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A Ph.D. thesis submitted to the Department of Chemistry 
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In this thesis results From three separate experiments are reported. In the first 

experiment. the resolved fluorescence spectra of 12, cliistered with Ar. Kr and Xe 

and excited at 193 nm to the first ion pair manifold is measored. In Ar and Kr 

clusters. a broad. featureless emission band is seen. which shifts to lower energies as 

the cluster size increases. In Xe clusters. this band is not observed: there is very 

efficient quenching of d l  emission. Cnder some expansion conditions. XeI' excimer 

emission is observed with a 2-photon dependence on the intensity of the 193 nm 

excitation laser. These resdts are all explained by a model in which excitation of 

IÏ into the ion pair manifold is followed by a harpooning-type electron transfer and 

formation of an excited charge transfer complex between It and a rare gas atum. 

In the second experiment. emission from ion-pair states of Ii is observed when HI 

clusters are photolyzed at 248 nm. The emission depends qriadratically on the laser 

intensity and qiiartically on the stagnation pressure of neat HI. The results strongly 

suggest that the four-center photoinduced reaction (HI)* -, Hî + 1; takes place in 

HI clusters. followed by excitation of the 1; to the ion-pair levels. 

The third experiment studies the scattering of an atomir beam of helium h-orn the 

surface of an aligned nematic liquid crystal film (4'-pentyl-Ccyno biphenyl. 5CB). 

Collisions of atoms with the sutface initiate a transient loss of order in the film. The 

. . 
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magnitude of this change depends on the momenturn direction of the atomic beam 

with respect to the iiquid crystal dignment director. The effect is significantly more 

pronounceci when the incoming beam is perpendicdar to the director than when it is 

paraiiel. This anisotropy may be due to a more efficient alignment-changing torque 

exerted by He atoms colliding perpendicdar to the long axis of the 5CB molecules. 
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Chapter 1 

Effects of interrnolecular 

interactions on chemistry 

1.1 Historical background 

The idea t hat molecides are indivisible point sources of attractive and rep~dsive inter- 

molectdar forces was first formulated by Boscvvich in l783[1]. His theory was that at 

small separatiun the molecides repel one another and as the separation increases the 

attractive and repulsive forces alternate a niunber of times. By the mid-nineteenth 

ccztliry. the modem view that molecides repel one another at short distances and 

at tract one another at long distances became established[2]. 

The kinetic theory of gases describes a gas as a large number of siib-microscopie 

particles in rapid mution which interart nri th one another. Initially. the moleci des 

were assumed to be a perfect spheres which only interact diiring contact with one 

anot her. 'vlaxm*ell incorporated into the kinetic theory of gases an intermolecidar force 

between molecides based on incorrect measurernents of the temperat ure dependence 

of viscosity between molecules[2]. As a residt of the incorrect data. Maxwell incliided 

a repuisive force which decayed with the inverse fifth power of the intermolecidar 



separat ion. 

In 1873. van der Waals modeled gas molecules as impenetrable rigid spheres sur- 

rounded by an attractive force field[l]. He then showed that the pressure exerted 

by this gas was less than that for a gas whose molecules are non-interacting points. 

because the field reduces the velocity of the molecides which coIlide with the wall. 

Fut herrnore. the non-zero volume of the gas molecules ïeduces the volume availa ble 

for molecular motion [l]. The importance of this formulation is that . in contrast to the 

ideal gas theory. it predicts a gas-liquid transition and a critical point for a pure s i i b  

stance. Thus van der Waals showed that the existence of condensed phase of matter 

is the residt of the attractive forces between molecides and the smdl  compressibility 

of the condensed phases results from repulsive forces which act at short range. Since 

the end of the nineteenth century considerable work has gone into deterrnining the 

connection between intermolecular forces and bidk properties of matter [l] . 

1.2 Intermolecular energy 

The force between aturns and jar molecules is related to the potential energy function: 

where U is the intermdecular pair potential energy and r is the distance between the 

two species. The simplest system is that consisting of t m  interacting atoms. When 

two atums (a and b) are at infinite separation they do not interact. The total energy 

of the system. Et,, is the s ~ v n  of the energies of the individiial atorns: Etot (oc) = E,+ 

Eb- As the separation decreases to some h i t e  distance. r. the interaction between the 

atoms provides an additional contribution to the total energy of the system. If this 

energy depends only on the separation of the two atoms. the total energy becornes 

Etot(r) = E,+ Eb+ U(r ) .  This eqilation may be written in terms of the intermolecular 

pair potent ial: 



The intermolecular pair potential descnbes the change in the energy of the two atom 

system from that of the two atoms inhi te ly  separated. 

The energy of interaction between the two atoms arises kom the electrical forces 

between the charged entities which make up the atorns. In the semi-classical picture 

of an atorn. the electrons oscillate rapidy about the nucleus. The electnc forces 

associated with the electron must fluctuate on the t h e  scale of the electron motion. 

Since the time scale on which the atoms move is long compared to the time scale of the 

electron mot ion. the Born-Oppenheimer approximation states that the nuclei can be 

considered st ationary wi th respect to the electron motion. \Ahen this approximation 

is valid. the force between the atoms at  a given separation is the surn of the forces 

between the nuclei at  that separation and nn average over the forces resultant from 

the fluctuation of the electrons. 

For closed shell systerns. the general f u m  of the intermolecidar potential energy 

function. U ( r ) .  is shown in Figure 1.1. This potential is characterized by two impor- 

tant values: r,. the separation at which the energy attains its minimum value. and 

-5 .  the minimum energy. The intermolecular potential is the sum of a strong repidsive 

force at short distances and an attractive force at long distances. The source of the 

repidsive potential is the overlap of the electron rloiids a t  small interniiclear separa- 

t ion. The Pauli exrlusion principle prohibi ts electrons in closed shell systems from 

occupying the sarne region. This Ieads to a distortion in the electron cloiids. which 

Ieaves the nirclei incompletely shielded from one m o t  her. As a residt the nuclei exert 

a repidsive force on each uther. 

The long range attractive potential. lJ,,,, is the cunseqiience of the siunmation of 

severai electrustat ic forces and is generally written as 

where the f i s t  three terms on the right hand side are potentials due to  the electrostatic 

energy. the induction energy. and the dispersion energy. and the foiirth term is the 

ionic energy. If one or both of the molecides in the pair are ions then the ionic 

potential term. IrI .  accounts for the interaction between the two ions or between an 



Figure 1.1 : Intermolecdar potentd  energy 

ion and a neutral molecule. 

In the rest of t his section. the total intermoleciilar potent iai for nei-it ral moleciiles 

in their gound  state with axially symmetric charge distributions will be shonn. after 

which the additional terms necessary to  accoiint for the presence of a charged species 

will be discrissed. Fur molectdes at separation. r. which each pussess a permanent 

dipole moment. one component of the interaction potential mises h m  electrostatic 

interaction between the dipole moments. as follows 

where 

<(O1 : 02, 9)  = 2 cos Bi cos O2 - sin el sin O2 COS $ 

describes the dependence on the orientation. a s  indicated in Figure 1.2. and p and 

p' represent the di pole moments of the first and second molecules respectively. This 

equation is strictly true only in the limit of large separation. If al1 orientations are 

equally probable. then the average of this function over all orientations is zero. How- 

ever. the probability of observing a configuration of energy / f  is pruportional to the 



Figure 1.2: The interaction of two dipolar molecules 

Boltzmann factor. e-='lkT? where k is Boltzmann's constant and T is the temper- 

ature. This factor preferentially weights configurations wit h a lower energy. The 

Taylor poiynumial expansion for the Boltzmann factor is 

If the temperature is sufficientl~ large. this can be approximated by the k s t  two 

terms on the right hand side. Then the potential energy averaged over al1 angles 

becomes 

2 
-4 ' ( O )  ) dQ - r!,,cr> = J - i io,-o2.  

- j (= 451~~7'" 

'pon integrating this expression the Boltzmann weighted average of the potential for 

significantly high temperatlires is 

This potential is attractive and inversely proportional to the sk th  power of the in- 

temiiclear separation. 

The interaction between one molecule with a permanent dipole moment and one 

Nithout a permanent dipole moment results in an induced dipole moment in the 

second moleci.de. The energy of interaction between the dipole and the indiiced dipole 

is given by 



where p is the dipole moment of the first molecule, a' is the polarizability of the second 

molecule. and the angle, 6:  is shown in Figure 1.3. This potential is attractive for 

al1 configurations and inversely proportional to the sixth power of the intermolecular 

separation. When this potential is averaged over all possible orientations using a 

Boltzmann weight ing, the potent ial becomes 

The leading term for this orientation averaged potential is not temperature dependent. 

Figiire 1.3: htemclion of a dipolar rnolecule with a non-polar molecule 

The third attractive potential term between two sphencal mulecriles is the disper- 

sion term. The interaction between two spherically syrnmetric atoms possessing no 

permanent elect rie dipole or higher order moments anses from the dispersion energy. 

The dispersion energy arises frvm the instantaneous dipoles of the molecides. One 

formidation [3] of the dispersion energy is 

where IP and IP' are the iunization potentials of the two molecules. The dispersion 

potential is also attractive and inversely proportional to the sixth power of the in- 

termoleciilar separation. For non-spherical molecules the dispersion energy is also 

a fimction of the relative orientations of the molecides. For sphericaliy symmetric 

molecules. the total long range attractive potential of neutrai species is inversely 

proportional to the sixt h power of the interni iîlear separation. 



The short range repulsive potential is much more difficult to quanti&. This po- 

tent i d  originates from the partly incomplete screening of the nuclei which results 

from the overlap of the electron clouds at short distances and the repulsion between 

the electrons. This results in a large perturbation to the electron distribution of the 

separated molecules. As well. the usual expansions used for long range forces are 

not valid. when the separation between the molecules is not large compared to the 

separation between the nucleus and the average position of the electrons. One f o m  

for the repulsive energy[4] is ,@en by 

where A and B are empiricd parameters. 

The short range repdsive and long range attractive forces have been separately 

obtained. However, these methods cannot be used direct ly to study the intermediate 

regims of separation by adding the two contributions together. The inability to 

obtain a proper potential has led to a heuristic approach to determine the potential 

energy between two molecides. 

The simplest function views the molecule as a haïd sphere of diameter. o. this 

Ieads to a potential energy 

This furm of the potential is 

which is more accurate is the 

mode1 and has the f o m  

generally too simple to mode1 real systerns. A mode1 

Lennard-Jones potential. It is the most frequently iised 

This potential has the general characteristics of the tnie intermoleciilar potential 

energy. There is a short-range repdsive tenn combined with a long-range attractive 

term. The siun uf the two curves shows a minimum at  r,. where the energy is -i. as 

nras shom in Figiire 1.1. The attractive component of the potential is based on the 

dispersion potential. The mathematical form of the reptdsive potential. however. has 



no justification. The most common forrn of the Lennard-Jones potential used is with 

n = 12, for which the potential simplifies to 

where a = 2-'/%, is the intermolecular separstion for which the energy is zero. 

The values for cr and r are determined empiricdy. Many other simple forms for 

the intemolecular pair potentid have b e n  used. Xo form has reproduced al1 of the 

experimental data over a wide temperature range. this indicates that none of these 

forms represents the exact potential. For modeling the interatornic pair potential for 

rare gas atoms. the Lennard-Jones potential is a reasonable approximation tu use and 

the coefficients have been determined for many species[5]. 

If one or both of the pair of species is charged. then there are additional long 

range interactions between the muleciiles which must be included in the interaction 

potential. The potential between two ions is dorninated by the Coulomb potential 

mhere q and q' are the charge on the two species and r is the intermoleci dar separation. 

This potential is attractive if the tnTo species are oppositely charged and repiilsive if 

the species have the sarne charge. If only one of the species of the pair potential is 

an ion. then the ion nrill interart with the dipole moment of the second speries. In 

this case the intermolecdar potential is given by 

qp cos 6 
= 

4îrc,r2 

where p is the dipole moment of the second species and the angle O is defined in 

Figiire 1.4. If the neutral species does not have a dipole moment. then the dominant 

term in the interaction will be that between the ion and the induced dipole 

where n is the polarizability of the nei-itral species. There are also additional higher 

order contribiitions to the potential which result hom the presence of a charged 



Figure 1.4: Interaction of an ion with a dipolar molecde 

species. which need not be  considered here because their contributions to the potential 

is often negligible. 

As was initially stated. the total energy of the system at  separation. r. is given by 

E,(r) = Ea+ Eb+ ll (r). Therefore. the total energy of the system is also determined 

by the initial energy of the two molecules depending on their initial electronic. vi- 

brational and rotational energy. A full description of the energy levels of a two atom 

system incliides calcidations of each of the possible energy states. 

In the above discussion. only interactions between pairs of molecules have been 

cunsidered. The total interaction energy between of a group of mure than two 

mulecules is e q d  to the sum of the painvise potentials plus an additional term. 

The pairnise potent ials are the dominant term in the intermoleci dar interactiuns. As 

a resdt. in this thesis the calcidations of potential energies of two species interacting 

with a single solvent atom will consist only of adding pairnise potentials. It shotild 

be noted that the trtie intermolectdar potential well is deeper than the calcidations 

given here. 

When a pair of molecules are in a liquid the electromagnetic interaction energy 

of the molecides is modified by the solvent molecules. The electrostatic energies of 

interaction are rediiced by a factor es. the dielectric constant of the solvent. This 

factor takes into account ail of the interactions between the pair of molecilles and the 

neighboring solvent molecules. In the calculations presented here for the pot ential 



energies for two species in a "fidly solvated" environment. the potential due to the 

dielectric constant of the solvent +ll be calcidated. 

1.3 Synopsis of 

The imderlying focus of t his 

t hesis 

research project is to understand the dynamics of chem- 

ical reactions occiirring at a liquid surface. In order to  unravel the dynamics it is 

important f i s t  to understand the effect of the solvent medium on the reacting part- 

ners and the dynamics of collisions of gas phase molecules with a surface in the absence 

of reaction. Lpon acquiring some luiderstanding of these more simple processes one 

can then address the complex problem. Understanding the dynamics of chernical re- 

actions occiirring at surfaces is important for many areas of study including chernical 

reactions in clouds[6]. 

The initial m r k  involved studying the interactions between react ant molecules 

and the siirrounding solvent meditun. The effect of the solvated environment on the 

energetics of a probe molecide. generally in the absence of chernical reactiun. was 

initially stiidied in cliisters. Cliisters are a useful medium in which t u  stiidy the 

effects of solvation since the size of the cluster and hence the nlunber of solvating 

moleci des may be cont rolled. 

The resolved fluorescence spectra of iodine molecule in rare gas cluster. which have 

been excited to their ion pair state. 12. was measured. This system was chosen as a 

mode! system to study for two reasons: the spectroscopy of IfP is known in the gas 

phase[7] [8] as well as in the condensed phase (matrix) [9]. and the use of rare gas atorns 

as the soivating medium simplifies the solvation mechanism such that calcidations can 

be made of the potential energy surface. In these experiments the ciuster size. and 

hence degree of solvation. was changed to observe the shift of the emission spectriun 

from that of the isolated gas to that of the Wly solvated system. An interesting 

h d i n g  of the experiment is that Xei' is prodiiced by reactions between I2 and Xe in 

chsters by a ciifferent mechanism than that which occius in the gas phase. 



In order to h h e r  study the effets of solvation on chemical reaction. clusters of 

only HI were photolyzed a t  2-18 nm and the resolved emission from the 1; product 

was measured. The dependence of the the reaction probability on the cluster size was 

determined. Previously the H2 [l O] and I2 [ I l ]  [12] [13] prodiicts have been measured. 

However. this is the first work in which the 1; product was measured directiy. In the 

work by Young and co-workers[l l] [l2] they determined that ground state IÎ is formed 

when two photons break two HI bonds. In previous work from this group[13] only 

the I2 fonned in the groimd state was measured. The present measiirements provide 

a more complete understanding of this system. Furthemore. the dependence of the 

emission of 1; on the cluster size reveals insight into the role of the cluster size on the 

react ion mechanism. 

In order to understand the processes which occur at a liquid s ~ d a c e .  the dynarnics 

uf gas phase molecides colliding with a liquid crystal surface were studied by mea- 

suring the change in the polarization of light transmitted through the liqilid crystal 

as a function of time. Collisions between gas and condensed phase moleciiles medi- 

ate energy transfer. mass transport and chemical reactions between the tno phases. 

Cnderstanding the processes involved in the collision of a gas phase molecide with 

a liqiiid siirface in itself is important to many processes siich as the uptake of pol- 

lut ants by water drople ts in cloilds. gas phase chromatography and heterugeneous 

catalysis[lll. After colliding ni th the surface the molecde may scat ter inelas tically 

from the siirface or bind momentarily to the surface before desorbing back into the gas 

phase or dissolving into the bi-ilk. If it has been trapped at the surface the molecde 

may desorb. remain adsorbed at the surface or diffuse into the bdk. The molecide 

may also react with liqiud molecides at the surface or in the bulk. 

The liquid cryst al 4'-pentyl-4-biphenylcarbonit rile (JCB) was chosen as the stirface 

constituent. There are a nimber of reasons that iising a liqiùd crystal and specifically 

5CB is beneficial. The reasons why 5CB is iiseful in brief are: its nematic isotrupic 

phase transition is at a convenient temperature. it has a low vapor pressure. the direc- 

tor avis is simple to define. and the molecides are birefringent. in these experiments 

it is the change in the polarization retardation of an aligned liquid crystal with gas 



beam impact which is measured. It is fomd that the orientation of the liquid crys- 

ta1 molecules at the surface determines the ability of the gas beam to influence the 

observed polarization signal. 



Chapter 2 

van der Waals clusters 

2.1 Clusters 

Clristers are h i t e  aggregates whose composition c m  be changed by adding or remov- 

ing imits of the species of which they are comprised. They are entities which have 

nei t her the well defined compositions. geometries. and strong bonds of convent ional 

molecides nor the boundary-independent properties of b ~ d k  matter. Clusters pro- 

vide a tmiqiie physical environment which is intermediate between that of an isolated 

molecide and a macroscopic system. 

The bonding of the molecides within clusters is determined by the type of atoms 

or molecides of whirh the cl1 ister is composed. Clusters are categorized based on the 

type of bonding: those held together by '*weak interactions" - dispersive and weak 

electrwtatic forces as well as hydrogen bonding - and "strong interactions" - ionic 

bonds. chemical bonds. and metallic bonds. This thesis will only be concerned with 

van der Waals clusters which are held together by dispersive and weak electrostatic 

forces. These clusters typically have binding energies less than 0.1 eV. As a result of 

the smali binding energy clusters generally do not have long lifetimes in equilibrium 

environments where random thermal collisions take place. 

Cltisters may be neutral or charged; insulating, conducting ur semicondiicting; liq- 



uid. soiid or intermediate between liquid and solid; chemically inert or highly reactive. 

One of the interesting features of clusters is that all of these properties of clusters 

depend on the size of the cluster. By increasing the cluster size the properties change 

from those of an isolated molecule to the b ~ d k  value. One goal of cluster science is 

to determine how many atoms or molecules are required for a substance to display 

bulk phase properties. such as ionization potential. specific heat. and conductivity. 

An interesting h d i n g  is that the size of the cluster at which a particular property 

reaches its bulk limit is determined by that particular property's sensitivity to the 

proximity of the surface[lJ]. Van der Waals forces have a profond  affect on bulk 

properties of matter. even at temperatures where bound van der Waals molecules are 

ims t a ble. [A] 

One difficulty in the sti-idy of clusters containing more than a few atoms is mea- 

siring the actual cliister size in beams produced by free jet expansions. The method 

for obtaining information on the average cluster size of Ar clusters iised in this work 

was t o compare our expansion condit ions to those for which Fargas et al. [16] [l'il made 

electron diffraction measiirements. Fargas et  al. expanded neat argon in a free jet at 

a niimber of stagnation pressiires. They took photographs uf the electron difiactiun 

patterns residting from the cliisters within the gas jet. The average cliister size \vas 

determined by comparing these photographs to calciilated diffraction patterns based 

on models of the cluster geometry for a range of cluster sizes. Although it was not 

done for these experiments. the residts of Fargas. et a1[16] [17] can be generalized to 

difieren: expansion conditions and different carrier gases by using the scaling laws 

derived by Hagena[l8]. 

2.2 Solvation in clusters 

Sulvat ion is dehed[-l] as the lowering of the potential energy of a molecule or atom as 

a resdt of interactions wit h neighboring atoms or molecules. In the condensed phase 

each molecide is siirroiinded by a substantial niimber of relatively near neighbors 



nnd its potentid energy surface is the result of all of the interactions arnong all 

of the molecules. The potential energy surface is not only a summation over dl 

of the two body interactions, but also of the interactions due to three molecules 

interacting with each other as weil as to higher order interaction terms. The bonding 

within clusters is similarly a s i m a t i o n  over two. three, and more body interactions. 

Hoivever. the primary contri bution to the intermolecular interactions is the two body 

interactions [l] . 

