates 
real pex(maxthe) !expanded point coordinates 
real r(maxthe+ 1) !simplex response function values 
real rr !reflected/contracted point response 
real rex !expanded point response 
integer i !simplex vector index 
integer best !index of simplex point of min 

!response 
integer worst !index of simplex point of max response 
integer j ! point/vector ordinate index 
integer scaled !flag: scaledeq. 1 indicates rescaling 

!has occured and simplex response 
!requires recalculation. 

c 
c IKlTIALISATION SECTION: 

open(~nit=4,file='simplex.log'~status='new') !open debug log file 
i d  !no iterations done yet 

c calculate initial simplex coordinates: 
do 10 i=l,ntheta+l !loop over all vectors 
do 10 j=l,ntheta !loop over all ordinates 

10 p(j,i)=theta(j) !make equal to input guess 

do 20 I=2,ntheta+l !loop over vectors 2 to ntheta+l 
20 p(i-1 ,i)=p(i- 1 ,i)*(l .O+delta) !increment ordinate(i-1) by delta*guess 

C 

c MAIN ITERATNE SECTlON: 
C 
25 continue !return to this point if rescaling has 

!occured 
C 
c evaluate response to all simplex vectors 

do 30 I=l,ntheta+l !loop over all vectors 
30 r(i)=minfun(indep,dep,npoint,fitfun,p( 1 ,eta !response 

scaled4 !flag: responses don't need 
!recalculation 

C 
35 continue !retun to this point after 

!reflec/expan/contrac tion 
C 

write(4,900) itr !log iteration # 
do 36 i=l,ntheta+l !loop over all simplex vectors 

36 write(4,9 10) i,(p(j,i) j=l ,ntheta),r(i) !log simlex vector coords 
C 
c find the simplex vectors with best(lowest) & worst(highest) response 

best= 1 !guess best is f i s t  
worst=l !guess worst is first 
do 40 i=2,ntheta+l !loop over the rest of the vectors 



if(r(i).lt.r(best)) best=i !test for a lower response 
if(r(i).gt.r(worst)) worst=i !test for a higher response 

40 continue !end of ranking loop 
write(4,920) best,worst !log best, worst index values 

c 
e calculate centroid values: centroid is mean of all vectors bar the worst 

do 60 j=l,ntheta !loop over all ordinates 
c(j)=0.0-p(j,worst) !subtract worst from sum 
do 50 i=l,ntheta+l !loop over all simplex vectors 

50 cQ)=c(j)+p(j,i) !add all simplex vectors to sum 
c(j)=c(j)/float(ntheta) !&vide by #simplex vectors - 1 

60 continue !bottom of loop 
c 
c calculate reflection of worst vector wrt the centroid 

do 70 j=l,ntheta !loop over all ordinates 
70 pr(j)=(l.O+alphaJ*c(j)-alpha*pCj,worsb) !calc refection point 

~=minfun(indep,dep,npoint,fitfun,pr,hithet,lothet,ntheta) 
!talc response to reflected point 

if(rr.gt.r(best)) goto 120 !if reflected very good, try expanded 
C; 

c calculate expanded point 
do 80 j=l,ntheta !loop over all ordinates 

80 pex(j)=beta*pr(j)+(l.O-beta)*c(j) !talc expanded point 
rex=minfun(indep,dep,npoint,fi~un,pex,hithet,lothet,ntheta) 

!calc response to expanded point 

!if expanded not good, log reflected 
!if expanded not good, use reflected 

C 
c expended point is very good, accept expanded point 

write(4,922) !log expanded point used 
do 90 j=l,ntheta !loop over all ordinates 

90 p(j,worst)=pex(j) !repace worst simplex vector with 
!expanded 

r(worst)=rex !replace worst response with expanded 
goto 150 !now go test end conditions 

C 
c accept reflected (or contracted) point 
100 do 1 10 j=l,ntheta !loop over all ordinates 
110 p(j,worst)=pr(j) !replace worst vector with reflect/contracted 

r(worst)=rr !replace worst response " " " 
goto 150 !now go test end conditions 

C 
c reflected was not very good, is it OK? 
120 continue !jump here if reflected not very good 

if(rr.le.r(worst)) write(4,92 1) !if reflected OK, log reflection used 
if(rr.le.r(worst)) goto 100 !if reflected OK, use it 

C 
c reflection was no good at all, try contraction. 

do 130 j=l,ntheta !loop over all ordinates 
130 pr(j)=(l.O-gamma)*c(j)+gamma*p(j,worst) !calc contracted point 

rr=minfun(indep,dep,npoint,fitfun,pr,hithet,lothet,ntheta) 
!talc contraction response 

if(rr.le.r(worst)) write(4,923) !if contraction OK, log the fact 
if(rr.le.r(worst)) goto 100 !if contraction OK, replace worst 

C' 
c reflection, expansion, contraction didn't work -- scale 

write(4,924) !log scale operation 
do 140 i=l,ntheta+l !loop over all vectors 
do 140 j=l,ntheta !loop over all ordinates 



140 p(j,i)=p(j,i)+kappa*(p(j,best)-pO',i)) !scale points around best vector 
scaled=l !US: have scaled, calc simplex response 

