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Abstract

u-

Inelastic scattering of highly vibrationally excited molecules in the ground
m

electronic state was studied under single collision conditions using crossed molecular °

beams. The vibrational to translational (V-+T) energy transfel_ in collisions between
1

large highly vibrationally excited polyatomics and rare gases was havestigated by time-of-
E

flight +techniques. Two different methods, UV excitation followed by internal conversion +
I

and infrared multiphoton excitation ¢IIRMPE),were u_d to form vibrationaUy excited

molecular beams of hexafluorobenzene and sulfur hexafluoride, respectively, The

product translational energy was found to be independent of the vibrational excitation. +

: These results indicate that the probability distribution function for V--,T energy transfer =

is peaked at zero. The collisional relaxation of large polyatomic molecules with rare

gases ,host likely occurs through a rotationally mediated process.

. The photodissociation of nitrobenzene in a molecular beam was studied using the _

266 nm radiation, Two primary dissociation channels were identified including simple --
J

bond rupture to produce nitrogen dioxide and phenyl radical and isomerization to form

nitric oxide and phenoxy rad_c_. The time-of-flight spectra indicate that simple bond

rupture and isomerization occurs via two different mechanisms. Additionally., secondary,
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dissociation cf the phenoxy radicals to carbon mo.oxide and cyclopentadienyl radicals

was observed as well as secondary photodissociation of phenyl radical to give H atom

and benzyne.

The development and characterization of a supersonic methyl radical beam source

is described, The beam source configuration and conditions were optimized for CH3

production from the thermal decomposition o! azome'.hane. Elastic scatlering of methyl

radical and neon was used to differentiate, between the methyl radicals and the residual

azomethanc in the mol_.cular beam, This source was built in preparation for methyl

radical photodissociation and re.active scattering studies.
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Chapter 1:

1.1 Introduction:

Following thermal, optical or chemical activation a molecule can relax via a

number of pathways. For example, unimolecular reactions such as isomerization and

dissocialJon compete with intermolecular processes including collisional energy transfer

and reactive encounters. Traditionally, these elementary processes have been stu.aied by

measuring overall rate constants using bulk samples. The hlherent averaged nature of

the conventional "bulb" experiments, however, limit the microscopic information that can

be obtained.
t

Molecular beam techniques, on the other hand, can provide extremely detailed

information regarding the dynamics of molecular collisions. Velocity, angular

divergence and initial internal state can be well defined. This allows control over the

collision parameters and provides an opportunity to explore the internal state and

translational energy dependence of inelastic and reactive encounters. The final velocity,

" angular and internal state distribution of the scattered products can be meat,:red using a

variety of techniques. From this information it is possible to ascertain how energy is

distributed among the product degrees of freedom. This allows insight into the reaction

mechanism: whether the reaction occurs through a long-lived complex or a direct

mechanism. Additionally, the single collision conditions of crossed molecular beam
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experiments permits the untunbiguous identification of primary products. This is

particularly essential in cases where highly reactive species, such as radicals, are used as

reactants or are formed as products. The secondary collisions present in bulk studies

often hinder primary product identification.

This thesis focuses on the collision dynamics of highly vibrationally excited

molecules using crossed molecular beams techniques. Chapter 2 describes our endeavor

to study the inelastic scattering of highly vibrationally excited polyatomic molecules with

rare gases. Since collisional deactivation studies of large polyatomic molecules have

been primarily "bulb" experiments, only averaged values of energy transferred per

collision have been measured. By taking advantage of the single collision conditions and

the well-defined energies of velocity selected and supersonic molecular beams more

detailed information regarding the mechanism of vibrational energy transfer can be

obtained.

Since unimolecular decomposition can compete with collisional energy transfer, a

logical progression from these inelastic scattering experiments was to consider how a

molecule excited above the dissociation threshold relaxes under collision free conditions.

Studies on the photodissociation of nitrobenzene studies are described in chapter 3. With

a UV photon, nitrobenzene can be excited well above the dissociation threshold for

several reaction channels. The various primary product channels for unimolecular

decomposition were identified and compared to those found in thermal decomposition

studies.

It is important to mention some of the motivation for choosing to study the

nitrobenzene photodissociation. This experiment was, in part, inspired by our group's

long interest in phenoxy radical decomposition.[1, 2, 3] Since nitro-niuite isomerization

occurs readily,[4, 5, 6] photodissociation of nitrobenzene was thought to be a potential

precursor of phenoxy radical. The formation of phenoxy radical was indeed found to be
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an important primary,productcha.nrteland this photodissociation experinaentalso

provided the opportunity to study t't'_esecondary decomposition of phenoxy radical.