The interaction between two gas phase molecules is described in terms of the 

interrnolecular potential between the two molecules. Within a gas phase system 

molecules interact and exchange energy through isohted binary collisions. In con- 

densed phase systems. energy flows between the molecules via the weak bonds between 

the molecides. Condensed phase systems are charact erized by solvent shifts. diff iision 

control. and caging effects(l91. Solvent shift.s describe how the absorption and emis- 

sion differ for the condensed phase species compared to that f ~ r  an isolated molecide. 

Diffusive systems are controlled by the random thermal motions of the moleciiles 

nrithin the system and are a t  equilibriiun. The cage effect is the process in which 

the solvent prevents direct dissociation of a moleci ilar solute and promutes geminate 

recombinat ion. 

Cliisters may be homogeneoiis (rurn~osed of only one kind of atom or molecde) 

or heterogeneoils (composed of two or more types of atoms or molecides). If une of 

the species is present in a very low concentration in the cl~lster then that species 

is called the giiest species and the cliister is called a doped cliister. The primary 

species is often referred tu as the solvent. Systems siich as this are iised to stiidy 

the effect of solvation on a specific (guest) moleciile. The effect of the intermoler~dar 

forces between the guest and the solvent molecules can be studied by measiiring the 

change in the emission or absorption spectrum of the guest species. The solvent 

allows intramolecular energy redistribution of the guest species by transfering energy 

into vibrational modes of the van der Waals bonds between the guest and the solvent 

molecides. Interstate electronic relaxation of the West moleciile may occiir as a restdt 

of the solvent molecule changing the syrnmetry of the system and allowing access 



to previously syrnrnetry-forbidden st ates. Noble gas clusters with a probe molecule 

are used in the work here, because the interaction potentiais are well known. the 

production is simple, and there exists accurate information on their solid. liquid and 

gas phases. [l5] 

Caging effec ts have b e n  observed in matrices[20][2 11. solutions[22] [23] [2$ dense 

gases [25]. and van der Waals clusters [26] [Ti'] [28]. The caging of halogen molecules 

which are excited to a repulsive potential energy surface or above the dissociation Limit 

of a bound state is very effective in the condensed phase. It was assumed[20][21] that 

the halogen atoms born on the repdsive molecidar potential lose their nascent kinetic 

energy by coiiisions with the repdsive d l  of the cage. such that they are prevented 

h m  dissociation. The relaxeci atoms then recombine wi thin the cage[2 11. However. 

Valentini and Cross[27] observed a cage efTect under collision-hee conditions. They 

observed the hindered dissociation of 12-Ar. Although it was n ~ t  known at the time 

of their experiments. the geometry of the Ir.Aï cluster is T-shaped. thus a coilision of 

the Ar atom with a dissociating 1 atom would not be possible based on consenration 

of angdar moment lun laws. Valentini and Cross [27] proposed t hat energy transfer 

to the van der Waals bond followed by its dissociation was respunsible for stabilizing 

the normally dissijciative iodine molecide. 

2.3 Reactions in clusters 

The effects of a solvent on a chemical reaction are either chemical or physical. X 

chemical effec t means that the solvent rnolecde participates direct ly in the react ion. 

and appears in the stoichiometric equations as either a reactant or a product. The 

solvent molecille may also affect a reaction physically either by altering the collision 

distribution or by acting as a cataiyst for the reaction. If the effect is catalytic. 

the solvent appears in the kinetic equations but not in stoichiometric eqiiations. By 

adding the solvent molecides in the cluster one nt a time. the influence of the solvent 

on the chernical reactivity of the constituent molecules can be determined[29]. 



Clusters allow liquid- or solid-phase reactions to be studied under controlled 

conditions. [30] By varying the number of atorns in the cornplex. the effects of solvents 

may be studied in detail. The existence of a solvating rnolecule opens up new chan- 

nels for energy transfer to van der Waals vibrational modes of the cluster. Molecules 

other than the reactants may act as a catalyst by changing the reaction probability 

or the reaction rate. The presence of the solvent can also relax restrictions due to 

momentim and energy conservation laws. by opening up new channels for momentum 

and energy t ransfer. 

Examining chemical renctions on a molecular level is a major focus of modern 

physical chernistry[31]. To understand a chemical reaction on a molec~dar level. the 

internal and translational energy of the reactants and products. the impact parameter 

and orientation of the reacting species. the transition state of the reaction and how 

each of these properties changes with solvation must be known. Clusters forrned in 

siipersonic expansions allow many of these characteristics to be stiidied. For small 

cliisters the nimber of molecules. the geometry and the energy levels available to the 

molecides within the diister can be detemined[32]. 

In order to gain information abolit chemical reactiuns several gruups have designed 

experiments in which each reactant is oriented relative to a common set of fked axis 

and therefore relative to each ot her[33] [34.  These experirnents are bot h diffiri ilt to 

perform as well as lirnited in which reactants can be used. Van der Waals cliisters have 

proven to be an easier and better controlled environment for this type of experirnent. 

Lsing bimolecidar t.nn der Waals clusters with a well defined eqiiilibriim geometry. 

a reaction in which the initial orientation and energy are known can be studied. 

The react ions are ini t iated ei t her by photoexcitation of one cornPonent [3S] [36] or 

photodissociation of one romponent [3î] [38]. In experiments where one component 

is photodissocia ted: one fragment of the dissociated molec ide often approaches the 

second component of the cluster with a defined impact parameter and velocity. To 

determine the effect of the alignrnent on the reactions. comparisons are made with 

bidk reactions of the same species. In experiments with CO2-HBr Wittig and co- 

workers [37] foimd very different rotational energy in the products compared t O energy 



of the products produced in bulk reactions. 

Another type of reaction which has been studied in clusters and in condensed 

phase is harpooning reactions. Harpooning reactions are common between alkali 

metals and halogen compounds[39]. These reactions are fast exoergic reactions with 

no minimum energy required for the reaction to occur. The hst  stage of the reaction 

is envisaged as the transfer of the valence electron of the alkali metal atoms to the 

halogen molecide.[39] This transfer is possible even when the reactants are several 

Angstrorns apart. because Coidornb forces are important mer  a long range. Once 

the transfer takes place and an ion-pair species. A + R i .  is produced. the strongly 

attractive Coulomb force brings the two ions together. This results in the formation 

of a stable molecide. AR. and ejection of the R atom. The metai atum uses its valence 

elec tron as a *harpoon' to pull in the halogen rnolecule. Although this reaction is most 

typically observed in alkali metal-halogen reactions. it is not Limited to siich species. 

In the work presented here a harpooning mechanism is inferred in reactiuns between 

iodine moleciiles and rare gas atoms. The harpooning reaction is written as 

The reactiun ucciirs at the distance a t  surface crussing between the covalent and ionic 

siirfaces of the reacting species (see Figure 2.1). This same type of reaction has been 

inferred in systems with haiogen molecides in rare gas solids[-lO]. liqiiids[21]. van der 

Waals clusters (351 [36]. and dense gas (4 1] [42] . 



Figiire 2.1 : Neulml (solid line) and ionic (dashed line) surface potentids for a harpooning 
~eaction. The electron tmns,fer will uccur al the curve cmssing, that is where the enelgy O/ 

the neutml potential is eqvd lo thal of the ions'c polenlid. 



Chapter 3 

Liquid crystals 

3.1 Introduction 

Cnderst anding the solvation and react ion of gas-phase molecides with the liquid phase 

is important to many areas of chemistry. A number of groiips[43] [U] [G] [46] [47] have 

stiidied the energy transfer in the scat tering of luw molecular weight gases off of Liquid 

monolayers and surfaces by measitring the residtant interna1 ur extemal energy of the 

scat tered species. What is imiqiie and interesting about the experiments performed 

in this thesis with liquid crystals is tha t  the effect of the collision on the liqi iid crystal 

is measiired. By measuring a bidk property of the liquid crystal. its polarization 

ret ardat ion [48]. the consequence of the collision on the surface may be inferred. 

Scattering experiments with liqiiid crystals can be performed in vaciiiun since 

liqilid crystals have a low vapor pressure. The surface of the liquid crystal in the 

vacuum is in a steady state rather than at equilibrium. There is a constant slow rate of 

evapuration of molecides from the Liqiiid crystal resulting from the vaciiiun piunping. 

For the liquid crystal studied in t hese experiments. 4'-pentyl-4-biphenylcarbonitrile 

(JCB). the snmple loss over the 3-4 ho~irs that the experiments are nin is less thon 

three percent. The low vapor pressi-ire reduces the number of coliisions of the incident 

gas moleciiles with liquid crystal molecules in the gas phase. This in t i m  means that 



the momentum of the gas particles striking the surface is better defined. 

The gas beam may affect the optical transmission through the liquid crystal by 

chnnging: its thickness. its temperature, its density, or the order parameter by other 

means than by density or temperature changes. In this chapter. the order parameter 

wiil be described and the effects of temperature and pressure on it wiil be discussed. 

A descriptisn of the effect of the thickness on the optical transmission is found in 

Apendix B. 

3.2 Liquid crystal mesophases 

Some organic materials ~mdergo more than one phase transition between their crys- 

t alline solid and liquid  hases [49] [SOI [5 11. Crystdline solid phases have t ranslat ional 

and orientational order while Liquids are homogeneoiis and isotropic. The interrne- 

diate phases between the sdid and liquid phases are called "mesomorphic" phases 

(or mesophases). Illolecdes in t hese mesophases demons t rate t ranslat ional and ori- 

entational order intermediate between those of a crystal and those of an isotropic 

liqiùd. The mesophases are divided into disordered crystai mesophases and ordered 

fliùd mesophases based on the type of ordering which they exhibit. 

Materials which exhibit a disordered crystal mesophase (also called plastic crys- 

tals) are ~isually composed of spherical mulecules in which the barrier to rotation is 

smail compared to the lattice energy[50]. In these materials raising the temperature 

initially residts in attaining a phase in which the molecules are energetic enough to 

rotate: but not energetic enoiigh to break up the lattice striirtt~re. The result is 

a phase in which the moleci.des are translatiundly well ordered but orientationally 

disordered. Flirt her increasing the t emperat ure resdts in the moleciiles becoming en- 

ergetic enoiigh to destroy the lattice. at  which point the molecides enter the isotropic 

liquid state. Some examples of plastic crystals are solid hydrogen and ammoniiun 

halides. 

Liqiiid crystal is the common name for the order fluid mesophase as well as for 



molecules which possess an ordered fluid mesophase. Liquid crystals generally consist 

of elongated molecules for which the barrier to rotation (nt least in one axis) is 

large compared to the lattice energy. In these materials raising the temperature 

initially resdts in attaining a phase which shows some degree of rotational order 

(and in some cases partial translational order) even thoiigh the crystal lattice has 

been destroyed. Further raising the temperature destruys the rotational order and the 

material becomes an isotropic liquid. Liquid crystals are classified as either lyotropic 

or thermotropic. 

Lyotropic liquid crystals consist of solutions of rod-like entities in an isotropie 

solvent [52]. The interaction of the rod-like entities with the aqiieous solvent that 

is criicial in proving the stability of the ordered phases[531. These liquid crystals 

consist of mixtures of amphiphilic compui mds and a polar solvent. freqiient ly water. 

Amphiphilic compounds are characterized by having within one molecule both hy- 

drophobic and hydrophilic parts. In dilute soltition the arnphi philic molecules are ran- 

domly distnbuted throughout the solution. As the concentration of the amphiphilic 

molecules is increased. the molecules aggregate and form micelles. which have st rtic- 

t u e .  A well knom lyotropic liqtud crystal is DNA in nrater. 

Slaterials which e,&i bit varioi is liquid crystalline phases as a fi mct ion of temper- 

atiire are called t hermotropic liqiiid crystals. These moleci des are iisoally organic 

molecules with axial ratios (the ratio of the length of the moleciile t o  its width) of 4 - 
8 and rnolecidar weights on the order of 200 - 500 grn/mol[50]. These molecules show 

the liqiiid crystal phase in piire soliitions. where each molecide cmtributes equally to 

the long range ordering. Examples of thermotropic liqiiid rys ta is  are pure organic 

p-azoxyanisole (PAA) and X-(p-methoxybenzy1idene)-pi-n-bi itylaniline ($1 BB A). 

Thermot ropic liqiud cryst alline mesophases are fitrt her classified by t heir degree 

of translational alignment. The t hree major mesophases of liqiiid crystals are smectic. 

cholesteric. and nemat ic. Liquid crystals having more than one mesophase between 

the solid and liquid phases are calied "polymorphous~' . Since raising the temperature 

of any material decreases the moleciilar order. the less ordered the mesophase. the 

higher the temperature. 



Nemntic liquid crystais have long range orientational order. but no order to the 

center of mass positions[51] (see Figure 3.1). Due to intemolecular forces between 

director 

Figure 3.1: The anangement of molecules in a nemntic Izquid crystal mesophase. The 
director is indicated by an a m w  and the orientational angle of a l i p i d  crystal molecde to 
the director zs indicated by the angle 0. 

the molecdes they tend to align parallel to a commun u i s  c d e d  a director. f i . 

which is arbitrary in space. The molecules only rotate freely about the axis of the 

director. The director states R and -ii are indistinguishable. If the molecules are 

dipolar there are as many dipoles "iipt' as there are "down'' and the resiilting dipole 

for the system is zero. Yematic phases only uccur Nith materials which do not 

dist ingtiish "chirality" [5 11. This is accomplished when each constituent molecille of 

the system is achiral (identical to its mirror image) or when the system consists of an 

even mixture of right- and left-handed chiral species. 

The chiral nematic liquid crystal phase is similar to the nematic phase on a local 

scale. since the orientation mith respect to the director is the same[50]. It is similarly 

fluid-like in having no long range translat ional order. however. the chiral nematic 

director is not constant in space; it foilows a helix. as shown in Figure 3.2. The 

structure is periodic along the z-axis. Chiral nematics consist of chiral molecules 

(different fiom their mirror image). Chiral nematic liqiiid crystals are often cailed 

cholesteric liquid crystal since most of the molecides of this category are cholesteric 

molecdes such as cholesteryl decanate and cholesteryl nonnoate. 

Smectic liquid crystals have layered structures. with well defmed inter-layer spacing[49]. 



Figure 3.2: The arrangement of molecules in the cholesleric mesophase. The successive 
planes have been drawn to indzcate the helical rotation of the director and have no physical 

The urdering for the smectic A liquid crystal is s h o w  in Figire 3.3. The smectic 

phases are miich more viscoi 1s than either the nematic or cholesteric liqiiid crystals 

as a result of the this ordering[ol]. Srnectic liqiiid crystals are fiirther classified by 

the orientation uf the director and the ordering of the mmolecides within this layered 

striictiire. An example of a liquid crystal which exhibits a smectic mesophase is 

terepht hal-bis (-p-butylaniline) (TBBA). 

The remainder of this chapter will disciiss the chararterization of liqiiid crystals. 

Only nematic liquid crystals wili be considered. since the experimental m r k  itsed 

only a nematic liqtiid crystal. 

3.3 The order parameter 

The order parameterl-lg] [NI [5 11 is used as a way to  quanti tatively characterize the 

alignment of a system. It is defined such that it has a value of imity for a perfectly 

ordered system and vanishes for a completely isotropie phase. In order to define a 



Figure 3.3: The anungement of molecules in a srnectic '4 mesophase 

simple order parameter for a nematic liquid crystal. the molecules are considered to 

be cylindricaliy symmetric ngid rods and the director axis. 5. is the z-axis. The axis 

of one rod is defined by the unit vector a. The polar angles 0 and q are used to 

define = (sin O cos p)2 + (sin 0 sin p) y + cos Of. The order parameter. S. is t herefwe 

defined as S = (6 - 6) . The alignment of the rods is given by the distribiition function 

f ( B .  9)dR. Since the molecules have complete cylindrical symmetry about the director 

axis r i .  then f ( 0 . 9 )  is independent of p. Nso. since the directions n and -n are 

eqtiivdent / ( O )  = f ( i r  - O ) .  A funct ion which fi dfills the above cri terion [5 1] (gives an 

order parameter uf zero for a completely isotropie system and an order parameter of 

1 fur a completely a l i ped  system) is 

1 1 
S = - ((3 cos' 0 - 1)) = / f (0)2(3 cos' 8 - 1)dR. 

2 

where the integration is over ail of the molecides in the system. The order parameter is 

eqtial to (P2)  . the second order Legendre polynomial averaged over ail of the molecuies 

in the system. 

In nemat ic liquid crystals the temperature affects the order parameter. which in 

tilrn changes the refract ive index according tu the three band model(S51. In t his mode1 

the densi ty has Little effect on the index of refraction. Figure 3.4 shows the tempera- 

ture dependence of I I ,  and no the extraordinary and ordinary indices of refraction of 



3CB as measured by Hom[56]. 

Temperature 

Figure 3.4: 77ie mfmctiue indices for 5CB measured nt 589 nm (m) and ut 6.5'3 nm (O). 
The upper cwve  represents the e~truordinary index of reJTaction. n,. the lower curue is the 
ordinary index of ~ f m c t i a n .  n,, and the curue on the right hand side. %,,, is the mdez of 
=fraction for .5CB in its isotropie phase. 

Horn [56] i tsed the Viiks (371 assilmption. 

where 2 = 3 (nz + 2 4 ) .  O , ,  and a- are the rnolecidar polarizabilities parallel and 

perpendiçidar to the long avis of the molecule and fi = f (a,' + 2 4 ) .  to calcidate 

a qiiantity proportional to the order parameter for 3CB. The order parameter it- 

self corild nut be calculated since the molecdar polarizabilities for 5CB were not at 

that time knom. However. by incliiding in his calcidations the Haller and Obert 



where T is the temperature, TN - 1 is the temperature of the nematic-isotropie tran- 

sition. and is a propeity of the particular liquid crystal used. Horn[56] was able to 

calculate the order parameter as a function of the index of refraction (see Figure 3.5). 

Temperature 

Figiire 3.5: O d e r  parameter for 5CB as  a funclion of ternpemlum /mm values cdculaled 
at 589 nm (O) and 633 n m  (O).  

These calcidations for the order pararneter as a fimction of temperature neglerted 

the contributions of the density change of the liqiiid crystal. The density is related to 

the order pararneter through the optical dielectric constant. E .  where c = n'. However. 

the density change over the nematic range is usiially no more than 5%[35] and the 

order parameter is much more sensitive to the temperatiire. 

The order parameter is a meastire of the orientational potential energy funr- 

tion. The stability of the liquid crystal moleciile is determined by the interactions 

with the silrrotmding molecides. The force experienced by one molecule is on aver- 

age the same fur all moleciiles according to the mean field approximation[49]. The 



mean field approximation of the orientationai potential energy function is V(cos O )  = 

- vPz (cos 0) S where v descri bes the o v e r d  strength of the intermolecular interaction. 

Using S = (PÎ (cos 0)) the potential becomes V(cos O )  = -V P2 (COS 0) (P2 (COS 8 ) )  . 
The stability of the nematic liquid crystal phase arises from the interactions between 

the individual molecules[54]. The forces between the molecules depend not only on 

their separation. but also on their mutual orientation. These molecules act in a 

rnanner that favors the parauel alignment of neighboring molectiles[5-l] because that 

corresponds t o the lowest energy configuration. 



Chapter 4 

Experiment al apparat us 

4.1 Introduction 

The experiments ~erformed for this thesis used tnro different sets of experimental 

apparatiis. The first set-iip n-as b id t  to measure fltiorescence ernitted from gas-phase 

cliistered mulecides. The second set-iip nras designed for measuring the changes in 

polarizatiun of a Liquid crystal film due to an irnpinging gas beam. 

In the fliiorescence experiments. gas is expanded tt:ough a ppised nüzzle tu create 

a supersunic jet. The molecules in the expansion are excited by either 193 nm ( ArF) or 

248 nm (KrF) light from an excimer laser. The ernission resiilting h m  this excitation 

is dispersed wit h a monochromator and measured with a photomultiplier ti ibe. 

The effect of the gas beam on the liquid crystal film was measored by monitoring 

the polarization of a laser beam passing throiigh the liqiiid crystal film. The gas 

beam was a skimmed supersonic jet expansion. The polarization is munitored by 

measiuing the arnorint a light from an argon ion laser which is transmitted thruiigh 

a polarization meastirement apparatiis with a Si photodiode. 

This chapter will begin with a disciission of supersonic free jet expansiuns since 

they are iised in both experirnental apparatus. After this the details of each uf the 

t w  experiment s i l 1  be discussed separately. 



4.2 Supersonic free jet expansions 

Under ordinary laboratory condit ions the existence of van der Waals moleciiles is 

transitory and studies of their properties is difficult. Most recent work on clusters 

has been done by preparing a sarnple which is not at thermodynamic equilibrium 

using a si ipersonic free jet expansion [59]. 

There are a number of advantages in using a supersonic atomic or molecular beam. 

al1 of which residt from the cooling produced by the jet expansion. A supersonic jet 

allows for the preparation of internally cold, isolated gas phase molecules. The cooling 

of the molecular beam produces molecules in the beam that are well d e h e d  in terms 

of translational and internal energy. The molecules have little internal energy which 

means that fewer internal states are populated. The spectra of molecules in molecular 

beams are simplified due to the few initial states popiilated. Donmstrearn from the 

supersonic nozzle is a region in which the molecules are in a collision free environment. 