C; 

c calculation of new simplex is complete -- test end conditions 
150 continue !jump here after new simplex is complete 

C 
itr=itr+l !count one more iteration 

C 
do 170 j=l,ntheta !loop over all ordintes 
theta(j)=po, 1) !set simplex sum to first vector 
do 160 i=2,ntheta+l !loop over all  vectors bar the first 

160 theta(j)=theta(j)+p(j,i) !sum all simplex vectors 
theta(j)=theta(i)/float(ntheta+l) !calc average vector of simplex 

170 continue !end of loop over ordinates 
c 

do 180 j=l,ntheta !loop over all ordinates (test loops) 
do 180 i=l,ntheta+l !loop over all simplex vectors 

180 if(abs(po,i)-theta(j)).gt.(dthetaCj)/2.0)) goto 190 
!if tolerance not met exit test loop 

goto 200 !tolerances are met -- return 
C 

c tolerances not met -- loop to begin new iteration 
190 continue !jump here if tolerances not met 

if(itr.gt.maxitr) goto 200 !exit if maximum iterations attained 
if(scaled.eq. 1) goto 25 !loop after scaling 
goto 35 !loop after reflec/expan/contrac tion 

C 
c FZETURNING SECTION: 
C 
200 continue !jump to here if itr>maxitr or toJerances met 

if(itr.gt.maxitr) itr=-itr !if failed make # iterations negative 
close(uni t=4) !close log fde 
do 210 j=l,ntheta !loop over all parameters 

210 theta(j)=p(j,best) !don't settle for average use the best 
return !return to caller, the job is done 

c DEBUGGING LOG FlLE FORMAT STATEMENTS: 
C 
d 900 format(' ITERATION:',i6) 
d 910 format(' SIMPLEX(',i2,')= (',<ntheta>fl0.4,' )', 
d 1 ' RESPONSE= ',f15.4) 
d 920 format(' BEST=',i2,' WORST=',i2,' VERDICT: I,$) 
d 92 1 format('+REFLECTION1) 
d 922 format('+EXPANSION1) 
d 923 format('+CONTRACTION') 
d 924 format('+SCALING',/) 
C 

end !end of SIMPLX code 

real function sumsqr(indep,dep,npoint,fitfun,theta,hithet, * lothet,ntheta) 

C 
c BY: Andrew Rock 
C 
c DATE: 4-MAR-87 
C 



c FU'NCTI0N:This function calculates response (sum of squares of residuals) 
c for SUBROUTME SIMPLX. 
C 
c DECLARATION PART: (arguments are identically defined to those with same names 
c in SUBROUTINE SIMPLX) 

real indep(npoint),dep(npoint),fisfun,theta(ntheta), 
* hithet(ntheta),lothet(ntheta) !real arguments 

integer npoint,ntheta !may dimensions 
real r !temporary sum of squares 
integer i !index counter 
external fitfun !parametensed function name 

C 
C 
c EXECUTION PART: 
c 
c test ranges of parameters 

do 10 i=l ,ntheta !loop over all parameters 
10 if(theta(i).lt.lothet(i).or.theta(i).gt.thet(i)) goto 30 

!if out of range set response to large 
C 
c parameters within range -- calculate sum of squares of residues 

r=O.O !residue initialised to 0.0 
do 20 i= 1 ,npoint !loop over all discrete data points 

20 ~=r+(fitfun(i,indep(i),theta)-dep(i))**2 !sum squares of residues 
sumsqr=r !return sum of squares 
return !return to caller 

L 

c parameters are out of range -- return an enormous response 
30 sumsqr=9.9999e+20 !is that big or is that big? 

return !return to a disgruntled caller 
c 

end !end of sumsqr code 

real function chisqr(indep,dep,npoint,fitfun,theta,hithet, * lothet,ntheta) 

C 
c BY: Andrew Rock 
C 
c DATE: 10-MAR-87 
C 

c FUNCTION: This function calculates response (chi square statistic) 
c for SUBROUTINE SIMPLX. 
C 
c DECLARATION PART: (arguments are identically defined to those with same names 
c in SUBROUTINE SIMPLX) 
C 

real indep(npoint),dep(npoint),fitfun,theta(ntheta), 
* hithet(ntheta),lothet(ntheta) !real arguments 

integer npoint,ntheta !may dimensions 
real r,e !temporary chi square,expected value 
integer i !index counter 
external fitfun !pmeterised function name 

C 
c EXECUTION PART: 
C 
c test ranges of parameters 

do 10 i=l,ntheta !loop over all parameters 
10 if(theta(i).ltlothet(i).or.theta(i).gt.hithet(i)) goto 30 



!if out of range set response to large 
C 

c parameters within range -- calculate sum of squares of residues 
r=0. 0 !residue initiaaised to 0-0 
do 20 i=l ,npoint !loop over a l l  discrete data points 
e=fitfun(i,indep (i), theta) !calculate expec t d  

20 ~=r+(e-dep(i))**2/e !chi square 
chisqr=r !return chi square 
return !return to caller 

c parameters are out of range -- return an enormous response 
30 chisqr-9.9999et-20 !is that big or is that big? 

return !return to a disgruntled. caller 
G 

end 
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