' While chapter 2 considers the inelasSc _catteringof highly vibrationaUyexcited

' molecules and chapter 3 explores the unimolecu;ardecomposition of highly vibrationally

. excited molecules, an al_emativerelaxationscheme of highly vibrationallyexcited

molecUlesk_via reactive encounters. Recent cryogenic mamx experiments studying the

light induced oxygen atom transfer from NO2 to unsaturated hy,zlrocarbons,[7]initiated

our interest in reactions of h_g.hlyvibrationaUyexcited NO2, In the reactive scattering of

vibrafionatly excited molecules, the relative importance of react_mtvibrational and

translational energy in overcoming an endothermic energy barrier is of great interest.J8]

For the cros_d molecular beam experiments, a highly vibrationally excited NO2beam

was crossed with a cyclohexene beam, Unfortunately, even wi,th a collision energy over

50 kcal/mole and NO2 internallyexcited to 53 kc',d/mole,the high barrier for the reaction

and the low cross section of molecule-moleculereactions made it difficult to study these

systems with crossed molecular beams.

To u'y and overcome the low probability for th,zreaction, the orientation of N_t

! and cyclohexene in a "collision complex" by fonaing NO2-cyclohexenedimers in a
4

! molecular beam was attempted, During this "half collision" experiment, the photo-.
I

i initiated ur_imoleculardecomposition channels can be studied. If the complex is in a

i favorable configuration, an oxygen atom transfer to cyclohexene can compete with
predissociation of the dimer. Irt practice, it was difficult to characterize the dimer beam

and confirm the existance of NO2-cyclohexenedimers. Photodis,_ociationstudies

showed no evidence for oxygen atom transfer to the hydt'oc_)a'bon.Since these "hot" NO2

systems are not presently amenable to studies with crossed molecular beams t_ofurther

discussion was included.
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Finally, the properties and reactions of polyatomic radicals have been also been a

focus of chemical dynamic studies. These reactive species play key roles in combustion

and atmospheric chemistry. Chapter 4 describes the design considerations,

characterization, and optimization of a.supersonic methyl radical beam source that has

successfully generated an intense beam of methyl radicals. 'rh_s source was built in

preparation for a number of methyl radical studies including, the photodissociation of

CH3 as well as a number of reactive scattering experiments,
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_ Chapter 2:

Collisional Deactivation of Highly V!_brationally Excited

Molecules Using Crossed Molecular Beams

2.1 Introduction:

One of the most fundamentalquestions of molecular dynamics and chemical

kinetics involves the details of intermolecularenergy transfer pathways as .;nternally

excited molecules return to equilibrium. These energy transfer processes occur when

excited molecules interact w'_thother species in gas or in condensed phases. The direct

experimental measurement of collisionalenergy transfer hathe gas phase has been an

active area of research for many years and has resulted in an understanding of energy

transfer at low degrees of excitation.[1, 2] Despite its importance in a wide range of

chemical reactions, much less is known about collisional energy transfer processes at

hig,t excitation energies. In this case, most of the studieshave been limited to "bulb"

type techniques where multiple collisionsand extensive averaging severely limit the

dynamical information obtained° To date, most experiments have been able to measure

only <AE>, the average energy transfen'ed per collision.[3, 4, 5] Only recent

experiments have made it possible to gain more insight hathe distribution of energy

transferred and its energy dependence. [6, 7] For a complete understanding of these
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processes, it is important to investigate how the initial vibrational energy of the donor

molecule can be distributed arnong ali the degrees of freedom (i.e. translation, rotation, --

as well as vibration).

A vast amount of work has been dedicated to understanding inelastic collision

processes. The experirnents described in this chapter focus on 1he vibration to translation . =

energy exchange of highly vibrationaUy excited molecule_ in thek ground electronic state.

Presented here is a brief overview that concentrates on the relevant work that has _en

done in this particular area of intermolecular energy transfer, with an underlying

emphasis on how a crossed molecular beams exrveriment can contribute to a far greater

understanding of the energy transfer mechanisms. The goal of the experiments described

in this chapter was to measure the actual distribution of energy transferred to translation

upon a single collision by exploiting the well-defined conditions of molecular bea_n

experiments. These experiments can help generate a uniquely detailed view of the mergy
z

transfer processes and thus lead to a more complete picture of the fundamental molecular

dynamics.