In t his region the molecules can be studied wi thoiit complication due to  collisions wit h 

other gas molecides. It is possible to  create van der Waals molecules in a supersonic 

jet expansion. 

4.2.1 Ree jet source 

-4 gas beam is prodiiced when gas kom a high pressure region is allowed to enter a 

low pressure region throiigh a small nozzle. When the mean free path of the gas is 

rniich smaller than the nozzle diameter then a siipersonic jet expansion is prodiiced as 

a residt of collisions at the nozzle. In a supersonic jet expansion the random thermal 

energy of the gas behind the nozzle is converted into a directed motion. This is 

accomplished via the collisions at the nozzle and domstream from the nozzle. 

A schematic of a free jet expansion is shown in Figure 4.1. The gns within the 

nozzle is at a pressiire. Po, temperature. To, and has a small randorn thermal energy. 

3 The gns flvws toward the nozzle exit as a residt of the pressure difference. The 

gas discharge through the nozzle and therefore the reqtiired pumping speed inrreases 

as ~ ~ ~ ~ . w h e r e  LI is the diameter of the nozzle[6O]. A pulsed nozzle is iised in the 



experiments here to decrense the load on the piunps by over 90%. In the liquid 

crystal experiments a skirnrner is used both to select out only the gas molecules which 

are traveling in the forward direction and also to reduce the load on the scattering 

chamber pump. 

Jet B oundarv 
Barre1 Shock 2,d&-37= 

Mach Disc 

Figure 4.1: Schemalic of fme jet expansion 

At the nozzle the velocity uf the gas eqtials the local speed of suund (Mach nimber. 

hl = 1). For 

where P b  is th e backgruiind pressure within the chamber and is the ratio of the 

heat capacity a t  constant pressiire over the heat capacity at constant voliune. the 

exit pressure from the expansion is independent of the backgroiind pressure. The 

ratio on the right hand side of Equation 4.1 is less than 2.1 for al1 gases. therefore 

this condition is generally met. Downstream fiom the nozzle. the velocity (or Mach 

niimber) increases. Since the gas is traveling at  velocities greater than the local speed 

of soimd. it cannot have information about domstream boiindary conditions. At this 

point the gas is in the "zone of silence". Eventiially the gas jet "collides" with the 

backgro~ind gas. At this point a shock boundnry is formed. called the Mach disk. 

which changes the direction of the flow and reduces the Mach number. The Mach 



disk location[ôO] is 

For the jet expansions described in this thesis. = 1 - 10 m which is always longer 

than the distance to the vacuum pumps and the nidth of the barrel shock is on the 

order of 0.5 rnr [6O]. If the gas beam collides with some physical object in the chamber 

at some smaller distance that object will defhe the Mach disk. In the fluorescence 

experiments described below the fiber optic. to be described later. defines the width 

of the barrel shock. For the fluorescence experiments. the gas is studied 0.35-0.65 cm 

doivnstream from the nozzle. which is within the zone of silence for the expansion. 

The gas-sixface collisions take place 7-8 cm downstream from the skimmer in the 

liqtud crystal experiments. If the gas b e m  is skimmed properly. the skimmer will 

not interfere with the molecules in the centerline uf the expansion and these molecrrles 

will be nrithin the zone of silence up until they reach the liquid sidace. The gas beam 

sampling therefore is well ~ i t h i n  the zone of silence in both experiments. 

It is possible to  calculate the theoretical maximum velocity uf the molecules in the 

gas jet as well as the temperature of the bearn and the nozzle Aow rate. By knowing 

the nozzle Row rate and the velocity of the beam the kinetic energy of the beam may 

be determined. The  internal energy of the gas moleciiles in the bearn is determined by 

the internal energ-j- states occupied by molecides of the beam. A means of meastiring 

the internal energy of the gas beam is described in Appendix A. 

The gas flow is described[3][32] in t e m s  of thermodynamics if we consider gas 

segments large enuiigh for continuum thermodynamics to apply. yet srnall enough for 

the therrnodynamic qiiantities to be constant within the segment. As long as there 

are no sources or sinks of entropy (viscous force. heat conductivity. shock waves. or 

chernical reactions) t hen the system remains isent i-opic. From hIauwell's relat ionships 

for isent ropic sys tems (321. 

where T is the temperature and V is the volume. thus as the gas is expanded it 

also îools. As the gas is expanded. the flow velucity increases. The enthalpy of this 



directed Bow cornes from the initial random thermal energy of the gas. From the 

principle of conservation of enthalpy the relationship between the enthalpy and flow 

velocity is given by[32] 
n 

where no and A are respectively the rnolar enthalpies for the gas before and after the 

expansion. and I L  is the velocity of the gas leaving the expansion. This rnay be written 

in t e m  of the velocity as: u' = 2(Ho - A). From introductory themodyna~ics[3]  

the molar heat capacity ideal gas for an ideal gas at constant pressure rnay be defined 

where R is the gas constant and W is the molar mass of the gas. Then for the jet 

expansion 

In the limit that the temperature of the gas beam after the expansion is zero. The 

maximiun for the velocity of the bearn once it has entered the collision free zone is 

determined to be 

The temperature of the beam is a function of the SIach n~unber of the beam. 

i\.I = u / a .  where a is the local speed of sound [32]. For an ideal gas the local speed 

of soimd is related to the local temperatlire by 

The Mach 

the nozzie 

number for distances greater than a few nozzle diameters domstream from 

was showni6 11 from hydrodynarnics equations to be 

where 5 is the &stance downstream in tmits of nozzle diameters and A is a function 

of y. This eqiiation breaks d o m  when the density becomes so low that there are no 



binary collisions. When there are no 

no longer exchange information and 

change. From Equations 4.2 and 4.3 

found 

binary collisions, the individual gas atoms c m  

the temperature of the expanhg gas cannot 

an expression for the relative temperatures is 

The temperature of gas in the expansion is related to the pressure of the gas in the 

expansion by the follonring formula [60]. 

This allows one to detemine the pressure of the expansion and in t1.m the collision 

frequency. For the I2 cluster experiments. the interaction regiun is 17.5 nozzle di- 

ameters downstream. For an expansion of neat rare gas with an  initial pressure of 

460 Torr at 298 K. the Mach number is 22. the temperatiire is 1.8 K. and pressiire 

is 2 . 2 ~  10 "orr at the interaction region. The pressure dependence implies that the 

time between collisions nriil be on the order of 5Ops. 

The nozzle flow rate is the rate at which molecides leave the nozzle. this is an 

iipper lirnit on the flow rate of moleciiles in the bearn at the interaction region. The 

nuzzle flow rate of molecules leaving the nozzle is given by Sliller[ôO] as 

where no is the niunber density for the gas. 

Past the nozzle. the pressure decreases such that after a distance uf a few noz- 

zle diameters there are no collisions. The binary collisions which scale as PODI'&. 

increase the florv velocity while decreasing the translational temperatiire. The trans- 

lational temperatiire is defined as the width of the velocity distribiitiun about the 

flow velocity. In a kee jet there are typically 102 to 10~ollisiuns[60]. Rotational to 

translational energy transfer is iisiialiy rapid and generally 10 - 100 collisions are siif- 

ficient for rotational relavation of diatomics. [GO]. Vi brational to  translational energy 



transfer is usuaily much slower! as a result on the order of 104 collisions are neces- 

sary for vibrational relaxation of diatomics.[60]. For the experiments discussed here 

the calculated vibrational temperature is on the order of lOOK and the calculated 

rotationai temperature is on the order of 10-l5K, where the temperature is defined 

at the Boltzmann temperature which is associated with the vibrational (rotational) 

popidation of the molecules in the bearn (see Appendix A). 

4.2.2 Clusters 

Cliisters form frorn the condensation of the beam gas in the expansion. Cluster 

formation is favored by low nozzle temperature and high stagnation pressure. The 

high stagnation pressure provides more mdti-body collisions which are neccesary for 

the formation of clusters. The lower the temperatlire of the nozzle the lower the energy 

of the gas. which makes condensation more probable. The temperature of noble gas 

clusters produced in a supersonic expansion is primady a fimction of the molar energy 

of evaporation and not the expansion conditions. The temperature of argon cliisters 

formed in an expansion similar to ours is 32 f 2 K[16] [17]. The production of cliisters 

may be controlled by varying the physicai expansion conditions. the complexing gas 

ur the partial pressures of the gases in the expansion. 

In order for two moleciiles to f o m  a stable van der Waals molecide. there must 

be a third budy in the coilision tu carry off the excess energy to stabilize the dimer. 

The kinetics for the prodiiction of 12-RG is written as[32] 

I2 + RG + (third body) - I2 . RG + (third body) 

where RG is a rare gas atom. Ln the case of the clilsters prodtlced for this project the 

ratio of 12/RG is always less t han 0.2%, therefore the third body will a h o s t  certain1y 

be another rare gas atom. Thus the rate of production of IÎ-RG dimers is 

where k is a constant which is determineci by the specific molectdes in prodiicing the 

dimer. The specific heat ratio of molecules as weil as the nature of the bonds which 



they f o m  affects the size and nimber of clusters furmed. Gases with larger thermal 

accommodation coefficient (a large interaction energy) are more effective per collision 

at  transferring energy to relax the excited state complex. As an example xenon is 

more effective than heliiun nt fonning larger van der Waals clusters. Xenon has a 

larger polarizability which effectivel~ increases the interaction time of Xe wi th the 

[Iî . R G ] ~  complex. which enhances the ability t o  transfer energy to relax the excited 

state complex. 

4.3 Fluorescence experiments 

4.3.1 Cluster experimental set-up 

The cluster experiments are performed in a 12 inch long. 10 inch diameter cylindricd 

chamber. which is sketched in Figure -l.2[621[63]. This chamber is piimped by a 3000 

L/s diffusion pump which is backed by a 50 ciibic feet per minute mechanical prmp. 

The pressiire inside the chamber is measiired with a cold cathode ion gauge. The 

base pressure is measured with the siipersonic jet off and has n value of 3 x IO-' 

Torr. With the supersonic jet operating at 20 Hz with a 0.2 or 0.5 mm nozzle and 

2 atm backing pressure. the pressure in the chamber is betrveen 10-"nd IO-' Torr. 

A General Valves pulsed solenoid nozzle is suspended h m  the top of the chamber. 

Attached to the bottom of the pidsed nozzle is a black Delrin alignment bracket. 

The bracket is designed to align the fiber optic with the interaction region where the 

laser crosses the gas beam. The alignment bracket (see Figure 4.3) consists of two 

C-shaped pieces and two baffle arms. A UV-visible fiber optic btmdle is mounted 

throiigh a hole in one of the C-pieces such that its center is aligned with the center 

of the 2.5 mm inner diameter baffle arms and the fiber optic is held perpendicular 

to the avis defined by the baffle arms. The fiber optic end is 6 mm korn the center 

of the bracket. The fiber optic has a 4.3 mm aperture, this allows for solid angle 

for light collection of 0.011 steradim. The alignment bracket is designed so that the 



Figure 4.2: The chamber in which the cluster experiments are perfomed. 

baffle arms are either centered 3 mm or 6.5 mm beluw the pidsed nozzle. 

The optical arrangement of the experiment is s h m  in Figiire 4.4. The output 

of an XrF (193 nm) or KrF (248 nm) excirner laser enters the rhamber throiigh a 

Suprasil nindow and is directed through the baffle arms. The excimer laser beam is 

fociised nith a 0.5 m focal length lens to a point approximately 10 cm beyond the 

intersection with the gas jet. 

The resiilt is a laser spot size of about 30 mm2 at the interactiun region between 

the laser and the gas bearn. The 2.5 mm diameter baffle arms are srnaller than the 

laser spot size. therefore about 50% of the laser light entering the chamber enters the 

interaction region with the gas bearn. The laser energy going into the charnber is on 

the order of 3 mJ per 10 ns pulse. An upper limit to the duration of the excimer laser 

plilse was measiired by observing the R~iorescence off of a business card and is shown 



Figure 4.3: Cross sectional uiew 01 the alignment bmcket 

The fraction of emissiun resulting from the excitation of moleciiles in the gas jet 

which is collected by the fiber optic is transmitted through the fiber optic out of the 

vacuum chamber and onto the entrance slit of the monochromator. The light which 

passes through the monochrumator is detected by a red sensitive photomultiplier tube 

(PblT) whose otitpiit is directed to both a boxcar integator and a digital sturage 

oscilloscope. 

The timing. shonm in Figure 4.6. for the laser. the pulsed nozzle. the oscilloscope. 

and the boxcar averager trigger are regilated with a Stanfurd Research Systems 310 

digital delay generator. The time for the excimer is arbitrarily set at 5.0000 ms. The 

timing for the pulsed nozzle. the oscilloscope. and the boxcar averagr are set based 

on this time. The boxcar and the oscilluscope are set at the sarne time delay. To find 

the appropriate time delay for the boxcar/oscilloscope. a business card is placed in 

the alignment bracket to reflect a small amount of laser light into the fiber optic and 

in tiim the monochromator and t hiis to prodiice a signal at the P51T. The tirne deiay 

for the boxcar/oscilloscope is varied until this signal (including the "front edge") is 

clearly displayed on the oscilloscope with the srope at its mawimurn time resoliition. 

For these experiments the delay time was 5.0008 ms. In order to determine the delay 

time for the pulsed nozzle an expansion of I2 in helium is excited with 193 nm light 



Vacuum Chamber 

Figure 4.4: Cluster experimental set-up 

and the monochromator is set to the D + A transition. The time fur the pi~lsed nozzle 

is changed to find the minimiun and maximiun time for which a signal is rneastired. 

The delay time for the piilsed nozzle is set a t  the rniddle of the range for which signals 

were obsewed. which in these experiments was 4.0000 ms. 

X spectriim is measiired by stepping the monochromator in 1 or 2 nm increments 

and measiiring the signal from the PMT. (The monochromator was generally used 

with entrance and exit slits which residt in a 2 nm resoliition.) The PMT signal 

was inpiit t o  the boxcar averager. The delay cime for the boxcar was set su that the 

maximum signal wi.dd be measiired. this time tvaç on the order of 100 ns. The boxcar 

gate width was generaliy set at 30ns and its sensitivity varied between 1 and 50 mV 

depending on the specific experiment. Each point on the spectra was averaged over 30 

laser shots. The oiitpiit from the boxcar uras sent to a GPIB computer interface and in 

tiirn to the laboratory compiiter for processing. The compiiter program used to coliect 

the data from the computer interface through the GPIB port was a modification of 

the program written by Dr. Elizabeth Bishenden. The modifications were made 
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Figure 4.3: The .4rF excimer laser puence as a funcion 01 tïme. 

to interface with the monochromator. No attempts were made to normalize the 

residting signal based on the response of the fiber uptic. the monochromator. ur the 

photumdtiplier tiibe. 

4.3.2 Fluorescence fifet imes 

In this set-iip. the lifetimes of the ernission bands are measiired. The only difference 

between the experimental set-up for the t hese experiments from t hose previoualy 

described is in the electronics. The monochromator is set to the wavelength corre- 

sponding to the emission band. The signal at  the PSIT is measured for a single laser 

pidse as a fimction of time. This signal is coliected with an Iwatsu Digital Storage 

Scope DS863 1. The scope is iised in single trace storage mode to preserve the emis- 

sion signal. The signal collected by the oscilloscope is trnnsferred to the laboratory 

computer via the GPIB board osing a program written by Dr. Yibing Fan. 

The maniifactiirer's specification of the oscilloscope rise time is 1.2 ns and the 

minimum time between data points is 2 ns. The laser ptdse is of 8-10 ns duration. 



Pulsed noale on 

Trigger to excimer laser 
Trîgger to boxcar/osciiloscope 
Signal fiom excimer laser 
Boxcar gate open 

Figue 4.6: Timing scheme for Ihe clvsler experiment. 



This is one limitation on the resolution of the measurements. The data for the laser 

light scattering consists of 5 or 6 data points and the rise time for the oscilloscope is 

one tenth of the laser fluence time. This makes fitting an appropriate htnction to the 

laser pulse nearly impossible. As a result the lowest lifetime which can be assigned is 

20 ns and the best resolut ion possible for the emission lifetime is iA ns. The ernission 

lifetime is measured to be the time between the onset of the emission and the time 

at which the signal decays to l /e of the emission maximum. 

4.3.3 Fluorescence colect ion 

Fiber bundle 

The fiber bimdle iised is an Oriel High Grade Fiised Silica Fiber Optir Birndle. it 

has a 3.2 mm diameter and an acceptance cone of 25'. At 250 nm the  fiber btindle 

transrnits only 10% of the incident light. Between 350 and 1150 nm it transmits 35 

to 60% of the incident light (see Figure 4.7). 

Wavelength (nm) 

Figure 4.7: Tmmmission cuef i ient  /or the Oriel High Gmde &ed Silica Fiber Optic 
Bundle. 



Monochromator 

The monochromator[64][65] used in these experiments is a CVI Digikron 120 Monochr* 

mator with a one-eighth meter pathlength. This munochromatvrs is a Fastie Ebert 

design[65] and consists of a difiaction grating and several rnirrors. The wavelength 

of Light which is transmitted is determined From 

where n is the order of diffraction. X is the wavelength of the transmitted light. d 

is the grating groove width. qb is the Ebert Angle. and O is the angle of grating 

rotation measured from the point at which light is speci~larly reflected through the 

monochromator. The Ebert angle is the half angle between the incident and diffracted 

beams. i t is a fked angle determined by the positions of the grating. the collimating 

laser and the imaging mirror. 

The grating in the monochromatur was blazed nt 300 nm and optimized for wave- 

lengths between 200 and 750 nm. nith 2 or 8 nm resolution depending on which dits 

are used. The monochromatur nas wavelength calibrated using the 435. 477. 488. 

497. and 515 nm lines from an argon ion laser. 

A cumpiiter program (see Appendix C) nrns written in QuickBasic to interface 

the mvnochrornator to the taboratory compiiter via the RS-232 port. The commands 

needed tu be sent to the monochromator ta perform various fimctions are described 

in the maniral[65] 

4.4 Liquid crystal polarization measurements 

4.4.1 Liquid crystal experimental set-up 

The experimental set-up consists of two vacuum charnbers (see Figure 4.8). The 

first charnber is an 8 inch T-joint. which is the source chamber for the gas jet. This 

chamber is pumped with a Varian VHS-6 diff~ision pump with a piunping speed of 



2.400 L/s which is backed by a Welsh 1397 mechanicd pump. The gas jet is produced 

with a General Valves solenoid nozzle with a 0.2 mm aperture. The nozzle is a f i e d  to 

a translating mount which changes the distance between the gas jet and the skimmer. 

this distance is generally 2-3 mm. The ncnzie is generally operated at 10 Hz with a 1 

atm backing pressure of He. X2, or Ar. The skimmer is the entrance to the scattering 

chamber; it has a 0.75 mm orifice. 

Photodiode 

Vacuum 
Pump 

Figure 4.8: Liquid crystal ezperimental setup. 

The scattering chamber is a 19" cube charnber in which the liquid crystal. the 

polarizers and the optics are moitnted. There is a baffle between this chamber and 

the diffusion pLunp. The diffusion piunp is identical to that on the source charnber. 

The backing p imp  is a Welsh 1402 mechanical piunp. There is no valve between the 

chamber and the diffusion pump. The mechanical piimp is tvarmed iip with the valve 

between it and the diffusion piimp closed. Then this valve is slowly opened to avoid 



blowing the liquid crystal sample out of the sample holder. The background pressure 

in the scattering chamber is -1W5Torr as mensured by a cold cathode ion gauge. 

The sarnple is placed on a rotating mount which is shed to a temperature control 

mount. see Figure 4.9. The temperature control mount is a 3.5" long hollow copper 

cylinder with a 0.75" inner diameter and a 2 . 2 5  outer diameter. throiigh which water 

fiows. The angle between the gas jet and the sarnple surface normal is fxed at 45". 

The temperature of the mount is determined by set ting the temperature of the water 

bath. The rotating mount is controlled by a worm gear. This gear is a f i e d  to a knob 

on the uutside of the chamber. so that the sarnple may be rotated without opening 

up the chamber. 

Figure 1.9: Water contml bath for the liquid crystai experimenls shown vith the m i m r  
used for directing light Ihro.ugh the sarnple. 

A 25 mW argon ion laser (Uniphase 2301) is used for the poiarization measiire- 



ments. The Light first passes through a monochromator to select out the 514 n m  line 

and it is then chopped at 1.5 kHz. Next it is attenuated by a neiitral density filter 

with an optical density of 2. The beam is reflected off a mirror into the chamber 

through a Brewster's angle window. Once inside the chamber the light is reflected 

off two steering mirrors to the polarization detection apparatus. The argon ion laser 

was chosen for its high stability in polarization and for its wavelength range. It is 

important that the light is not absorbed by the liquid crystal, 5CB only absorbs light 

between 190 and 315 nm[55]. 

The polarization detect ion apparatus consist of three opt ical elements. The laser 

light passes throiigh the &st element a linear polarizer and is reflected off of two 

mirrors. The polarization of the light leaving the second mirror is defined to be 

-45'. The light next passes throiigh the liquid crystal sample. The liquid crystal 

sample is aligned at  OC by convention. The light transmitted throught the liqtUd 

crystal is then incident on the second polarizer. which is aligned perpendici.dar to the 

first polarizer. at +45'. The intensity of the light transmit ted throiigh polarkation 

detect ion apparatiis depends un a nrunber of factors. which are described in Appendix 

B. 

The light which is transmit ted t hrough the polarization detection apparat us is 

incident on a fiber optic bimdle. from which it is carried oiitside the chamber. The 

light leaving the fiber optic biuidle is measured with a Si photodiode. 

The signal from the photodiode is used as the input to an SRS 510 l o c h  amplifier. 

The chopping signal from the laser is used as the reference signal. The signal on the 

lockin amplifier is monitored by a laboratory computer which communicates with the 

lockin amplifier via its RS-232 port. A cornputer program written in QiiickBasic (see 

Appendix D) is used to collect a data  point from the lockin amplifier every 5 seconds 

and displays the data in real time on the computer screen and saves the data to a a 

file. 



4.4.2 Sample preparation 

The liquid crystd samples are prepared on a glass plate (Hellrna 210.0030 os-O. 1) 

which has a 0.1 mm high ring with a 1.5 cm inner diameter. based on the rnethod of 

DeJeu[66]. This ring holds the sample in place and facilitates estimating the sarnple 

depth. The sarnple plate is washed with orvus soap and distilied water. A bottle 

brush is used to gently scrub away any residue from the previous sample. The plate 

is then rinsed thoroughly with distilled water to remove any traces of soap. The 

plate is either air dned or dned with a KimWipe. after which the plate is rinsed with 

spectroscopic grade acetone. In order to aiign the liquid crystal parallel to the surface 

of the plate. the si-irface of the plate is coated with poly-vinyl alcohol (PVA). The 

PVA coating is aiigned in a specific direction and the liq~iid crystal aligns itself with 

the PVA. 

A satiirated solution of PVA in distilled water should be prepared two days in 

advance to ensure that the PVA has dissolved. Thirty microliters of this solution 

is dispensed ontu the sample plate. The drop of PVA is spread to filI the sarnple 

plate by tipping the sample plate and/or by using the dispusable plastic end of the 

rnicroliter syringe. Care is taken to ensure that no long imsatiirated PVA strands 

are un the sample plate. In order to allow for the water to evaporate from the PVA 

solution. the sample is either air dried overnight or set in a petri dish on a hot plate 

at a low setting for 5 minutes. The method of drying the sample makes no difference 

tu the quality of the sample. When the PVA coating is dried. the normal direction 

is defmed by rubbing the coating with a folded KimWipe in one direction about 100 

t imes. 

Approximately 20 pL of liquid crystal are dispensed onto the sample plate. which 

essentially fils the sample plate. The Liqiiid crystal is very viscous and the aliqttoted 

sample is checked for air biibbles before dropping on the sample plate. The sample is 

spread out to over the sample plate by the same method used for the PVA solution. 

For a voli.ime of 20 pL the samples are on the order of 100 pm thick. 

In order to verify that the sample is aligned: the sample is placed between the two 



polarizers and the signal is measured at O0 (at a 45' angle to each of the polarizers) 

and at 45' (aligned aith one of the polarizers). If for instance the Iiquid crystal is 

aligned with the first polarizer, then no light will be transmitted through the second 

polarizer. The maximum sisal which will be transrnitted through this set up is when 

the liquid crystal is oriented at an angle of 45" to each of the polarizers as in Figure 

4.10. which is here defined as at an angle of O". The signal at 45' is generally twice 

8 (degrees) 

Figure 4.10: Amount O/ light pmsing thmugh the pola&ation deleclion appamtu-P ap a 
funclion of the angle of the liquid crystal. The dots represent the data collected b y  Olivier 
hlzchel[l09/. The line is dmwn is the theoretical signal as a function of the angle. 

that of the signal with no sample and the signal at Oc is generally 5 ur 10 tirnes lnrger 

than the backgroimd signal with no sample. 

The alignment of the liquid crystal results from making scratches in the PVA 

coating[66]. The first layer of liqiiid crystal moleciiles align with the scratches on the 

surface and siibseqiient layers align to  lower layers of the Liquid crystal. As a result of 

this method of alignment. the degree of alignment decreases as the thickness of the 

sample increases. If more than about 40 pL of sample is iised (200 pm thickness) the 



dignment is poor. 



Chapter 5 

Photophysics of I2 in van der 

Waals clusters 

5.1 Introduction 

It has long been k n o m  that I2 a b s ~ r b s  light in the region of 183 nm[67]. Absorption 

of light at 193 nm pupidates high vibrational levels (v  -150) of the D (0:) state[8]. 

Fluorescence and collisional quenching of this state by rare gases has b e n  stiidied by 

varioils g r o t ~ ~ s [ 6 8 ]  [69][42]. The D' state is the lowest energy state of the first tier iun- 

pair states which have a dissociation limit at 1 ("P2)+I- ('Sa). Collisions of I2 (D) 

with buffer gases resiilts in a complex collisional cascade to the D' (2,) state. which 

rapidly ernits to the A' (2,) state[70][71]. For high pressure buffer gas (e-g. 100 Torr 

of argon) . interstate relaxation is fast enough to aimost completely qiiench the D-+X 

emission in favvor of D' +A' ernission[72]. 

Slacler and Heaven[9] stiidied the spectroscopy and relaxation dynamics of 1) 

isolated in rare gas matrices. C'pon exci tntion of I2 at 193 nm they observed an intense 

vibrationless emission featiire centered at  380 nm in argon and 423 nm in krypton 

matrices. These residts were interpreted as being d ~ i e  to the D' 4 A' transition. 



by analogy to the gas phase work of Tellinghuisen and Phillips[72]. However. upon 

Further anaiysis, the spectrum was detemined to originate kom an admixture of the 

lowest tier ion-pair states[73] rather than from a single ion pair state. The close 

nesting of the I2 ion-pair states dong  with the relaxation dynamics would allow 

interactions with argon to readily admix these states. This analysis is substantiated 

by emission h m  the ion-pair states populating both the A and A' states in solid 

argon[9]. Population of the A state wodd be unlikely if the emission had originated 

either from the original unpertiirbed D state. as a resuit of the A n  = O propensity 

rule and the g o u selection de[74] .  or the D' state. as a residt of the A n  = O 

propensity rde.  

Fei. Zheng. Heaven. and Tellinghuisen[73] studied cliisters uf I2 in argon. These 

cliisters were excited a t  193 nm and a broad emission feature was ubserved at 400 

nm which was analogous to that observed in the matnx nrork. and was assigned tu 

an ion-pair to valence transition of IyAr,. This assignment was made because the 

featiue does not correspond to  any knom system of kee Iî and it was only observed 

in expansiuns with argon. 

In the present work. I2 is expanded wi t h a niunber of rare gases and excited tu the 

lowest tier ion-pair states by a 193 nm excimer laser. This excitation promotes I2 to 

the ion pair states and resolved emission reveals information a bout the spec t roscopy 

and dynamics of 12 clusters. The work presented here has been piiblished as "Phu- 

tophysics and photochemistry of I2(D.D1) in rare gas clusters" in Chernical Physics 

211. p377-386 (1996). 

5.2 Spectroscopy of I2 

The spectroscopy of I2 has been studied for many years in the gas state and the 

potentials of mnny of its electronic states are well characterized[67] [7]. see F igue  5.1. 

The dissociation of the growid state iodine, I2 X OJ(IC), leads to the formation of two 

ground state iodine atoms? 1 (2P3/2). There are a nimber of other states of the iodine 



rnolecule which al1 correspond to the iodine atom ground state dissociation limit. such 

as the A I , (~II) .  A' 2,J311). and 'II (1.) states. There is aiso a set of electronic states 

(incli-iding the B O:(") state) which on dissociation produce I (2P3/2) + 1 (2P1/2). 

The B state of IL> has been stiiciied in detail because it may be accessed directly from 

the ground state by absorption of light on the order of 500 nrn. 

The lowest tier ion-pair states of iodine are most important for the work presented 

in this thesis. AU molecides possess ion-pair states in which bond breaking leads to 

the production of a pair of oppositely charged ions[75]. In iodine the lowest tier 

ion pair states correspond to I-t("2) + 1- ('So) and consists of the D' 2,(1). ,O 1,(1). 

D Or(1). E 0; (1). y 1,(1): and 5 2, (1) states[75] in order of increasing minimum 

energy. Excitation of gro~md state iodine to high vibrational levels of the D state is 

accomplished by absorption of 175-210 nrn[76] radiation. The F 0:(2) state (which 

is not shown in Figure 5.1) belongs to  the second tier of ion-pair state and on bond 

breaking f o r m  If (3Po) + 1- ('SiO)- Although this is far from a complete picture of I2 

spectroscopy the states which are of interest in this thesis have b e n  presented. 

In halogen spect ra single photon excit at ions show an uverriding preference for 

AR = O transitions[77]. where fl is the total angular momentiun of the electrons 

abolit the intemuclear a i s .  Single photon absorptions in iodine also follow the general 

selection r d e  y +-+ u. where g refers to  an even eiectronic state and u refers t u  an 

odd electronic state. 

5.3 Results 

Gas mixtures of IÎ (= 0.3 Torr) with 0.2 - 2 atm of carrier gas were expanded into 

a vaciium chamber through a commercial solenoid pulsed nozzle having a 0.2 or 0.5 

mm orifice. cnless othemise stated al1 of the expansions iised a 0.2 mm orifice noz- 

de.  The gas mixtures were ubtained by flowing helium (hlatheson. 99.995% p~irity). 

neon (Spectra Gases 99.999% purity) . argon (Matheson. 99.9995% ~ur i ty ) .  krypton 

(Spectra Gases. 99.997% piirity). or xenon (Spectra Gnses. 99.995% p~irity) over a 



Figure 3.1: Potential energy Cumes /or 12. 



room temperature solid sarnple of l2 (BDH. ACS grade, unpurifiecl). with a vapor 

pressure of 0.3 Torr. Under the expansion conditions used in these experiments. at 

most one I2 molecule would be expected to be within a single cluster[28]. Some of the 

experiments involved using a gas mixing system Edwards Datametric Flow Controller 

1605 to control the ratio of two carrier gases. 

The free I2 molecules in the jet hnd a rotational temperature of 10 to 15 K (see 

Appendix A). This temperature was determined by measuring an excitation spectrum 

of the free IÏ in the jet on the B+X transition and comparing the observed spectrum to 

simulated spectra as described in previous work fiom this laboratory[78]. Measuring 

the temperatlue of I2 which was in clusters was not possible as a result of the efficient 

qiienching uf B state fliiorescence by rare gas atoms[59]. 

Fliiorescence from iodine molecides exci ted by the ArF exrimer laser (193 nm) was 

transmitted [via a fiber optic btmdle to the entrance of the monochromator. Light 

transmi tted throiigh the monochromatur passes thruugh a cutoff filter to ensiue that 

light at twice the laser wavelength is not being transmitted. Al1 of the emission ob- 

served was prompt. beginning before the end of the laser piilse. The collisions between 

the species in the beam woidd be at a rate of 30ps based on calc~dations using the 

ideal thermudynamic analysis uf the expansion as disciissed in Chapter 4. The longest 

temporal profile measured in any of the experiments nras 80 ns. therefore intercluster 

collisions had no impact on any of the observed spectra. The term temporal profile 

is used. since the signal meastired is a convolution of the actiial fluorescence decay 

lifetime with the laser profile. The laser pulse doration is approximately 10 ns (see 

Figure 4.3.  

5.3.1 Iz with helium and neon 

under the expansion conditions of these experiments I t  is not expected to cluster 

with either helium or neon. as a resdt  of their low polarizabilities. That there is no 

clustering is corroborated by the ubservation of eMssion from the initially excited 

D state alone (see Figure 5.2). (Helium is much less efficient than the heavier rare 



Wavelength (nm) 

Figiire 5.2: Resolued fluonzscence spectnrm mwnied jollowing 19.3 nrn ezcilation of ex- 
pansions O/ 0.5 Torr 12 in 1 alm He. The peaks ore dl due to emission /mm the ini l idly 
excited D date  of 12. 



gases in inducing the D -. D' conversion and reloxation[72].) The emission observed 

is attributed[7][72] to the D -. X (325 nrn) and D + a' 0: (410 nm) transitions in 

iodine. In addition: the s p e c t m  displays no dependence on the stagnation pressure 

of the rare gas. Because the temporal profile of the emission tracks the laser profile 

closely, we can only measiire an upper limit to the excited state lifetime of 17 I 1 ns. 

see Figure 5.3. These experirnents were also performed using nitrogen as the camer 

gas (see Figure 5.4). For nitrogen stagnation pressLues below 1 atm. the residts nrere 

identical to those observed using either helium or neon. In expansions of I2 with 2 

atm of nitrogen emission is observed at 341 nm. which is attributed to the D' +A' 

transition in iodine[70]. 

Time (ns) 

Figure 3.3: ~ u o m s c e n c e  decay lmce for  the D+X tnznsilion in b. 



Figure 5.4: Resolved jtuorescence spectrurn recorùed followi.ng 19.3 nm excitation of expan- 
sions of in  (a)  0.5 atm; (6) 2 atm; (c)  2 atm nitmgen. 



5.3.2 I2 with argon 

I2 is expanded with an argon stagnation pressure of 0.5 - 2 atm. Figure 3.5a shows 

that at 0.5 atm stagnation pressure. the spectrum is iike that measiired using heliwn 

(see Figure 5.2) with the exception of a small peak at  311 nm. At 1 atm Ar stagnation 

pressure. the peak at  341 nm arising from Dr +A' emission in 12[70] increases signif- 

icantly in intensity (as displayed in Figure 5.5b). This feature is quite pronounced 

at 1 atm Ar stagnation pressure and accompmied by a decrease in emission inten- 

sity from the D state. The emission is a consequence of either D+D1 relaxation due 

to intracluster collisions (731 or to cluster perturbation breaking dom the isolated I2 

select ion niles. The D' emission is o bserved promp tly. weil wit hin the intercliister 

collision time. The observed lifetirne (see Figure 5.6) of less than 20 ns is the sarne 

as the t ime measiired by Tellinghiusen and P hilli ps [72] for interna1 conversion D (v 

~ 1 5 0 ) -  D1(2,. v 5 3) caused by collisions nrith a boffer gas followed by spontaneoi-1s 

emission D' +A'(v ~ 1 2 ) .  The D' state itself has been determined to have a lifetirne 

of 6.7 ns[79] Excitation of the ground state Iî molecule directly to the D' state is 

in violation of the g u selection ride and is not possible in isolated 12. Either uf 

the above explmations indicate that clusters containing iodine are responsible for the 

observed emission. 

For argon backing pressures greater than 1.3 atm. a new emission feature is ob- 

served, as displayed in Figure 5 . 5 ~ .  This band has previorisly been attributed to 

ernission From 12-Ar, cliisters[73]. This band is qiiite broad in wavelength and demon- 

strates an increasing red shift with increasing argon pressure. iip tu the highest pres- 

siires iised in this experiment (2 atm) and is accompanied by extinction of emission 

hom the D electronic state. At 2 atm stagnation pressure the I&r, - Af.A emission 

maximum is a t  380 nm with a FWHM of 2600 cm-'. This red shift corresponds to 

a red shift of 3000 c m '  h m  the maximum of the D' +A1 emission in gas phase 12. 

As shom in Figure 5.6: the temporal profile for this ernission shows a decay time of 

36 f 4 mec. in contrast to the report of Fei. et. a1.[73]. which gave an upper limit on 

the lifetirne of 10 mec. We obsewed this peak undergo a further red shifting to 400 



Wavelength (nm) 

Figure 5.5: Resolved Jluorccîence spectrum reconied following 193 nm excitation of ex- 
pansions of 0.3 Torr IÏ an (a)  0.5 atm; (b )  2 atm; (c)2 atm of .4r. Note the quenching o j  

the D atale emission and the gmwth of the lY +.4' band al 342 nm a3 the argon stagnation 
pressurr is increased. 



nm with a FWHM of 1400 cm ' when I2 and 2 atm of argon were expanded through 

a 0.5 mm nozzle. (see Figure 5.7). ünder these conditions the D and D' emission was 

significantly diminished compared to the spectra recorded for 0.2 mm nozzle with ail 

other conditions the same. 

Time (ns) 

Figure 5.6: Fluonxence decay traces of the emission featums of I2 expanded in argon. 
(a) The 341 nrn emission in  1 a t m  .4r; and (b)  the 380 nm emission in 2 a t m  .4r. The 
longer wavelength "clzlster band" shows a decay lime -36 ns, compared t a  the D decay t h e  
of < 20m. 

5.3.3 I2 with krypton 

The spectra for I2 expanded with krypton were measured Nith krypton stagnation 

pressures of 0.5 - 2 atm and are shonm in Figure 5.8. Evidence of clustering is detected 

in the lowest pressure expansions iised. where the D' -+A' emission is the dominant 

featiire. This is consistent with work which shows that krypton expansions form 
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Figure 5.7: Resolued fluorescence spectrum recorded following 193 nrn ezcilalion O/ 0.3 
Torr I2 expanded in 2 atm algon with a 0.5 mm or$ce nozzle. 



iarger clusters at lower pressures than argon expansions [60]. A brosd-band emission 

sirnilar to that observed in argon expansions is observed in aIl but the 0.5 atm kypton 

stagnation pressure expansions. The position of the intensity maximum of this peak 

shifts with increasing backing pressure from 3-11 nm to 437 nm at  1.7 a tm krypton 

backing pressure. Increasing the krypton stagnation pressure furt her does not increase 

the red shift. The existence of a maxim~un red shift is consistent with the observations 

of Fei et. al. [73] where a maximum red-shifting of the 12-Ar, -+ A',A was observed at 

nn argon source pressure of 2.5 atm. At 1 atm krypton stagnation pressure the decay 

time for this peak is approxirnately 50 nsec. the decay time increases to 80 ns for 2 

atm krypton (see Figure 5.9). The gruwth of this emission feature is accompanied 

by the disappearance of emission from both the D and D' states. as was previoiisly 

ubserved in argon expansions. An interesting feature of this emission band is that the 

width of the ernission decreases from a FWHM of 2700 c m '  at  1 atm Kr pressure 

to 1800 c m  ' at 2 atm Kr pressure ( s e  Figure 5.8). The I2 spectnim measured wi th 

the highest krypton expansion pressure is similar to that measiired far I2 frozen in a 

krypton matrix(91. which consists excliisively of a broad emission feature at  423 nm. 

5.3.4 I2 with xenon 

The ernission spectra observed for iodine expanded with xenon are significantly differ- 

ent than those ubserved with other carrier gases. as is shuwn in Figure 5.10. Spectra 

were collected for I2 expanded with 0.2 - 2 atm of xenon through a 0.2 mm nuzzle. 

The spectra measiired for I2 expanded with 0.2 atm of xenon displays emission from 

both the D and D' states (see Figure 5.lOa). An important difference between these 

spectra and those observed for the other rare gases is that the maximirm fluorescence 

signal is ubserved for 0.3 atm xenon stagnation pressure (Figure 5. lob). At this pres- 

siire the emission is prirnarily from the D' state and the observed lifetime is identical 

to oiir measurements with other rare gases. In addition to a decrease in the D state 

emission. bands at 431 nm and 475 nm are observed[69][681. The emission at 431 nm 

corresponds to E+B emission in 12[69]: its lifetime was measiired as 24 ns within the 
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Figure 5.8: Resolved fluorescencespectrum reeortied follouing 193 nm ezcitation of ezpan- 
sions of 0.5 Tow I2 in (a) 0.5 atm; (b)  I atm; (c)2 atm of Kr. Nok  the quenching of the 
D state emZssion and the gmwth of the LY +,4' band at 342 nm as the *ton stagnation 
p r e s s u ~  is increased. 
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Figure 5.9: Fluomscence decay traces of the ( a )  c h t e r  emission !mm Iz e q a n d e d  in 1 
atm Kr und ( b )  the cluster band at 2 a t m  stagnation pressu7e. Note the decag lime increases 
from 50 to 80 ns with increasing the stagnation pressure /mm 1 to 2 atm. 

resolution of these experiments. Emission at 475 nm has been previc>usly observed in 

12. b i t  its urigin has not been identified[68]. 'lo emission from I2 expanded in xenon 

pressure greater than 0.7 atm is observed. No emission is observed when xenon is 

expanded wit hoiit 12. 

Another interesting featiire of the emission from I p  expanded with xenun is Xe1 

(B+X) emission[-121 (253 nm) with a decay time of 5 20 ns. as shown in Fisire 5.11. 