2.1.1 The Master Equation:

The importance of collisional energy transfer has been recognized since 1922

when Lindemann first proposed the following three step mechanism for unimolecular

reactions.
z

A + M --> A* + M kl' activation
=

A* + M --->A + M k2: deactivation

A* ---) products k3: reaction

hl the Lindemann-Hinshelwood mechanism, a reactant molecule can undergo two

processes, lt can gain or lose energy through collisions or, if it has sufficient energy,

_=
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urtimolecular decomposition can compete with collisional deactivation. The reactant

molecule A has an initial energy E' before collisions and some final energy E ",ffter

colliding with a bath gas species M. Collisions occur with frequency, Z(E)[M], and the

probabili_ distribution function P(E,E') is used to describe the transition. The excited

. molecules can also react with a microscopic rate. coefficient k(E). The following master

equation has been developed to describe the change in the reactant molecule population,

g(E,t):[8]

dg(E,t) = [MI_[Z(E')P(E,E')g(E',t) - Z(E)P(E',E)g(E,t)ldE'- k(E)g(E). (1)

The master equation assumes that the discrete energy levels can be approximated with a

density of states function. This is justified in the vibrational quasi-continuum, which

occurs at high excitation levels.

The solution to the master equation requires knowledge of k(E), Z(E), as well as

P(E,E'). Unfortunately, there is only a limited amount of experimental info:mation

available, regarding these parameters. The development of RRKM theory has allowed

the straightforward calculation of k(E) based on the potential energy surfaces, the

transition state configuration, ,'rodthe molecular properties.J9] For experiments

described here, the initial excitation remained low enough that no reactive channels were

present. "therefore, the k(E)g(E) term in the rate equation was essentially zero.

In contrast to the single collision experiments, the choice of collision frequency

in "bulb" experiments is not as clear cut but is critical in determining the correct transition

- probabilities, The extensive averaging in the thermal systems only allows the

experimental determination of product Z(,AE>, which is simply the rate coefficient for

energy transfer. Different Z(E)'s and P(E,E')'s can be used to generate the measured

rate coefficient. For example, the following two scenarios can result in the same overall

energy transfer rate: a few collisions might each transfer a large amount of energy, or
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many collisions may each transfer only a small amount of energy. Comparirig the overall

energy transfer rates can eliminate some of the problems created by the assigning a

collision frequency to each system, lt is important, however, to note the collision

frequency used when comparing thevalues of <AE> reported for diffelcnt experiments.

It is generally accepted, from both experimentalevidence and trajectorycalculations, that

the Lennard-Jones collision frequency is an appropriate reference collision number for

collision partners that do not have strong dipole-dipole interactions.[10] "ltaeLennard-

Jones collision frequency for a given molecule a struck by molecule b is given by:

,,,_ 2,,,8kT,,l/2r.x (2,2)*

ZLj= J.'_bUab_-_ ) l,,_ab , (2)

where the mutual collision diameteris given by the collision diameters of the two gases

_2ab (2'2)*is the collision integral which
ffaa + Obb

with themselves by gab- 2 .[11]

includes parameters to describe the interaction potential and Nbis the concentration.

The transition probabilities, P(E,E'), have yet to be determined directly from

experiment. There are two restrictions on the functional form of the P(E,E'). Since this

model describes microscopic events, det,_!!edbalance of the forward and backward

"reaction" must be maintained. The P(E,E'), as a probability function, must also be

normalized. So far,<AEd>and <AEall>,the average energy transferred for deactivating

collisions and the average energy transferred for ali collisions, have been the most

accessible experimental quantities regarding the probabilitydistribution function
on

(_)(e- E') P(e, E') de
<AEo> = for e < E (3.1) "

on

P(e, E') d_

and <AEall> =[ (e- E') P(e, E') de (3.2)
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Unfortunately, the measured energy transfer rates do not contain enough irfformation to

generate the actual form of the probability function. Typically a convenient functional

form has been assumed for the P(E,E'). Popular functions include the strong collision,
P

the step-ladder, and the expone.,-xialmodels. Assumed functional forms coupled with the

Z<AE> measurements and the ZLj have been used to generate P(E,E') distributions.J4,

5, 12]

Clearly, a direct measurement of the probability distribution function is necessary

to further our understanding of collisional energy transfer processes. Recently progress

has been made along these directions.[6, 7] New techniques have made it possible to

experimentally measure <AE2> as well as <AE>. More information regarding _te actual

shape of the population distribution during relaxation can be extracted from these dh'ect

measurements of <AE2>.[6, 13]