This emission is very sensitive ta the expansion conditions iised. The conditions giving 

the largest signal intensity of XeI' emission is expansions of IÎ with neat xenon is with 

a 0.5 mm orifice nozzle and a xenon stagnation pressure of 0.4 atm. This emission is 

not observed for lower pressiires of xenon and it is quenched as the xenun pressure is 

increased (as is aU of the other emission). I2 expanded with a mixture of xenon and 

argon formed in a florv controller pruduced larger XeI' signais than expansions with 
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Figure 5.10: Resolued Jluonseencespectrum rewnied following 193 nrn mcitation o j  ex- 
panszons of 0.5 Torr in (a)  0.2 atm; ( b )  0.3 atm; (c )  0.5 atm; ( d )  0.7 atm O/ Xe. 
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i r e  5 . 1  : The fluomscence decag time O/ the Xe1 emission fmm espansions of I.L m'th 
0.1 atm Jenon and 1 .,Y atm argon.. 

xenon alone. The largest signal for XeI* was obsen-ed for Iq expanded nith 0.1 atm 

xenon and 1.3 atm argon. The dependence of the signal intensity is a cumplicated 

f~mctiun of bcith the total and partial pressures of the rare gases. A normalized table 

of the emission as a function of the totai pressure and the fraction of Xe is cornpiled 

in Table 3.1 

A surprising resitlt is that the XeI* signal intensity is not linear nith the excimer 

laser Riience. A log-log plot of the Xe1 (B+X) and the I2 (DI -+ A') ernission signal 

intensities as a hinction of excitation laser energy are s h o m  in Figure 5.12. The 

XeIB has a dope of 1.8 which is indicates that the signal is resultant from a 2-photon 

process. Ln contrast. the  Iî (DI -, A') signal intensity is linear with excitation laser 

energy as is expected for a m e  phuton process. A cornparison of the dependence of 

the XeI* emission intensity on 193 nm excitation in a room temperatiire gas c d  (no 

clristers) and in a gas jet is s h o m  in Figure 5.13. The slope of 0.7 for the log(energy) 



Table 5.1: Xe1 signal as a function of partial pressures of expansion gases 

vs log(Xe1' emission) in the gas ce11 indicates a one-photon process as was previoilsly 

assumed in the work of O'Grady and Donovan[42]. 

5.4 Discussion 

Expansions of I2 a i th  helium and neon show only emission featilres attributable 

to fluorescence from the initially excited D state[8]. The fluorescence lifetime is 

within uur experimentaily resolvable lirnits (5 20 ns). consistent with isolated I2 

being respunsible[80]. No perti irbations which coidd be at tributed to cliisters were 

obsewed for t hese expansion conditions. 

Expansions of I2 with 0.5 atm stagnation pressure of argon residted in spectra 

which were identical to those meastired with heliiun. except fur a small peak at 311 

nm. The peak is the resitlt of ei t her D + D' relaxation followed by D' + A' emission [72] 

or due to mixing of the excited state as a result of cliister pertitrbation. Inîreasing 

the argon source pressure increases the intensity of this signal. The D' 4 A' emission 

occurs within a small fraction of the binary collision time. inclicating that clusters are 

responsible. This peak is observed prominently for lowest pressures of krypton. Since 

kypton forms clusters more readily at low pressi~res[60] this is a fiirther indication 

that clusters are responsible for this emission peak. 

The "cliister band" observed In expansions of I2 with 2 atm stagnation pressilre 

of argon was first observed by Fei et a1.[73]. In their experiments it was found to 

have an increasing red shift with increased clrister size to a maximum red shift to 400 



- 3 - 2 - 1 O 1 
In(Excimer Pulse Energy) 

Figure 5.12: Log-log plot of the laser pulse energy dependence of (a) the D' -, -4' ernission 
intensity ut 342 nrn (slope = 1.0) and (b )  the XeP emission intemitg ut 253 nm (slope = 

1.8). 
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Figiire 5.13: Log-log plot of the laser pzùse energy dependence of the Xei' emission in (a) 
a gay jet (dope = 1.8) and (b )  a gas ce11 (dope = 0.7). 
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F i e  5 . 1  Resolved jhomcence spectrvm of X e r  B + X ezcimer ernission. obse~ved  
using an eqansion m.ixturr of l2 = 0.3 Torr in 5% Xe in .3r,vith a total pmssum of 1.3 atm. 
The intensity of Chis featum is storng1.y dependent upon the exact expansion conditions. 



nrn. Macler and Heaven(9j used 193 nrn radiation to excite I2 embedded in Ar and 

Kr matrices, from this they observed a broad emission feature a t  380 nm kom the 

argon mat& and a t  423 nrn from the krypton matrix. We assign the "cluster band" 

emission to the same transitions as are observed in the matrku as do Fei et a1.[73] The 

emitting state is best described as some admixture of the first tier ion-pair states. 

Macler and Heaven attributed the unusually large red shift in the emission ob- 

served in the krypton matrices (5600 cm-') to the production of a charge transfer 

exciplex between excited I2 and the Kr matrix. Based on the red-shift observed in 

the argon mat rices and the relative polarizabili t ies of the two species. the expected 

red shift for krypton is U O O  cm- '. The shift in the emission spectrum residts h m  

the interaction between the solvent atoms and the iodine atom. This interaction is 

primarily due to the dipole-induced dipole interaction term[l] and therefore the in- 

teract ion will differ between argon and krypton by the ratio of their polarizabili t ies. 

Giirtler et a1.[81] observed ernission from Clî(D' -+ A') in Ar matrices which were 

shifted beyond that expected based on the spectra for Cl2 in neon matrices. As well. 

the radiative lifetimes were noticeable longer than those observed for the gas phase 

species. that is longer t han expected based on the Einstein A coefficient. The lifetime 

uf the excited state is proportional to the inverse Einstein A coefficient; which is itself 

proportional to the third p<jwer of the emission frequency. Therefore decreasing the 

freq~iency of the emission increases the lifetime of the excited state. Gïirtler et al.[81] 

assigned t hese transitions as to the Arc1 + -Cl - charge transfer romplex. Macler and 

Heaven[9] observed a large red shift which they attributed to an ion-pair to valence 

transition of I2 in argon by analogy tu Farado and Apkarian[40] who observed red 

shifts of ~ i p  to 4700 cm- ' in XeCl ion-pair to valence transitions. Their results were 

reinterpreted[73] when residts of expansions of I2 in clusters of argon were made. Ar- 

gon is known to readily adrnix the lowest tier ion pair states(721 of iodine. Both the 

A and A' states were populated in the matrix experiments. but emission from the 

unpertiirbed D' state woidd not be expected to terminate on the A state as a residt 

of the AR = O propensity d e .  Given this the ernission was interpreted to be from 

an adrnixed ion-pair state to the A and A' valence states. 



Our results are consistent with the previous cluster and matrix experiments. For 

argon clusters we observe essent i d y  the same emission bands wit h essent ially the 

same pressure dependence as were observed by Fei et al. The o d y  real deviation 

was in the measurement of the emission iifetime: our measurement was longer than 

that previously reported[73]. Our observation of a "cluster band'' appearing in kryp- 

ton with an increased red shift compared to that expected by the argon results is 

consistent Nith the matrix results uf Macler and Heaven[9]. 

The lack of structure in the 12-Ar, emission was at tributed[73] to the interactions 

with the solvent molecules washing out the I2 vibrationd and rotational structure. 

In addition the range of sizes of cltiçters and rapid fragmentation of clusters by vi- 

brational predissociation could cause homogeneous line broadenings. Excess intemal 

energy in the I2 rnulecule which is redistribiited to vibrationd modes of the solvent 

molecules can caiise vibrational predissociation of the solvent molectiles. 

Our cluster experiments demonstrated an even larger red-shifting of the ernission 

than what was observed in the matriu[73]. One possible explanation for this is that 

the cluster is more readily compared to a liquid species than to a matrix. Apkarian 

and co-workers[82] 1831 [84] stiidied ~ e i  I and Xe: Cl- in solid and liquid xenon. Di ie 

to solvation of the charge transfer cumplex. the transitions were appreciably redshifted 

from their gas phase positions. In addition. at temperatures close to melting point of 

xenon they foimd that redshifts in the liquid were approximately 5 nm greater t han 

those of crystalline solid. They argue that the shift is geater in the liqiiid becaiise 

of optimal solvation of the dipole codd be achieved. In crystalline solid the degree 

of solvation was limited by competition with the host lattice forces. In other wwds. 

the optimum geeurnetry for solvation of a specific molecule is not necessarily the same 

as that of the lattice. These arguments applicable to shifts in the I2 seen in argon 

cltisters and matrices provided we have observed 'molten" clusters which are large 

enough to approximate a liquid state. 

The cliisters tised in these experiments should be un the order of 60 atoms: this 

is large enough tto approximate a solid or a liqiiid. The estimates of the cluster size 

are based on elect ron diffraction experiments of Fargas et al. [l6] [17] They expanded 



pure argon through a 0.2 mm nozzle at 300 K and characterized the Ar, clusters 

produced using electron ditfraction techniques. Using an argon backing pressure of 2 

atm. the average cluster size is about 60 atoms. with a distribution of sizes from 35 

to 75 atoms. In addition. over 60% of the species in the expansion are clusters. These 

Figures would represent lower lirnits on the cluster sizes which would be found in oiir 

experiments. At the densities used in these experiments. the number of collisions, and 

hence the cluster size, is not dictated by kinetics[85]. Iodine Ml1 act as a more efficient 

site of nucleation. since its polarizability is miich greater than that of either argon or 

krypton. and we are only studying the clusters which contain 12. Also. since the van 

der Waals attractions are stronger for krypton than argon the clusters produced with 

krypton are expected to be even larger. 

After the initial excitation of the I2 molecule in the cluster. emission is observed 

h m  the lowest point on the Dr state which indicates that 11.500 cmL1 of energy has 

been dissipated. In argon clusters ion-pair states are stabilized by 2900 cm- '  with 

respect to valence states (assuming stnrt wit h microcryst als) [9] . Therefure clusters 

dissipate more than 1.5 eV of energy before emission h m  12(Dr.v=O)Ar,. Based on 

this energy dissipation Fei et a1[73] claimed it was likely that the emitting cluster 

were molten. One pathway throiigh which energy may be dissipated in a cliister is 

by evaporation of atoms h m  the cliister. Simple thermodynarnics calci dations were 

made to determine the energy necessary to evaporate an Ar or Kr atom from a bidk 

solid at an initial temperatlire. Ta. of 20 K: 

where m is the mass of the atom. CC and Ct, are the heat capacity of the atom in 

its solid and liquid phase respectively. AH,,, and AH,, are the enthalpies of fusion 

and evaporation. and Tm and Tu are the rnelting and boiling temperatlires for the 

atom. From these calcdations. the energy necessary to ewporate a single argon atom 

is 600 cm- '  and a single krypton atom is 850 c m  l .  If this energy were exclusively 

dissipated by evaporation of rare gas atoms. it woidd take on the order of 20 atoms 

of Ar or 14 atoms of Kr to use ~ i p  this excess energy. The "c1uster"emission in Ar is 



observed at 3000 c m  l shift: compared to  the Df -+Af emission, this would require the 

evaporation of 5 additional Ar atoms. The additional red shifk of 6400 cm-' for the 

Kr "cliister" peak would require the loss of an addi tional 7 atoms. These evaporation 

energies are an overestimate of the actual energy which would be lost from the cluster 

since they assume evaporation from bdk. 

Althoilgh we observed the sarne cluster emission peak with jet expansion condi- 

tions sirnilar to those used in the experiments of that Fei et al. [73]. our measurements 

for the temporal profile of this emission were quite different. Fei et al. [73] determined 

an irpper limit to the lifetime of this emission fertture to be 10 ns. This is in contrast 

with the decay time of the convolution of the true emission decay signal and the laser 

profile meas~rred for oiir experiments of 33 ns. since the laser has a fluence tirne of 10 

ns the minimum lifetime of the emission would be 25 ns. Macler and Heaven[9] found 

the emission frum I2 in matrices has a lifetime of 5 ns. One difference between oiir ex- 

periments and those of Fei. et al. is that our interaction region is 18 nozzle diameters 

downstream from the nozzle. while their interaction region is 7 nozzle diameters. It 

is possible that the region in which Fei et a1 .'s [73] expansion is being st iidied is not a 

"collision free" regime. If that is the measured lifetimes of the emission are artificially 

redticed by cullisional deact ivat ion of the exci ted state species. Our measurement s 

taking place in a trilly collision free regime would not be affected by this deactivation 

process. 

Previoiisly. nu emission hum either 1;' nor chemiluminescence from XeI* from 

12-Xe, has been repurted fiom systems in condensed media or clirsters[35]. We observe 

emission frorn I? as well as chemiluminescence frorn Xe1 (B-X). The emission of 

XeI' at 253 nrn[4O] has been reported when gas phase I2 was excited into its ion-pair 

manifold in the presence of xenon. while in the condensed phase. emission is observed 

at 390 nm and is assigned to Xe218 exciplexes[82] [83] [84]. We do not observe any clear 

evidence for emission from Xe21* exciplexes in oiir experiments. Our measiirement of 

the emission decay of XeI( B). see Figure 5.1 1. is consistent with that of Hay et a1[86] 

who measiire the lifetime tu be 12 ns. 



5.5 Charge transfer model 

Our results may be interpreted by proposing that a charge transfer exciplex is formed 

between the $' and the rare gas (RG) atoms. 4 s  discussed above. charge transfer 

complexes have been previously reported in X2/RG matrices[81][82][83][84]. In our 

experiments. we attribiite the fluorescence spectra from the rare gas clusters to a 

charge transfer species formed from an initial harpooning type electron transfer be- 

tween a rare gas atom and the I?. The reaction between and Xe is generally 

attri buted to this mechanism[42]. In t his model. the kliister band" represents emis- 

sion fiom the (RG+.I;)* species, which rnay be solvated by the uther rare gases in the 

cliister. Increasing the cluster size will increase the extent of solvation to the limit of 

fiilly solvated. This solvation will be in excess of that which wo~dd be experienced by 

the neutrd species. 

The *ocluster bando' represents fluorescence from the excited state (RG + -1; ) *  species. 

which may be solvated by other rare gas atoms in the cluster. The simulations of 

the potential energy siirfaces for I2 . (RG), based on the charge transfer model are 

displayed in Figures 5.17 to 5.19. The figiires show calculated potential energy ciirves 

for 12-RG in the X and D electronic states. as well as the 15.RGi charge transfer 

species with zero. one. and infinite solvating RG atoms. For a list of al1 of the con- 

stants used in these calcidations see Tables 5.2 and 5.3. The Lennard-Jones potential 

terms t ised are actually the potentials calculated for the interaction between each of 

the rare gas atoms and a xenon atom. This approximation is made since the iodine 

atom has approximately the sarne van der Waals radiiis as xenon and each iodine 

atom nrithin the I2 molecule shoidd behave approximately like a xenon atom. The 

geometry of the 12-RG species is assiuned to be T-shaped (see Figure 3-15) as that 

corresponds to the minimum potent i d  energy[871[88]. 

The states corresponding to II(X) + RG. 12(D) + RG. and 12(X) + RG+ hv 

are modeled as the silm of two 1-RG knnard-Jones potentials corresponding to the 



Figure 5.15: Geomelry of the specaes. 

interaction of each of the I atoms Mth the rare gas atom: 

12 61 
u(I2(D) + RG) = 8c [(lk-) - (,/$) + Emin(D) 

where a and E are the Lennard-Jones constants. (RD) is the I2 bond length 

in the X(D) state. and d is the distance between the I2 species and the RG atom is 

varied. The vali.ie of Emin (D) is 5.087 eV[89]. it is the differenre in energy between 

the ground state and the lowest ion-pair state. The value hv is the energy available 

from the absorption of one photon uf light at 193 nm. hu = 6.42 eV. The potential 

term C(12(X) + RG + hv) is calcolated tu mode1 the energy available to the dimer 

upon absorption of one photon of 193 nm radiation. The valiles for the Lennard- Jones 

potential terms (O and c )  as well as the other constants are foimd in Tables 5.2 and 

5.3. 

The Iî + RG + charge transfer state, with no additional solvent atoms. is modeled 

by : 

where IP(RG) is the ionization potential of the rare gas atom and EA(12) is the elec- 

tron affinity of 12 and e is the charge on an electron. This potential combines the force 

of two ions interacting a t  larger distances and in the small distances limit it is the 



interaction of two neutral species. The first three t e m s  in this expression represent 

the ion-ion interaction terms. The fourth term is the Lennard-Jones repulsive po- 

tential acting between the individual 1 atoms and the rare gas atom. The lnst term 

is the ion-indiiced dipole energy for 1; acting on RG and RG acting on 1; : using 

the assumption that the polarizabilities of the ions is the same as that of the neutral 

species. (Although this is not accurate. this term is a small compared to the ion-ion 

energies. ) 

When the charge transfer state is solvated by a rare gas atom. the minimum energy 

configuration for the species is a cross[88] as shom in Figure 5.16. The potential for 

Figure 5.16: Geometry O/ the (I; . R P ) .  RG species. 

the (1i  . R G f )  RG species. is given by 

e2n(HC) 
lT((ii RG')  . RG) = U ( I î  RGi-) - 

2 (4m0) r.' 

where r is the separation between the rare gas atom and the iudine mulecide. The 

last term acroiints fur the soivation of the charge transfer state bÿ the  additional RG 

atorn. In the fiilly svlvated system the equation used is 

12 
e2 O 

lf(12 .HG-' ) = I P( RC) - EA(12)  - - 4i?eOd +8~(Jm) f [$+$] (1-$) 

where r, is the ionic radiiis of iodine. The s im  of the solvatiun by the individiial 

atoms is replaced by one which accounts for the shielding of the charges by the rare 

gas sulvent[90]. The shieiding term contains the value CS which is the dielectric 

constant of the rare gas solid[gl]. The size of our clusters should be siifficient to fully 

solvate the I2 molecide and this shuidd be a reasonable value to use. 

Even though these potential curves are model systems and many approximations 

are used in deriving these curves. there are still taro important features which are 



apparent in the potentials. The first feature is the increased stabilization of the 

charge transfer complex with increased solvation by the rare gas. The Figures are 

drawn to make this increased solvation readily apparent. The second feature relates 

to the position of the crossing point between the ion-pair levels and the charge transfer 

state. We beiieve these two features which account for the different spectra observed 

for the three species. 

First we will look in detail at the potentials for the 1, -Kr ' charge transfer species 

(Figure 5-17). The minimum potential energy of the charge transfer complex decreases 

by 2 eV between that of the unsolvated species and the fully solvated species. The 

large change in potential is consistent with the large red-shift observed in the Kr 

cluster experiments. The other feature that we are interested in is the position of 

the crossing point between the ion-pair and charge transfer potentials. Knowing the 

crossing point is very important in deterrnining transition probabilities. This crossing 

point shifts to longer 12-Kr distances with increasing solvat ion. 

Although the point of the crossing is dependent on the specific values used for 

the potentials. the trend is independent of the details. The implication is that the 

likelihood of charge transfer state formation is a function of the cluster size. The 

Franck-Condon principle requires t hot the riirve crossing take place where the pom- 

etry of the initial species matches that of the h a 1  species. The dependence of the 

location of the crossing point on the solvation implies that the surface crossing con be 

.'sotvent timed" into and out of the Franck Condon accessible region of the initially 

excited state[92]. 

In 12.Kr the calcidated van der Waals bond length in the groimd state is 4.2 A. Ac- 

cording to the Franck-Condon accessible mudel. t he siirface crossing wit h the charge 

transfer state is available when the nimber of Kr solvent atoms is between one (Fig- 

tire 517b) and infinity (Figure 5. l ïc).  In oiir experiments we observe the "cltuter 

band-' at almost every backing pressure used. which implies that the crossing point 

lies close to the Franck-Condon region even in imsolvated 12-Kr. 

In the argon cluster experiments. the cluster band initially appears at  reasonably 

high argon stagnation pressure. This implies that either the charge transfer states are 
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Figure j. 17: Model potential Cumes for 12- Kr $01uated" by Kr. In each of (a), (b ) .  and 
(c), the curve labelled (i) mpmsents 12(X)- Kr; (ii) IÎ(D)- Kr; (izi) h(D)- Kr shifted up in 
energy to 6.42 e V lie 193 nrn); ( iv )  I; *Kr+ .  (a)  No additional Kr a l o m  m e n t ;  (b)  one 
additional Kr present; ( c )  cornpletely soluated b y  Kr. 



not energetically accessible or the charge transfer- ion-pair state surface crossing is 

not in the Franck Condon accessible region. The cdcidated potentiais in Figure 5.18. 

indicate that the surface crossing does not take place, because this is less favorable 

for argon clusters compared to krypton clusters both in teims of energetics and in 

ternis of the Franck Condon accessibility. In the 'Killy solvated'* model, Figure 5.18~. 

there is only a small interaction region between the charge transfer states and the 

ion-pair states. 