2.1.2 Collisional Energy Transfer Experiments:

The basic experimental scheme for collisional energy transfer studies includes the

initial excitation or activation of the reactants followed by monitoring the energy transfer

from those reactant molecules to the bath gas. There. are a number of ways to de,tect the

•amount of energy transferred. In early experiments, indirect methods monitored the

changes in unimolecular rate constants as a function of bath gases and pressures. This

produced some qualitative information about the energy dependence of <AE>. More

recent direct studies have been able to make real time measurements of the energy decay

in molecules. For example, UV and lR absorption and IR emission have been used to

track the average internal energy of the excited molecules. Other techniques probe the

translational energy increase in the bath gas, For example, photoacoustic, thermal

lensing, and UV absorption by tracer gas have been used to measure the energy acquired
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by the bath gas through collisions. Because there is a vast amount of work covering

various aspects of energy transfer, only the work directly related to the molecular beam

experiments described in this chapter (the collisional deactivation of C6F6 and SF 6 by

rare gases) will be mentioned here. More thorough descriptions of other experiments,

their results, as well as the theorelical work can be found in several comprehensive

reviews by Tardy and Rabinovitch,[5] Quack and Troe,[ 12] Yardley,[1] Gordon,II4]

and I-tippler.[3] To date, no molecular beana energy transfer experiments with highly

vibrationaUy excited molecules have been reported in the literature.

Time-resolved absorption and emission spectroscopy have recently been used to

mortitor the internal energy of highly vibrationally excited molecules, by a nurnber of

research groups.[4] In these techniques an initial narrow distribution of vibration_y

excited molecules is obtained by exciting the molecules to a high electronic level. The

electronically excited molecules subsequently relax, by internal conversion, to the highly

vibrationally excited ground state. Depending upon the electronic transitions (and lasers)

available, between -40-150 kc',d/mole of vibrational energy can be deposited into each

molecule. The average energy transferred from the excited molecules is monitored by

UV or IR absorption, or IR emission. These spectroscopic techniques provide

information on the internal energy content of the molecule.

The time-resolved ultraviolet absorption technique has been applied to a number

of systems including: cycloheptatriene, toluene,[ 15, 16] CS2,[ 17] azulene,[ 18]

CF3I,[18] benzene,[ 19] and hexafluorobenzene.[20] The measured transient absorption

spectra, coupled with an accurate calibration of the absorption cross section as a function

of temperature, gives the time-dependent average internal energy. In the C6F6 ,and C6I-_

studies, an exponential decay function was used to model the vibrational energy as a

function of time, viz.

E(t) = E (Eo)exp(_-_-)-Zt (4)
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Lennard-Jones parameters were used to determine the collision frequency, Z, and AE(E)

was found to be energy-dependent. The initial value AE(Eo), with 639 kJ/mole

excitation, was est mated to be 2, 35 kJ/mole for deactivation by argon. Argon was

found to be 4-5 times more effici ent at deactivating C6F6 than C6H6. This difference

was attributed to the lower vibrational frequency of the C-F bond compared to the C-H

bond.

The time-resolved spe :troscopic measurements rely heavily on accurate

calibrations of tile absorption and emission of the vibrationally excited molecules.

Typically, the calibrations are made by measuring the absorption or emission at various

known levels of internal excitation. Extrapolation of this dala is used to cover the

inaccessible energy regimes. The difficulty in obtaining good calibrations has led to

some controversy over the energy dependence of the energy transfer for large molecules_

Results for several systems suggest that the energy transfer is independent of energy[3,

8, 15, 16, 18], while other experiments suggest there is a linear dependence on

energy.[ 19, 20, 21, 22, 23, 24] More extensive studies show that there are other factors,

in addition to the calibration curves, that contribute to the observed discrepancies.[3]

There are two regimes that give different energy dependences of the energy ta'ansferred.

At high initial excitation energies the energy transfer is independent of internal energy. In

contrast, <AE> becomes linearly dew.ndent on internal energy at lower excitation levels.

The turnover point of the energy dependence was found to be dependent on the size of

the vibrationally excited molecules.

Another system extensively studied and pertinent to this work is the energy

transfer in the SF6 and argon system. Time-resolved optoacoustics has been used to

measure the time constant for vibrational relaxation of SF6 by argon as a function of the

average initial excitation.J25] In contrast to the time-.resolved spectroscopic

measurements, optoacoustics, thermal lensing, and UV absorption of a tracer' gas,
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measure the rate at which the translational energy in the bath gas increases. For SF6 and

argon, the energy transfer rate is found to be linearly dependent on the initial internal
<AE>

energy for excitation between 4,000-19,000 cnr t with <E> - 4'1x10"4' This is an

order of magnitude lower than 3.7xi0 -3 found for C6F6.[20, 21] The difference in these

values is likely to be due to the high symmetry of SF 6, which limits the vibration to

rotation energy exchange.