The formation uf XeI' by one photon in the unclustered environment. but with 

two photons in the cluster may be explained by this model. The mode1 putential 

ciirves for the 12-Xe system are shown in Figure 5.19. The charge transfer state 

fur this system lies lower in energy than the corresponding potentials for argon and 

krypton clristers. The crossing point between the initially excited level at 193 nm 

and the charge transfer c ~ w e s  lies at longer distances than the 4.4 A equilibrir~m 

separation in the ground state of the cornpleu. even in the ~msolvated system. The 

crossing between the bottom of the state potential and the charge transfer state for 

the rmsolvated species is well beiow the equilibrium separation and therefore not 

Franck Condon accessible. hcreasing the solvation rnakes t his crossing region even 

more inaccessible to the initially excited species. As a resiilt formation of XeI* with 

a single photon is impossible. 

One possible scenario is that the first 193 nrn photon is absorbed in the cumplex 

and the initial excited state species is rapidiy qiienched by the surrounding xenon 

atoms. The energy deposited into the cltister modes coidd cause fragmentation of 

the solvent atoms. As the I2 and Xe separate. a second photon may be absorbed 

while the separat ing partners cross through the internticlear distances over which the 

charge transfer ion-pair state srirface crossing occrirs. The XeI' product formed woidd 

then be a mirror image of that formed in the uncliistered environment. since both 

approach the ciirve crossing while increasing the internuclear separation. 
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Figure 5.18: Same as pmvious figigum, but for the 12- Ar system. 
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Figure 5.19: Same as previous two figunos. bu1 for the h Xe system. 



argon e t o n  xenon 

Lennard Jones potentiai terms, c[5] 

Table 5.2: Rare gas parameters for model potentials 

187.4 cm- ' 
- - - - - - - - 

van der Waals radii. radius Rg[93] 

ionization potential. IE[94] 

polarizability, a[94] 

Rare Gas- I i  separation, r(A) 

dielectric constant in solid. cs[91] 

. 2.00 A 1.90 A 

1 I2 bond length. X-state[94] 1 2.66 A 1 

231.1 cm - ' 
- - - - - - - - 

2.20 A 
15.76 eV 

1.641 A 
3.0 

1.58 

I2 elertron affinity. EA(9-11 

ionic radius. radius II941 

Table 5.3: 1) parameters for model potentials 

282.3 cm-' 

2.55 eV 

2.13 A 

14.00 eV 

2.484 Â 

3.2 

1.78 

12.13 eV 

4 . 0 4  A 

3.5 

2.01 



Chapter 6 

HI cluster experiment 

6.1 Introduction 

Previoiis experiments which were performed by t his group [78] [62] have invest igated a 

photochernical reaction which does nut occiir in an imcliistered environment. Dimers 

of methyl iudide absorb one photon of 218 nm radiation and furm groiind electronic 

state 12. It was determined that the dimer speries was responsible for the observed I2 

signal. Neither gound state 1 nor spin-urbit excited 1' atoms may react with methyl 

iudide to form I2 imder the conditions investigated in the experiments. Thiis. it was 

determined that a cliister indiiced cooperative effect is responsible for producing the 

I2 prudiict. 

A variety of other alkyl halide systems were investigated[lJ]: methyl. ethyl and 

propyl iodide. hydrogen iodide. tri fluoromet hyl iodide. trifluuruethyl iodide. methyl 

and ethyl bromide. and a co-expansion of methyl iodide and methyl bromide. These 

cliisters were excited at both 248 and 193 nm. Al1 of the ivdo containing compounds 

with the exception of CFjI prodiiced I2 product. Xo Brî was observed from the 

excitation of the bromide species. nor was IBr observed from the excitation of the 

mixed clusters. 

In these experiments groimd state was formed as a product of HI cluster photolysis 



at 193 and 248nrn. The I2 product was only obsenred with high pressures of HI 

(neat HI expanded at  pressures greater than 1 atm). Since HI clusters readily due 

to the attractive nature of the intermolecular potential between HI molecules[95], 

large clusters would be formed at  these pressures and would be responsible for the 

production of IÎ. A linear dependence of the 1) signal on the HI pressure is further 

evidence that large clusters are responsible. If dimers of HI were responsible for the 

production of the I2 signal. the signal would depend quadratically on the gas pressure 

as was observed in the methyl iodide expansions. The scaling for larger clusters 

does not go as pressure to the n-th power. When the fraction of the species in the 

expansion which is clustered increases the kinet ic equat ions from which the scaling 

laws are derived break down. The formation of a large clusters results from collisions 

of smaller cliisters [X?]. 

A cooperative effect . in which two reactions occur sirnultaneously. was observed 

in the photochemical reaction of sirface digned (HX), complexes. Polanyi and co- 

workers(96I photolyzed HX (X = Cl and Br) absorbed on a LiF(001) sidoces and 

observed eqi~al arnounts of H2 and X2 desorbing from the sirface. The bimolecdar 

photureaction 2HX + hu 4 Ha+ X2 occiirring between aligned adjacent HX moleciiles 

was proposed as the soiirce of the H2 and X2 prodiicts. Although the ground state 

foiwcenter reaction of hydrogen halide molecides is forbidden on orbital symmetry 

groim&[97] in the ground electronic state. the reaction of electronically excited state 

is allowed. 

A similar mechanisrn is pruposed by Bimtine et a1 [IO] to explain the appearance of 

translationally cold and ro-vibrationally excited Hz product in their experiments. In 

their experiments a 218 nm photoexcitation of the species within a neat HI expansion 

prodiices H2 which is ionized iising resonance-enhanced midtiphoton ionization and 

imaged onto a position sensitive detector. By this means the translational energy of 

the H2 product may be measilred. They observe two species of H2. The fast species 

of H2 is attnbuted to the reaction H + HI -t H2 + 1. The aiithors speciilate that 

the slow H2 species which they observe resdt  h m  the four center reaction (HI)* 4 

HÎ + 1; within a single cluster. 



Young and CO-workers[ll][l2] detected 1: produced fiom laser excitation of HI 

clusters in a seeded expansion of HI followed by REMPI detection. The observed 1: 

signal depended on the laser energy to the 3.6 power. Thus 3.6 photons are required 

to break the tnro HI bonds and to ionize the 12 product. This signal was attributed to 

two photons breaking HI bonds producing ground state 12 foUowed by a two photon 

ionization of the iodine molecule. in contrast to our previous conclusions[l3~. The 

authors did not attribute the observed signal to a four center mechanism. 

In this chapter evidence is presented for the formation of electronicaily excited 

rnolecular iodine. I;, os a product of HI cltister photolysis. The evidence is the 

ernission observed h m  the ion-pair states of I2 when HI clusters are photolyzed at 

248 nm. The ernission depends qiiadrat icaily on the laser intensity and qiiartically on 

the stagnation pressure of neat HI. These results dong with the work of Polanyi[96] 

and Buntine et al.[lO] provide strong evidence that the four center photoreaction 

takes place in HI clusters. The joint formation of I2 and 1; rnight bnng the resillts 

of Yoiing[ll] [l2] and our early resdts into agreement. The work presented here 

Ras published as "Evidence for a foi~r-center mechanism in the photoreaction of HI 

clustersa' in The Joiirnal of Physical Chemistry. 99:6763-6766. 1995. 

6.2 Results 

'leiitral clusters of HI were prepared in a siipersonic jet expansiun of neat HI with a 

0.5 mm orifice. The clusters were photolyzed 10 nozzle diameters domstream with a 

KrF laser (248 nm). the output of which had pidse energies of 0.15 to 5 mJ per 10 ns 

piilse. The resolved emission prodiiced from the photolysis reaction was measiired. 

C'pon excitation of HI clusters with 248 nm radiation. emission originating from 

the iodine ion pair states. 1;' is observed. see Figure 6.1. This ernission is attribiited 

to the I2 : F. D and D' states[68] and appears promptly within the 5 ns rise time 

of the detection electronics. Except for the total fluorescence intensi ty. the emission 

spectrurn is constant with changing the HI stagnation pressure. No emission featiires 
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Figure 6.1: Em.&sion specli-urn jhrn 12 ion pair staies observed jolouing 248 nm excitation 
of H I  cl-wters. The spectrum was obtained nt a n  H I  stagnation pressure of 1 ."IO0 Torr. 

diie to the 4. A'. or B states of Iî was obsenred mithin the signal to noise ratio of 

these experiments. Little emission was observed from irradiating IÎ expanded with 1 

atm He at 248 n m  (see Figiire 6.2). 

The temporal of the D and D' states of I2 (see Figure 6.3) show that the 

lifetimes are 20 and 22 nsec respectively with an imcertainty of * 4 nsec. These agree 

nrithin the uncertainty in the lifetimes measlired when IÏ was excited directly to the 

ion-pair states with 193 nm radiation. 

The dependence of the I2 D state emission intensity on the laser pulse energy was 

measilred for energies between O. 15 and 3.8 mJ/pidse (see Figure 6.4) incident on 

the chamber. Belvw 1.3 mJ/pulse this emission has a two-photon dependence. The 
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Figure 6.2: Emission speclrum obserued following 248 n m  ezcitation of fi2 eqanded  with 
760 Torr of helium. The peak ut 496 nm msulb / m m  the second onier diflruclion of the 
scattezd laser light. 

log-log plot shonn in the insert tu Figure 6.4 has a slope uf 2.3 I 0.3 in the lower 

energy regime: this implies that a two photon process is responsible for popidating 

the ion-pair states. The emission intensity of the I2 D' ernission(721 (see Figure 6.5) 

aiso demonstrates a two photun dependence. The log-log plot shown in the insert of 

Figire 6.5 has a dope of 2.4 f 0.3. thus we conclude that two photons are reqtiired 

to produce 1;' nrhose emission we observe. 

The dependence of the I2 D state emission on the stagnation pressure of HI \vas 

also measured. see Figure 6.6. From the log-log plot shown in Figure 6.6 the intensity 

of the emission signal has a dependence on the 4.1 f 0.2 power of the HI stagnation 

pressure for presslires up to 700 Torr. This implies that HI dimers and trimers are 

involved in the production of IIP. For low pressure expansions. the dependence of 

dimers on the pressure is third power or greater. since a t  least one "third body" is 
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Figure 6.3: Time rlosolved puorescence observed for the I2 ion pair stales following 248 
nm escitation of HI clusters: (a) D d a t e  (325 nm) and (b)  0 d a t e  (:Id I nm). 
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Figure 6.4: L a e r  power depertdnce of the D-X emission featurr at 325 nm. The laser 
pulse eneigies mnge fmm 0.15 to 3.2 d / p u l s e .  The solid line shows a quadmtic fit to the 
low intensity data. The inset shows a Zn-ln plot of the data. The solid line is a fil. lo the 
data and has a dope of 2.3 f 0.3. 
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Figure 6.5: The laser power dependence of the iY + X  emission al 3441 nm also has a 
dope of 2.4 =t 0.3. This is showri in the ln-ln plot in the insert, where the solid line hm a 
dope of 2.3. 
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Figure 6.6: Stagnalion pressurv dependence O/ the inlensity of the 12:& X ion  pair stute 
ernission. The solid line ut pressures below 700 Torr  shows at quartic fit t o  the data. For 
p r e s s u ~ s  above 700 Torr the signal is obseved to  depend o n  the cube mot  of the pressure. 
as shoum by the dashed lzne. The inset fiquni is the ln-ln plot of the same data, with the 
pressvrr dependences indicated. 

reqiiired to carry away excess energy. Trimers are formed Rith a pressure dependence 

of four from collisions between dimers which creat,e a trimer and a monomer. The 

monomer removes excess energy frorn the cornplex. For pressures greater than 1 atm 

the signal varies by the cube root of the pressure. which indicates the onset of another 

mechanism to IÎ format ion from HI cluster photolysis. 

6.3 Discussion 

In work done previously in this group[13] cold gro~md state 12 pmdllct w a ~  detected 

from single photon excitation of HI clusters. In those experiments ion-pair state 



emission could not have been detected, since the optical filters used for I2 B + X 

laser indiiced fluorescence, LIF. would not pass light for X < 590 nm. A significant 

difference between the current results and those reported previously by this group[l3] 

is that the I2 ground state product had an appearance threshold of approximately 1 

atm and above that pressure the LIF signal is linear wi th HI backing pressure (dope 

of ln(intensity) vs. ln(pressure) = 1.12 iz 0.05). These results in conjunction with 

the current results strongly indicates that the ground state I2 and the I? products 

are formed by different mechanisms. 

There are many two photon mechanisms which could result in the formation of 

1': frorn HI clusters. The time scale for the observed ernission rdes  out ail but same 

clus ter react ion mechanisms. since intercluster reactions occw on a t ime scaie of tens 

of microseconds (see Section 4.2.1). The ernission intensity from each of the ion-pair 

states maintain a constant ratio of spectral line intensity as the stagnation pressure 

of the HI gas changes by more than a factor of two from 1.7 atm to  3.7 atm: this 

indicates that ail of the ion pair emission has a common origin. The enthalpies uf 

formation for each of the relevant species are shown in Table 6.1 and the enthalpy 

of formation of species within the cluster is assumed to be the same as the enthalpy 

of formation of the species in the gas state. The energy of a 248 nm photon in the 

appropriate imits for these calcidations is 482.37 kJ/mol. The ent halpy of formation 

of r~vibrationally excited gro~md state I2 is given as #. because the unly ronstraint 

on it is that it be less than 213.68 kJ/mol. which is the dissociation energy for ground 

state 12[98]. The enthalpy of formation of 12 is taken to be the enthalpy of formation 

of IÎ(D) which is one of the states of the lowest tier of ion pair states. 

AHf(25" C) 

A. (HI), + h u - H + I +  -184.1 kJ /md  

I + (HI),-1 IÏ + H + 147.1 kJ/mol 

I2 + h~ -t -78.7 kJ/mol 



AH, (25" C) 

B. ( H I ) , + ~ U - - + H + I * + ( H I ) , - ~  -93.0 kJ/mol 

I * + ( H I ) , - I - I ~ + H + ( H I ) , - ~  56.1kJ/mol 

I2 + hv + g -78.7 kJ/rnol 

In both mechanisms A and B the first photon dissociates an HI molecule. The 

iodine atom produced subsequently reacts with another HI molecule and produces an 

iodine molecule. Neither mechanism is likely to  occur based on the highly endoergic 

second step in the mechanism. As well, the 1 atom will not have sufficient kinetic 

energy to overcome any barrier. since the photodissociation of HI places most of the 

excess energy into the H atom translation[ll]. Correlation diagrams for I*+ HI + 

Iî+ H [78]. show that the spin-orbit excited state of I correlates with electronically 

exci ted I I .  Ground state I2 coidd only be forrned in the cliister. as wot-dd be reqoired 

for the second step of B. if the cluster indiices a nonadiabatic transition to a single 

reactive potent ial energy surface. 

AH, (25" C) 

c- (HI), + 2hv --+ 2H + 21 + (HI), -2 -368.2 kJ/mol 

21 + Cf' 252.4 kJ/rnol 

AH1(25'C) 

D. (HI), + 2hv - 2H + 21' + (HI),-2 -186.2 kJ/mol 

21' - 12 70.5 kJ/mol 

!vfechanisms C and D require two photons to dissociate two HI molecides. The 

iodine atoms produced recombine to form molecidar iodine in its ion-pair state. Xei- 

ther mechanism C nor D is likely to prodiice the observed signal. since 17 does not 

correspond to  two iodine atoms or to spin orbit excited iodine atoms. (There is no 

appropriate ciirve crossing) 

AH1(25"C) 

E. (HI), + hv --+ 2H + 12 + (HI), - 2  #-99.5 kJ/mol 

12 + hv --+ I? -# -78.7 kJ/mol 



The h s t  photon is used to produce ro-vibrationdy excited ground state iodine, 

1z# and the second photon excites this species to the ion pair states. This mechanisrn 

is unlikely, 248 nrn light does not excite low-lying v levels (those popdated at room 

temperature and below) of I I  to the ion-pair states. The large difference in the bond 

length of the ion-pair states compared to that of the ground state leads to s m d  

Franck-Condon factors for such transitions. This mechanism could be possible it 

the 12 f m e d  in the first step had s d c i e n t  vibrational excitation to aUow favorable 

Franck-Condon factors. However. previous experiments by this group [l3] showed t hat 

only vibrationally and rotationaily coid ground electronic state I2 is produced by 248 

nm photolysis of (HI),. Also. I2 which is formed in the gro~md state. is formed with 

a very different stagnation pressure dependence than that which is observed for the 

ion-pair state iodine product. 

The folionring rnechanisms which differ only in which excited state the I p  is initially 

produced. were siiggested in the work of Buntine et al[lO] In their experiments. neat 

expansions of HI were photolyzed at 218 nm and they ubserved H2(v=l) 

lit tle translational energy 

AHf(25"C) 

F. ( H I ) , + ~ u + H ~ + I ~ ( A ) + ( H I ) , - ~  -330.69kJ/md 

12(A) + hv -. 12 -220.9 1 kJ/mol 

AHj(25'C) 

G. (HI), + h~ + Hz + 12(B) + (HI), -2 -283.78 kJ/mol 

12(B) + hu --+ Cf' -263.79 kJ/mol 

with very 

The reactions described in mechanisrns F and G require that the reaction take 

place ria a four-center reaction. That one of the products is born in an electronically 

excited state from the four center reaction is required by the Woodward-Hoffman 

rules[97]. If this four center mechanism was responsible for the signal observed Ly 

But ine  et al. then the I2 must be born in an electronically excited state. This process 

is energetically favorable. There is in fact enough energy to populate the I2 ion- 

pair states directly. We consider this iinlikely based on oiir measurement that the 

power dependence of the liP emission intensity is two-photon. Although laser power 



species AHf(25"C) 

-- - - - - - - - - - - 

Table 6.1: Therrnodynarnic constants used in calcdations of the energetics of possible 

reactions occiiring in HI clusters. 

st d i e s  are not a conclusive rneasurement . the resd  t s rarely uverestirnat e the number 

of photons involved in a multiphotun process. In addition. symmetry reqiiirements 

favor a two step population of the ion-pair states. The initial excitation of (HI), 

nrith the first photon corresponds to exciting a Il state in the HI monomer. Both 

the goiind state of H2 and the I2 ion-pair states have C symrnetry[98]. that is the 

ruordinate of the angular momentrun along the interniiclear a i s  is zero. The A. A'. 

and B states of I2 have II symmetry[98]. The (A: S) coupling scheme labels are not 

strictly triie for HI and It  in which the coiipling of the angidar momentum to the spin 

is important. The ( f2.w) coiipling scheme is the most appropriate for HI and 12. in 

which the angular momentum and spin for each electron are coupled to one another 

and then al1 but the outermost i ~ .  are added together and then siibseqiiently w for the 

oiitermost electron is included. Although the (A' S) coiipling scheme is not strictly 

followed this siiggests a greater propensity to populate the A. A'. and B states of 12. 

In proposing this mechanism as the one responsible for the ion-pair emission which 

we observe. it would be desirable to observe emission from the initidly excited states. 

Our apparatus is capable of observing emission nt the appropriate ~vavelengths for 



these states. However, the A and A' states have lifetimes of hundreds to  thousands 

of microseconds[100] and with our present apparatus we w u l d  not see siich weak 

emission. One Limitation to  our measurements is that the gas beam is only within 

the acceptance cone of the fiber optic for less than 5 ps based on the initial velocity 

of the beam. There should be little energy disposed to translation, since the iodine 

atoms compose the majority of the weight of the system it is expected that the 

nascent iodine rnolecule will travel wi th  approximately the initial beam veloci ty. thus 

only a small fraction (< 2.5 70) U: the actual emission would be observed with our 

apparatus. Ln the work of Buntine et a1.[10] the H2 signai which they attribiited 

to moleciilar clusters was observed to have low translational energy. Since Hî is 

significantly lighter than molecular iodine. it is not Likely that the I2 product woiild 

be born with more translational energy than the Hz product. Given that neither 

product will have significant trnnslat ional energy the 13 wiU likely have considerable 

vibrational and rotational energy and would be boni in a large range of (v.J) levels. 

The combination of a broad ernission in both energy and time would make this signal 

difficult to observe. The broad interna1 popidation distribution would also make 

observation of emission from the brighter B state difficult. 

The quartic dependence of the I? ernission implies that dimers and trimers are the 

precursors of this reaction. The geumetry of the HI dimer has been calcidated[95] (see 

figure 6.7): the angles shonm are 0 ,  = 3.3" and O2 = 91.7' and the bond length. %: 

is 5.11 A.. The geornetry of the trimer has not been calci~lated nor have either been 

Figure 6.7: The geornetry of the HI  dimer. 



determined experimentaily. If it is the trimers which are pnmarily responsible for our 

observed emission, it might be that the geornetry of the trimer is more favorable for 

dowing this four-center reaction. In this case. the third molecule might act like a 

solid surface to align the reac t ing   air [96] 

In our experiments it was Found that production of IF is favored at lower stagna- 

tion pressures and at higher pressures a mechanism is opened up for the production 

of ground electronic state It The ion-pair ernission might be atteniiated because the 

1; intermediate state is efficiently quenched by HI. The efficient quenching of 12(B) 

by Ar. Kr. and Xe is discussed in Appendk A of this thesis with regard to measuring 

I2 LIF signals. Also. the mechanism for the single photon production of groimd state 

I2 which only becornes available in larger cliisters might be more favorable. In Figure 

6.8. the pressure dependence of the two signals. separately norrnaiized are displayed. 

Frorn this it is clear that over a certain range both product channels are available. 

If  this is tnie t hen it would bring our previoiis results[l3] and those of Young and 

co-workers[ll] into agreement. It might be that Young and co-workers[ll] measured 

both species. The ground state 12 produced with single photon excitation woiild re- 

quire a 3 photon ionization for their detection. The ion-pair state I2 product is formed 

with 2 photons and its ionization w~iild reqi-lire a third. This combinat ion of processes 

coidd residt in the 3.6 photon dependence observed by Young and co-workers.[ll] 
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Figure 6.8: Cornparison of the pressure dependence 01 the excited state (O) and gmund 
state ( A )  I2 signal seen in H I  clusler photolysis. .4n absolute intensity cornparison is not 
possible with our p7~sent techniques; therefore each dependence îs normdited to its own 
naz-imum. 



Chapter 7 

Collision-induced disorder in liquid 

crystal films 

7.1 Introduction 

Lnderstanding the processes invulved in the collision uf gas phase moleriiles with a 

liqiud surface is important to many processes such as the iiptake of pollutants by 

water droplets in clorids. gas phase chromatography and heterogeneous catalysis [l-l]. 

Gas liquid scattering can yield information on siirface structure and rigidity. energy 

t r a d e r .  the attractive forces between gas and liqiiid moleciiles. and the dynamics of 

gas-liquid collisions [IO l] [43] [U] [102] [45] [16] [103] Il041 [l-l] [4 i ]  [105]. However . few st ud- 

ies of gas liquid interactions have been perfomed. 

hlolecidar beam techniques were first applied to study gas-liquid collisions in 1959 

by Hurlbiit and Beck[lOG]. Sinha and Fenn[lO7] measured the scattering of argon 

atoms off a fresh continuoilsly renewed surface of liqi Ud glycerol. Their resdts showed 

that argon atoms recoil in a lobdar pattern which indicates that direct collisions and 

thermal desorption from the liquid c m  be distinguished. Olander et al[lO l] stiidied 

the effect of the solid-liquid phase transition on the reactive scattering uf Cl2 with 



indium, lead, bismuth. and tin. Only with bismuth is there a difference in the reaction 

kinetics of Ci2 with the metal surface between the solid and liquid state. 

Experiments performed by Naaman and cwworkers[43][44] (1021 explored the scat- 

tering of monatomic and diatomic gases from organized organic monolayers. Their 

results showed that the "stifhess" (degree to which the molecular motion is restricted) 

of the surface determines whether the "direct" (impulsive) scattering or "trapping- 

desorption" (atom has multiple collisions with the surface before scattering) occurs. 

'lathanson and cwworkers[-15] (-161 [l03] [lO8] (141 have explored inelastic scat tering of 

various gases (primarily rare gases) from liquid surfaces. They also studied the rela- 

t ive importance of the "direct" scat ter and "trapping-desorption" channels and foiind 

the trapping probability is determined by the enthalpies of solvation[46]. 

hlccaffery and CO-workers[47] [lO5] measured the internal state distribution of a 

gas scattered off a series of liqiiid interfaces. In their experiments I2 was scattered off 

met hyl-siibstit uted polysiloxane. perfliiorinated polyet hers. and Ga (solid and liquid). 

The internal energy distribution of I q  directly scattered and trapped-desorbed were 

measiired. It was foimd that the degree of rotational excitation depended on the scat- 

tering substrate. Their residts were qiialitatively consistent with t hose inferred from 

the kinetic energy distri butions of Yathanson and CU-workers[45] [46] [103] [104] [14] and 

the observations of Olander et al[lOl]. Hardy any difference was observed between 

the scattering off solid or liquid phase Ga. as Olander et al  observed for three different 

met als. 

All of the work to date in this field has fociised on measiiring properties of the 

scattered species after collision(s) with the liquid surface. In these experiments we 

examine the effect of the scattering on the liquid substrate. Liqiiid crystals are chosen 

since the alignment in the nernatic phase may be interrogated as a resdt  of the 

birefringence. The advant age to iising 4'-pentyl-4biphenylcarbonitrile (3CB) is t hat 

it has only one liquid crystal mesophase and the nematic phase in the range 225°C and 

35.2"C[108] The loss of order of an aligned nematic phase liquid crystal JCB caused by 

collisions of a gas beam is rneasitred. The loss of order is dependent on the orientation 

of the liquid crystal director to the beam direction. It was found that coilisions 



uccun-ing "broadside" to the alignrnent director are more effective in disrupting the 

d ig rnen t  than those which occur "lengthwise". The work described here has been 

published as "Surface-mediateci disorder in aligned liquid crystal films caused by 

collisions Nit h He" in Physical Review Letters, 77:310-3 13. 1996 and "Scat tering of 

gases from aiigned Liq~tid crystals: collision-induced loss of order at the gas-liquid 

interface?' to be published in The Journal of Chemical Physics Dec 1. 1996. 

7.2 Results 

In these experiments a liquid crystal sample in its nematic state is placed between 

two polarizers. which are mounted perpendicular to one another. Light is transmit ted 

through the combinat ion crossed polarizers/liquid crystal and the effect of a gas beam 

on the sample is measured. The liqiiid crystal sample is aligned with its director either 

perpendicdar or parde l  to the projection of the atomic beam axis onto the sample 

plane. A pulsed beam of heliiim is allowed to impinge on the sample for several 

minutes and is then shut off for several minutes. This seqiience is repeated two or 

three times. The sample is then rotated by 90' so its orientation is switched from 

perpendicidar to parallel or the reverse and the sequence is repeated two or three 

more times. The pas pulse is typically 3 ms duration. triggered at a repetition rate 

of 10 Hz. The pressure in the scattering chamber rises to 2 - 3 x 10-"orr with the 

pulsed nozzle rimning and a He stagnation pressure of 1 atm. 

The intensity of the light transmit ted through the crossed polarizers/liqiiid crystal 

combination is not constant from day to day. The change in light transmission caused 

by the atomic beam also varies significantly from day to day. This rnakes quantitative 

reprodiicilility of the experiments nearly impossible. Over the course of several hours 

the arnoimt of light transmitted through the crossed polarizer set-iip often changes 

by 10 - 20%. This may be due to evaporative losses from the sample. buildup of 

impiirities. or both. Even though the sample is not at equilibriiim as a resdt  of the 

continiioiis pt~mping, the amount of sample lost to evaporation over the course of a 3 



to  4 h o u  experiment is less than 3% (as rneasiired by Michel Olivier[109]). Surface 

contaminants are not expected to be a problem since the Nathanson[45][46][14] and 

hIcCaffery[J7] [IO51 groups found little accumulation of contaminants at the interface 

of other low surface energy organic liqiiids. 

7.2.1 Sample alignment 

A polarizing light microscope is used to observe the tirne dependence of the alignment 

of the liquid crystal sample. The microscope consists of two crossed polarizers between 

which the sample is mormted and visible iight is transmitted though the combination. 

A sample plate with an aligned PVA coating was placed in the microscope. The 

nematic phase liqiud crystal was added to the sample plate and the h s t  pictiire. 

Figure 7.la, was taken immediately. The pattern observed in this pictiire is that of 

a nematic liquid crystal which has not been aligned[49]. A nematic liquid crystal in 

its imperturbed state has a local alignment. but there are many small domains[49]. 

Over time the molecules in the individual domains begin to align with the PVA. In 

t i ~ r n  the domains coalesce as they each align with the ssime director. in Figure 7.lb 

fewer larger domains are visible. After 20-30 minutes time the different domains join 

into a single imiform alignment dong the direction of the director. as shown in F i s ~ r e  

7. lc. To ensure that the sarnple is single domained. the sample was allowed to settle 

for 20-30 minutes before the experiments were begun. 

Fiirther proof of the alignment instilled by the rubbed PVA coating is the depen- 

dence of the optical signal on the temperatiire as shown in Figure 7.2. The tem- 

perature is varied between the crystalline-nematic transition temperatire. 22.5'C. to 

past the nematic-isotropic transition. 352°C. Over this range the signal shows unly a 

small decrease wi th increasing temperature up to the nematic-isotropie phase transi- 

tion. Above the phase transition temperatiire the signal vanishes. Since the sarnple 

miist be aligned in order to observe a signal in our experiments. the signal vanishes 

when the liqiud crystd becomes isotropic. 



Figure 7.1: Photogmph of the nematic-phase 5-CB sarnple taken thmugh a polarirzng 
microscope: (a) immediately after the sample is added to the sample plate containiny the 
rubbed-PK4 substrate; (6) 3 min after sarnple added; (c )  30 min afier sample added. 



Figure 7.2: Dependence of Ihe liquid cnptal signal on the tempemtule of the sample. The 
tempemtuw of the santple .is uaried frorn below the crystalline-nematic t m n d i o n  to  abûue 
the nematic-isotmpic tntnsition. Note thal the signal dmps sharplg ut the nematic-wotopic 
transition tempemture. 

7.2.2 The effect of atomic beam on the transmission signal 

Figures 7.3 and 7.4 shows representative data of the uptical transmission signal as 

a Fimctiun of time for several experiments with a gas beam of heliiim. The time at 

which the beam is tiirned on is indicated nith an arrow. 1. and the time at which 
a 

the beam is turned off is indicated with an arrow as well as an asterisk. 1. The left 

traces show the results when the alignment is perpendicdar; the right traces show 

the results for the parallel alignment. 

The Liqiiid crystal director was either aligned parallel or perpendicdar to  the 

component of the atom beam on the plane of the l iq~ud crystal. In the perpendicdar 

geometry. the transmission is always affected by the gas beam. ln the parauel geom- 

etry the gas beam may or may not affect the transmission. The magnitude of the 

change in signal with the gas Leam on is always larger for the perpendicular geornetry 

than the parallel geometry. by a factor of 2 or more. The optical transmission either 

increases or decreases as a restdt of the gas beam tiirned on. Xo change is observed 

in the optical transmission for a single gas ptdse. Only nfter several piilses is any 
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Figure 7.3: Representative ploh of the optical tmnsmisszon us. lime for sample alzgned 
perpendicular, (a) and (c) ,  a n d  panzllel, ( b )  a n d  (d ) ,  to the hmizontnl component of the gus 
beam direction. A m w s  mark the times al urhich the gas bearn is turned on and a m w s  with 
asterixes mark the time ut which the gas beam is t u n e d  08. The magnitude of the change 
in transm~bssion signal is - (10-25)%. 
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Figtire 7.4: Repmsentative plots of the optical tmnsmission m. tirne for sample aligned 
perpendicular, (a) and (c),  and paruilel, (b} and (d}, to the horizontal component of the gus 
beam direction. A m w s  mark the times at which the gas beam is  turned on and a m w s  with 
asterixes mark the time at which the gas beam is lurned off.  



change in the signal observed. as well the relaxation of the signal occurs on a similar 

time scale. 

An intense. short transient "spikeo' is sometirnes observed in the parallel configu- 

ration signals after the beam is tumed on or off, see for example Figure 7.3d. Even 

when an intense spike is not observed. the signals ohen rise (or fd) to a peak and 

then decay to sorne steady state value. 

The signal increases monotonically as the pulsed beam repetition rate is varied 

between 1 and 25 Hz with constant pulse width (5 ms), as s h o w  in Figure 7.5. The 

signal remains constant when the pulse width and repetition rate are varied as long as 

the duty cycle of the pi-dsed nozzle (pulse width x repetition rate) remains constant 

(see Figure 7.6). The observed signal shows no dependence on the constituent of the 

gas beam for the gases used here: He. Ar. X2, and a 10% mixtiire of C2Hs in He. 

Figure 7.7 shows little to no ciifference in the effect of helium or a 10% mixture of 

C2Hs in He impinging on the stirface. 

The initial temperature of the liquid crystal was varied over the nematic temper- 

atiire range. the residtant signal did not Vary beyond the imcertainty in the measiire- 

ments. as shown in Figure 7.8. When the temperature of the sample is heated above 

the nematic-isut ropic transition. the optical transmission drops tu zero. The residts, 

displayed in Figure 7.9. showed no dependence of the wavelength of the transmitted 

A r t  light ( A  = 514 or 477 nm). Early experiments with a HeNe probe laser also 

showed a change in the optical transmission with the gas beam un. 

7.3 Discussion 

This experiment exploits the birefringent property of an aligned nematic liqiiid crys- 

ai. The net transmission through the polorization measurement apparatus is given 

by (see Appendix B) 

1 { ( 2 h . d )  (2Th&)}' 
1 = - ~ , 2  cos - - C O S  - 

4 
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Figue 7.5: R o l  of the optical tmmrnission 7)s lime for the sample in Ihe perpendicular 
alignrnent wilh a pvlse width of 5 ras and a mpetition mle of (a) 20 Hz; ( b )  5 Hz; (c) 1 IIz; 

(d) IO Hz. 
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Figure 7.6: Repmentatiue results showing the optical trnnsmission thmugh the sample- 
cm.ssed polarizer setup as a function of lime. The dvty cycle remains constant. but the pulse 
width and rrpetition mte  are varïed: (a) 5 m .  al 10 flz. ( b )  25 ms al 2 Hz. ( c )  10 ms al .5 
Hz, and (d) 2 ms at 2ri Hz. T h e  a m w s  with asle* mark limes wherr the atomic beam is 
switched ofl. 
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Figure 7.7: Plot of the optical transmission vs tirne for samples which am impacted by He 
(a),  ( b ) ,  and (e); bv IO% G1l6 in He (c)  and (d).  
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Figure 7.8: Plots of optical tmnsmission us lime for diflerent lempemtures (a) 2 6  C, (b)  
28" C, (c )  .7@ C, and (d) 3P C, 
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Figure 7.9: Pioh  of the optical tmmmission signal us lime with (a)  514 nrn Zzghl. und (bj  
4 77 nrn lighl. 



where Eo is the electnc field vector of the incident light beam. no and ne are the 

ordinary and extraordinary indices of refraction respectively. d is the thickness of the 

liquid crystal film. and X is the wavelength of the incident iight. The expression for the 

transmission is very sensitively dependent on the thickness of the sample (see Figure 

B. 1). The signal is the product of two oscillating functions. one with a period of 319 

nm the other with a period of 6385 nm. Since no change is made to the incident light. 

X and Eo are constant and the and the only variables which affect the transmitted 

signal are the indices of refraction and the thickness of the sample. The indices of 

refrac t ion are h c t  ions of the order pararnet er. the densi ty. and the temperat ure. 

The variation in the signal level observed with different samples depends on the 

exact thickness of the sample. The initial thickness of the sample makes a substantiai 

difference in deterrnining how large the change in signal will be when the gas bearn 

is t imed  un. In these experiments it is the relative signal rather than the absolute 

signal which was measured. The change is signal is therefore is more appropnately 

expressed as a percentage change in the signal value. A change in signal of 10% is 

iised to detemine the req~llred thickness change. since that large a change shoidd be 

visible over the noise of the signal. The change in thickness uf the sample reqilired 

tu rediice the signal by 10% has been calcidated over the range O tu 1396 nm. since 

the signal repeats itself after this range. In Figiire 7.10 the signal and the thickness 

change required for a 10% signal change are compared for the range 1439 to 1516 nm. 

which is representative signal range- From the calcidations. the average thickness 

change necessary to change the signal by 10% is 1.9 nm or approximately 1 layers. 

However. this is likely to tmderestimate the actiial thickness change necessary to 

observe a signal in these experiments. From Figure 7.10. it is obvioiis that the larger 

signal levels correspond to larger sample changes to prudiice a 10% signal change. 

For example a t  1440 nm thickness the signal is 0.54% of the maximum signal and 

the required thickness change is O.lnm. while at 1316 nrn the signal is nearly 200 

times larger and a thickness change of 10.7 nm is reqiiired to observe n s i p a l  change. 

Since the signal for 14-80 nrn thickness is small. it is unlikely that any signal wodd 

be observed over the noise and hence thicknesses corresponding to small signal with 
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Figure 7.10: (a)  The t r a n s ~ s i o n  of light thmugh the polarkation detection appamtus as a 
function of the thickness of the liquid cqs ta l  sample /or the mnge of thicknesses 1439- lr51 6 
nm. (b )  The lhickness change in the sarnple zquired to change the lmmrnission signal by  
10% UY a funclion of the thickness of the liquid crystal. 



no gas jet are unlikely to be mensured. Therefore, in terms of the actual experiment 

the observed changes will be weighted toward larger initial signal and consequently 

large changes in the sarnple thickness. A weighted average based on the initial signal 

intesity for the thickness change for an observed signal is perhaps 4 m. 

A complication in anaiyzing the observed signal with these calcdations is that 

both ne and no are h c t i o n s  of the temperature. For 5CB: ne varies from 1.72 to 

1.65 and no varies from 1.52 to 1.54 over the nematic temperature range (see Figure 

3.4). The index of refraction changes with temperature since the temperature affects 

the order parameter and the sample density. 

The time scale in which the signal is observed is on the order of 0.1 - 1 sec. The 

time scale for reorientation of the nematic phase liquid crystals is on the order of 0.01 

to O. ls[110]. If the observed change in signal is the result of either changing the sample 

thickness or the order parameter. then the solution to Eqoation 7.1 MI1 change. If 

the order parameter changes. this results in changing the indices of refraction. . 

In order to help inderstand the mechanisms which could be responsible for the 

obsented signal. we make some calcdations of the energy and momentum transferred 

h m  the gas bearn to the sarnple. The energy of the molecules in the gas beam cornes 

from the initial thermal energy of the beam which is 6.2 x 10 -"J/molectle. The 

nozzle flow rate is given by 

where the initial temperature. T ,  = 300 K. the molecidar nreight. W = 4 x 10  kg / mol. 

7 = 5 3 no is the niimber density for the gas (= po / rn) which for heliiun is 2.68 x 

1025/m3. and d is the diameter of the orifice of the gas nozzle (for the experiments 

described here d = 2 x 10%). From this we find the nozzle flow rate. N. is eqiial to 

1.81 x lom/s. In 5 ms. which is the time for a single gas pulse. the ntunber of molecriles 

through the nozzle is N = Nt  = 2.4 x 1018 atorns. Therefore. the total energy per 

pidse is 15 rnJ. The work of Nathanson and CO-workers(451 [46] [l03] [lo-l] (1-11 siiggests 



thnt half of the kinetic energy of the beam couid go into the sarnple. Thus. at most 7.5 

mJ of energy per pulse could be transferred to the sarnple. If this energy exclusively 

goes into heating the sample then the temperatitre change can be determined using 

A H  = nLsCpAT where AH is the enthalpy for constant pressure systems. n ~ q  is the 

number of moles of liquid crystal, and Cp is the heat capacity. An estimate of the heat 

capacity of the liquid crystal to be 300 J/K-mol is made based on heat capacities for 

other similar molecular weight organic molecudes[94]. The number of moles of liquid 

crystal is given by n = pV/M where p is the density. 1.008 x 103kg/m3. the volume 

of the sarnple is 20pL. and the molecular weight is 249.36 g/mol. Then 

The observed signal is not likely the result of a bulk heating of the sample. The 

usual temperature of the liquid crystal is 25°C. thus a temperature change of 1 1°C 

woidd be reqiiired to heat the sample to the nematic isotropic transition ternperatiire. 

The change in the signal is observed in less than 1 sec. which corresponds to LO gas 

piilses. Ten gas pulses woidd only be siifficient to raise the sample temperatiire by < 
3°C according to the above calculation. In addition. when the initial temperatlue of 

the liqiud crystal was varied nu change was observed in the rise time for the signal. 

Finally. h m  the temperature profile. see Figure 7.2. raising the temperatiire wodd 

only result in decreasing the signal mhich is not consistent with our resiilts. 

Althoiigh this is not enoiigh energy to cause a biilk heating of the sample. there is 

certainly enoiigh energy to locally heat the siirface layers over the isotropic transit iun 

temperature. A phase change of the top layers of the sample would change the 

thickness of liq~iid crystal which is participating in the polarkation retardation. An 

energy of 0.03 mJ woidd be sufficient to raise the temperature of a 10 nm layer from 22 

to 36°C. This miich energy is available within a single gas pulse. but despite repeated 

efforts no signal change nras observed from a single gas piilse. In addition this method 

of energy deposition does not explain the observed anisotropy between the parallel 

and perpendicidar geeometry. since a local heating of the top few layers of the sample 

should not depend on the orientation of the moleciiles. 



A mechanism which explains the change in the signal as weU as the signal anisotropy 

is a purely mechanical model. The helium molecdes iin the gas beam may impart an 

alignment-breaking torque on the liquid crystal molecules at the surface. The effect of 

this torque would depend on whether the helium collides with the rod-Iike molecules 

"lengthwise" (parallel geometry) or "broadside" (perpendicular geometry) . In the 

parallel geometry. the projection of the beam momentum at the surface is dong the 

long axis of the liquid crystal. The result of this collision is experted to be an oiit- 

of-plane biickling motion of the rod like molecules. This out-of-plane buckling m-ouid 

produce a waving motion at the surface. but !ittle net effect on the overall alignment. 

In the "broadside" collision. the projection of the beam momentrun at the surface is 

perpendicidar to the long axis of the liquid crystal. This coidd rotate the molecules 

in the plane of the surface. mhich would disrupt the net aiignment of the sample. 

Cpon application of an external force. a liquid crystal will imdergo a deformation [52] 

as will a solid. The energy to defom a liquid crystal is miich lower than is needed for 

a solid. In Chapter 4. it was shonm that the rnaxim~un 

determined by 

For the expansions in this experiment. the gas iised ~ a s  

for the velocity of the beam 

heliiun. the initial tempera- 

tiire was 25'C. For these initial conditions. Vm, = 1766 rn / S. To calculate the force 

that a single heliiun atom imparts on the surface. assume that the he l i~m impinging 

un the si irface leaves wi t h Vuit = - I/;. where I/; is the velocity mit h which it hits the 

siirface. The force with which the gas impacts the siirface is given by ( FI = rn la(. 

where 
va,, - v -2K lai=/ ' I = I T / -  

The time for the coilision is approximated to be 10 ps. which is reasonable interaction 

time for a binary collision. From this the force on the surface resiilting from a single 

collision is determined to be IF1 = 2.34 x 10-12'1 = 2.34 x 10-'dyne. This force is 

rlose the measured b d k  elastic constants measured for similar liqiiid crystals ( - 10 -' 
dyne) [ j l ] .  Thtis the impact of the gas beam coiild piish the molecules out of align- 

ment and a collisions indiiced nematic to isotropic transition woidd restdt. If several 



collisions are involved the probability of this rnechanism would be even more likely. 

Once the molecules a t  the surface begin to rotate. the tendency of liquid crystal 

molecilles to aiign with one another could cause other molecides to follow suit and 

a dismption of several layers of the Liquid crystal would result after several pulses 

of the atomic beam. This would decrease the number of layers of the liquid crystal 

participating in the polarization retardation. The bulk alignment of the sample will 

oppose this surface initiated rotation. This would explain why no signal change is 

observed with a single pulse and that the signal remains relatively constant after some 

penod of time. In order to produce an observable signal the "effective thickness" of 

the sarnple must change by on the order of 5 nm or 10 layers. Since the alignment 

of the liquid crystal comes about by the first layer aiigning with the PVA surface 

grooves and sitbsequent layers align with lower layers. it is reasonable to assiune that 

the rotation of the s~irface layer will indiice rotation through a number of layers of 

the sample. As is shown in F igue  7.10 on average a rotation of 4 layers of sample 

will produce an observable signal. The recovery time scale with the beam turned off 

is consistent with the reorientational relaxation times of 10's to 100's of miliiseconds. 

An alternative explmation is that the collisions with the sitrface indiice a flow in 

the upper layers. Translational motion is coupled to the inner orientational motions 

in liquid crystals. t herefore the flow disturbs the alignment [491 111 11. In isotrupic 

phase liquid rrystal this coupling has been shown to produce birefnngence[ôô]. It is 

possible that "broadside" collisions are mure capable than "lengthwise" collisions in 

transferring energy and momentilm tu the liqiiid crystal. which indiices flow in the 

si ~rface layers of the liqiud crystal. Since this mechanism would produre signal changes 

by changing the "effective thickness" of the sample. it nrill also be highly sensitive to 

the exact thickness of the liquid crystal. Uensiirements of the energy disposa1 of the 

scattered products codd  increase our linderstanding of the mechanisrns responsible 

for orir observed signal. 



Chapter 8 

Conclusions 

The fociis of this thesis is to better understand the dynamics invoived in chernical 

reactions occilrring at a liquid surface. To this end three experiments were performed. 

Firstly. the effect of solvation on the energetics uf a probe species was measiired. 

The change in the energetics of the I2 probe molecide was observed as a hmction 

of the size of the cliister. and hence the degree of solvation. It was found that the 

emission observed from Iî- RG clusters iipon excitation of the iodine to its ion-pair 

levels may be due to a charge transfer exciplex formation. 

Flirt her experiments investigated reactions following HI clus ter photolysis. Our 

results taken together with earlier experiments performed in this groitp indicate that 

different photo-chernical processes occur in HI cliisters depending on the cllister size. 

Our results siiggest that the size of the cliister plays a role in detemining the products. 

Finally. the dynamics of gas moleciiles colliding with a liquid crystal s~irface were 

stridied. Measiirements of the change in the polarization retardation of a liqiiid crystal 

due tu incident gas jet were made. The orientation of the liqiiid crystal molecides !vit h 

respect to the incident beam effects the transient loss of order in the liquid crystal 

sarnple. The anisotropy may be at t ri buted t o the more efficient alignment -changing 

torqiie exerted by perpendicular collisions with the gas beam. 

There are many possible extensions to this resenrch. One interesting continuation 



of this work would be studying coilisions of NO molecules with liquid crystal sur- 

face. This would be particularly interesting since NO molecules scattered from the 

surface could be measured via REMPI spectroscopy while simultaneously measuring 

the change in the polarizat ion retardation of the liquid crystal surface. Simultaneous 

measurernents of the effect of the collision on bot h the impinging gas molecule and the 

liquid crystal surface would be very informative about the energy transfer processes 

occurring in this system. 



Appendix A 

Temperature of I2 in clusters 

A laser induced fluorescence experiment was performed t O determine t The tempera- 

ture of the incident T2 molecules in the gas beam. The expenmental set-tip is much 

like that iised for the f iiorescence excitation experiments. An exception nras the ex- 

citation source was in this case a Nd:Yag pumped dye laser operating on Rhodmine 

6G operating in the region of 591 - 396 nm with a bandwidth of 0.1 cm - '. The out- 

put of the laser nras directed tho~igh an aperatiire which rediiced the bearn spot size 

tu Imm. The bearn was not otherwise focused. The total ernission was measiired 

directly with a photomultiplier tube. 

cpon excitation of the iodine molec~des. the total emission from I2 for wavelengt hs 

greater than the excitation wavelengt h was measiired as the excitation wavelength was 

scanned between 391 and 596 nm. The (10.0). (12.1). (14.2). (16.3). and (18.4) vi- 

bronic bands of the B (mu- ) - X (lx:) transition in I p  are present at 391.3 nm. 

The spectra collected are then replicated[78] as nearly as possible by by simulated 

spectra iising the Iî molecular constants from Huber and Hertzberg[llP] and the J- 

dependent Frnnck-Condon factors from Tellinghuisen(1 l3](see Fiqire A. 1) .  For I2 in 

heliiun. argon. or xenon the rotational temperature is on the order of 10 K. The vi- 

brational temperature nras dependent on the gas. For helium at l atm the vibrational 

temperature is 30 K. for argon at 1 atm: 173 K. and in xenon at 0.2 atm :200 K. 
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Figure A. 1: (a) L I F  spectrum O/ L2 in an expansion with 0.5 a t m  argon. (6) Simulated 
L I F  spectrum O/ I2 with Trot = 15 K and TTv = 150 K. (c)  Simulated L IF spectrum of (2 
with Tr,,t= 300 K and TPjb= 300 K. 



Appendix B 

Polarizat ion measurement s 

The polarization measurement apparatiis consists of two linear polarizers between 

which the liqiiid crystal sample is moiinted. The sample is moiinted so that the 

liqiiid crystal molecules are aligned either parallel or perpendicular to the incident 

gas bearn. The polarizers are aligned orthogonal to one another and at 45' angles tu 

the alignment direction of the liquid crystal. The x-axis is d e h e d  as the ordinary 

avis of the liquid crystal and the y-avis is d e h e d  by the extraordinary axis of the 

liqind crystals. 

If the two polarizers are iised withoiit the liqiiid crystal. no light is transmitted if 

the polarizers are perfectly aligned. The liquid crystal acts as a polarization retarder. 

and as a residt some light is transmit ted through the apparatus. 

The amount of light transmitted throiigh the polarization measurement apparatus 

can be calculated. The intensity of light is a function of the magnitiide of the electric 

field of the light: 

The sesiiltant electric field of the light transmitted through the liquid crystal 

experiment is govemed by the pruduct of the Jones matrices for each of the individual 

optical elements. [48] 



The transrnitted light has an electric field vector Ë = Re { Ez + E,} . In rnatrix 

notation the two components of the incident electnc field are given as 

where Ea, and Eo, are the initial z and y amplitudes of the electric field vector. and 

qy is the phase difference between these two cornponents. 

The iight initial impinges on the h s t  polarizer which is at an angle of 45' t o  the 

y-mis in the x-y plane. The transmission throiigh this polarizer is given by the Jones 

The light transmit ted throtigh the first polarizer has an electric field of 

The liqiiid crystal acts as a polarization retarder.[48] The Jones matrix for a 

retarder nrithout atteniiation which is aligned with the extraurdinary axis on the 

x - a i s  and the ordinary avis as the y-ais is given by[48][114) 

where no and ne are the ordinary and extraordinary refractive indices respectively. 

X is the wavelength of the incident light. and d is the thickness of the liqiiid crystal 

film. Fullonring this element. the electric field of the light is : 

The final element of this apparatus is the second polarizer which is located a t  an 

angle of -45' to the y-auis in the x-y plane and has a Jones matrix given by[48] [114] 



The electric field vector for the light transmit ted through the polarization rneasure- 

ment apparatus is given by: 

The intensity of the transmitted light is given by: 

2 2 ~ n , d  - -  cos -i (X) -cos (y)} . (B-3) 

Csing ne = 1.69. no = 1-53. Eo = 1. and X = 514 nm. the light transrnitted 

throiigh the optical system is shows a dependence on the thickness of the liqiiid 

crystal sample given by figure B.1. 
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F r e  B. 1 : Intemil y of lzght trammitt ed thmugh the polarization meaguremenl apparntus 
as a function of thichess of the laquid crystal film 



Appendix C 

DKRUN 

DECLARE SCB begin (position!. uni tS .  size!. grating!) 

DECLARE SCB changeGrating (grating!) 

DECLARE SCB changesize (size) 

DECLARE SCB changeLnit (unit$) 

DECLARE SCB go (position!) 

DECLARE SCB scan (position. size) 

DECLARE SL-B qi iery (nlun. responce) 

DECLARE SLB (mit Convert (units!. imits) 

DECLARE SUB echo () 

DECLARE SLB inducrap () 

'This program is used to control the DK120 hIonochromator. 

OP EY "coml:9600.n.8.l.cs1000.ds0 " FOR RAYDOM AS # 1 

CALL bepin(position. unit P. size. grating) 

choice = O 

DO WHILE choice <> 7 

CLS 

LOCATE 3. 1.1 

PRIST .'The curent position of the monochromator is .': position: 



PRIRTT ;L 6'; unit$; :L ;L 

PRINT "The current step size is "; size; " "; unit$; "." 

PRIKT "The monochromator is using grating # "; grating; ". Lb 

F O R i = l T O 3  

PRINT 

NEXT i 

PRINT "There are a number of operations available: " 

PRIXT " ( 1 )  move the monochromator' 

PRINT " (2) scan the monochromator (-23 sec/step) '- 

PRINT ;' ( 3 )  change the ~ t e p  size" 

PRINT " (4) change the imits '' 

PRIXT " ( 5 )  change the gratingb' 

PRIXT " (6) qiiery dl'' 

PRIXT " (7) exit " 

PRIRT 

1NPL.T "Which is p u r  choice ": choice 

PRI'I'T 

IF chuice = 1 THEN CALL go(positiun) 

IF choice = 2 THEN CALL scan(position. size) 

IF choice = 3 THE3 CALL changeSize(size) 

IF choice = -4 THEX 

CALL changecni t (imi t S) 

CALL go(pusi tion) 

CALL changeSize(size) 

EXD IF 

IF choice = 5 THEX 

CALL changeGrating(grating) 

CALL go(posi tion) 

CALL changeSize(size) 

EYD IF 



IF choice = 6 THEN CALL begin(positicm, unit$, size. grating) 

LOOP 

CLOSE #1 

SUB begin (position. unit$, size. grating) 

CALL query(0. position) 

CALL query(1-l. units) 

CALL unitConvert(units. unit$) 

CALL query(6. size) 

CALL query(4. grating) 

EXD SUB 

SUB changeGrating (grating) 

IWCT Which grating do you want to use ": grating 

WAIT &H3FE. 16. O 

PRINT #l. CHRs(26); 

WAIT &H3FE. 16, O 

PRINT #1. CHRS(grating); 

messages = I'u'PCTS (1. # 1) 

END SUB 

SCB changesize (size) 

IXPL'T "What step size do you want": size 

WAIT &H3FE. 16. O 

PRINT #l. CHRS(55); 

WAIT &H3FE. 16. O 

PRIBT # 1. CHRS (size) ; 

CALL indiicrap 

EXD SUB 

SUB changeunit (unit$) 

PRINT "What imits do yoii want tu usei' 

PRINT " (1) nanometers" 

PRINT " (2) Angstroms " 



PRINT " (3) Wavenurnbers " 

INPUT "Which unit do you wish to use "; units 

WAIT &H3FE, 16. O 

PRINT #1. CHRl(5O); 

WAIT &H3FE. 16, O 

PRINT #1, CHR$(uni ts) ; 

CALL inducrap 

CALL unit Convert ( m i  ts. unit$) 

END SUB 

SUB echo 

zS = INPC'T$(LOC(l). #1) 

WAIT &H3FE, 16. O 

PRINT #1, CHRS(27); 

message5 = INPUTS(1. #1) 

PRINT STRS(ASC(messageS)) 

EXD ScB 

SL-B go (position) 

INPUT '.What position do you want to go to .*: position 

tVAIT kH3FE. 16. O 

PRIXT #L. CHRS(16); 

WAIT &H3FE. 16. O 

f i rs t  = IYT(position / 256) 

second = IIIT(position - 256 * first) 

PRINT #1. CHR$(first); CHRS(seond); 

CALL inducrap 

EXD SCB 

SUB inducrap 

F O R m = i T O 2  

FOR n = 1 TO 801 

crap = (1001 -n) A (1.23 - n * 21.2323) / m 



mosecrap = (42.3 ". (3.21 - (n / 1001))) * 29.7 / (n + 21.5) 

XEXT n 

XEXT rn 

END S b .  

SUB query (num. responce) 

zS = INPUTS(LOC(1). #1) 

WAIT &H3FE, 16, O 

PRINT # 1. CHRg(56); 

WAIT &H3FE. 16. O 

PRIXT # 1. CHRS(num); 

messages = IWCTS(2. #1) 

high = ASC(hIIDS(message$. 1. 1)) 

low = XSC(MIDt(messageS. 2. 1)) 

responce = low + 256 * high 

CALL inducrap 

EXD SU3 

SUB scan (position. size) 

INPUT bbWhat do yoii want yoiir starting position to be": first 

IXPLT .*LVhat do  yoii want yoiir ending position to be"; last 

PRI'IT '-Do you want to scan from "; first: " to .*; last: ';(Y) "; 

IXPL'T okS 

IF okS = "y*' THEX 

nimStep = CINT((1ast - first) / size) 

WAIT kH3FE. 16. O 

PRIXT #l. CHRâ(16); 

UNIT &H3FE. 16, O 



one = INT(first / 256) 

two = INT(first - 256 * one) 

PRINT #1, CHR$(one); CHRS (two); 

IBPUT "When you want to start press return"; d u m y  

FOR i = 1 TO numStep 

PRINT #l. CHRs(5.L); 

C ALL indiicrap 

NEXT i 

CALL query(0. position) 

END IF 

END SUB 

SUB iuiitConvert (imits. mi t$)  

IF units = 1 THEX m i t $  = -hmz 

IF units = 2 THEN unit$ = "Angstroms" 

IF units = 3 THE5 unit$ = s'wavenumbersb' 

ESD SCB 



Appendix D 

LOCKIN 

Simulates Chart Recorder for SR510 Lockin Amplifier. 

' This program uses the RS232 port on the Luckin Amplifier. 

'Dimension some variables and open iip the corn port. 

DIM CiirrentDataPt. CiirrentErasePt. CiirrentTirne. waitTime AS I'ITEGER 

DIM Sipl(-10 T O  5000) 

OPEX "coml:9600.X.8.2.CS.DS,CD " FOR RAYDOM AS # 1 

PRINT #1. '' " 

'This activates the FI key so that it may be iised as a trap to begin or 

end the program. 

KEY(1) ON 

ON KEY(1) GOSuB KeyStroke 

CLS 'clear screen 

LOCATE 5 . 1  

PRI-UT "This program emidates a chart recorder. " 

LOCATE 1 0 , l  

IXPUT "What is the minimim signal"; yMin 

INPUT "What is the maximum signal"; yMax 



INPUT "How many minutes should appear on the screen "; minuteMax 

ILPUT "How many seconds between data points"; waitTime 

INPUT "What is the data filename "; filename$ 

xMax = INT(minuteMax * 60 / waitTime) 

OPEN filename$ FOR OUTPUT AS #5 

fmnat$ = ' & # # # # # a # # #  #####.####'& 
'These values are used to allow room for a header and a footer on the screen 

ayMin = yMin - (yhfax - yMin) / 10 

' Make the actual yMin value (yMn - one tenth of delta y)  

ayMax = yMav + (yMax - yMin) / 10 

' Make the actual yMax value (yMax + one tenth of delta y) 

'Open up the graphics screen. 

SCREEX 12 

' D e h e  the cvordinate addresses for the screen. 

WINDOW (-xMax / 10. ayhlin)-(xMnx. ayhlax) 

'Draw a box on the screen. 

LINE (0. yh1in)-(x\fax. yMax). 4. B 

LIYE (O.  O)-(xS1ax. O ) .  -4. . 11 11 

VIEW PRIXT 3 TO 3 

PRINT ybfax; 

VIEW PRINT 28 TO 28 

PRINT yhfin; 

IF (yMax > O) AKD (yMin < O) THEN 

position = ( y M a ~  / (ybfax - yblin)) * 25 

' There are 23 text lines within the signal box. 

zero% = INT(position + 3) 

VIEW PRINT zero% TO zero% 

PRINT O; 

END IF 

VIEW PRINT I TO 2 



PRINT TAB(25); "Hit the 'FI7 Key to begin the program. " 

LVHILE Ikey O 1 

WEND 

CurrentDataPt = O 

StartTime = TIMER 

PRINT # 1. "Q '' 

IlWUT # 1. InSignal 

Signi(CurrentDataPt) = Insignal * 1000 

This converts signal in volts to signal in rnilivolts. 

Ikey = O 

VIEW PRI'TT 1 TO 2 

PRIXT TAB(25): "Hit the 'Fl' Key to end the program. +* 

WHILE (Ikey <> 1) AXD (Clment DataPt < 5000) 

' This controls the time between collecting data points. 

WHILE TIMER - StartTime < waitTirne 

WEXD 

StartTime = StartTime + waitTime 

Set iip some cunstants that will be ~ised within this loup. 

CrirrentDataPt = CurrentDataPt + I 
Ctirrenthop = INT((CurrentDataPt - 1) ,/ xMnx) 

CurrentErasePt = CurrentDataPt + 5 - xMax 

Current EraseLoop = INT((CurrentErasePt - 1) / x3h-Y) 
Detelmine the current time. 

CurrentTime = CrmentDataPt * waitTime 

NumLIinutes = INT(CurrentTime / 60) 

S~unSecunds = CurrentTime - NiunMinutes * 60 

' This part reads in signal from the iockin amp. 

PRIYT #l. "Q;' 

INPUT #l. InSignal 

Signl(CurrentDataPt ) = InSignal * 1000 



' This converts signal in volts to signal in rnilivolts. 

Open up the file for output. 

PRINT #5. USING format$; CurrentTime / 60; Signl(CurrentDataPt ) 

' Writes curent values on the screen. 

VIEW PRINT 29 TO 30 

PRINT TAB(7); Currenthop * minuteMax; "min "; 

PRINT TAB(72); (CurrentLoop + 1) * minuteh1a.x; 'min" 

PRINT TAB(23); "tirne = "; NumMinutes; "min "; XurnSeconds; 

"sec Signal = "; 

Signl(CurrentDataPt ): '' ": 

Draws data on the screen. 

IF CurrentDataPt + 4 < xMax THEX 

LINE (CimentDataPt - 1. Signl(CurrentDataPt - 1))-(CurrentDataPt. 

Signl(Current DataPt)) 

ELSE 

ErasePt = Current EraseP t - Cilrrent EraseLoop * x k Z i ~ ~  

CurrentDrawPt = CimentDataPt - CilrrentLoop * xMax 

LIXE (ErasePt - 1. Signl(CurrentErasePt - 1))-(ErasePt. Signl(CiirrentErasePt)) . 

LIXE (Ciirrent DrawPt - 1. Signl(C~1rrentDataPt - 1)) - (CurrentDrawPt . 

Signl(Ci1rrent DataPt)) 

EXD IF 

WEXD 

SCREE-U' O 

CLOSE #1. #5 

END 

KeyStroke: 

Ikey = 1 

RETURN 
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