Great strides in experimental teclmiques have made it possible to obtain more

detailed measurements of collisional energy transfer processes. A population

detemaination method, using fluorescence to track the collisional deactivation of nitrogen

dioxide, is sensitive to the functional form of the P(E,E') used to fit the fluorescence

signal.[7] For noble gas colliders, the energy trar,,ffer is found to be symmetric about

the mean energy removed per collision and is best fit by a chopped gaussian function.

Another new technique uses a kinetically controlled selective multiphoton ionization

scheme to detect the transient population in an energy window below the initial

excitation.[6, 13] The ion signal as a function of window energy and time has been used

to directly obtain both ,_E> and <AE2> and their energy dependences. These

experiments directly measure the width of the probability distribution function as well as

the average value.

More recently time-resolved infrared diode laser probing was used to explore

how the initial energy can be distributed among all the degrees of freedom (i.e. vibration,

rotation, and translation) on the single collision time scale.[26] Two distinct mechanisms

were found to be responsible for deactivating a highly excited donor molecule. In

collisions with resonant vibration-vibration energy transfer between the donor and

acceptor molecules, very small (<lcre -1) amounts of rotational and translation energy is

exchanged. In an alternative deexcitation channel a large amount of energy is transferred

directly to translation, AEt=500 cm'l
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2,1.3 Energy Transfer Trends:

The energy transfer in systems with large molecules at high excitation is quite

complicated. The energy transferrate is a combination of vibration-to-tra.:_slationtJ'ansfer

(V- >T)and vibration-to-rotation (V_R) transfer for collisions between excited

molecules and rare gas atoms. For collisional energy transfer with polyatomic buffers

vibration-to-vibration energy transfer is an additional channel. For the general trends of

vibration to translation energy transfer, it is helpful to look at simpler systems with low

excitation. The basic energy transferpropensity rules and the experimentally measured

rates for the various energy exchanges suggest that V_->Tis the least efficient energy

transfer process°

Most of the common theories describing direct vibration to translation energy

exchange are based on one proposed by Schwartz, Slawsk'y and Herzfeld., the SSH

model.[ 1, 2, 27, 28] The initial model considers the head on collision between a diatomic

molecule and an atom, with an exponential intermolecular potential. This theory has been

further extended to include a three-dimensional treatment for both diatomic_ and small

polyatomics and has been used for quantitative compa_ason with experimental

measurements. For collision energies within the thermal range, the basic models for

energy transfer combined with experimental results have helped establish the following

general set of propensity rules for V_->Tenergy exchange.

i) The probability of V<-_Tis generally very small, particularly when the

collision time is longer than the vibrational period. In this case, the approaching

atom only probes the average position of a rapidly fluctuating oscillator,

therefore, direct V->T relaxation is unlikely. V-->T transfer should be more
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likely at the repulsive part of the potential where the Fourier components of the

force are closer to the vibrational frequency.

ii) The probability for V_-+Ttransfer decreases exponeatially as the

energy defect between vibration and u'anslation increases. This is commonly

known as the "exponential gap" law.

iii) The probability of molecules losing 2 or more quanta of vibration is

smaJler than for the Av----&lprocess. Av---+_2,Av----&_3processes become more

probable as the initial intern',d energy of the molecule increases.

iv) Low frequency vibrations relax more readily than high frequency

vibrations.

v) At higher osc_lator excitation, the probability for a deactivating

collision increases as Pr,v-1 = vPI,0, where Pv,v-I denotes the transition

probability from the v to v-1 state.

These general rules imply that the probability distribution function for energy

transfer to V-_T is likely to be strongly peaked at zero. At thermal collision energies, the

typical collision time is an order of magnitude longer than the vibrational period. In

contrast, the thermal collision time is closer to the impulsive limit for rotational energy

transfer. Therefore, R.gT is a more efficient than V4-_T. Experiments have shown that

the V---_Ttransfer rate can be up to tour orders of magnitude lower than R-_T and R--,xR

at low excitation energies.[ 1, 2]

For large polyatomic molecules, at high initial excitation, the lack of realistic

potential energy surfaces and the large number of collision parameters has made it

difficult to obtain a detailed picture of lhe transt'er mechanism. The propensity rules,

determined for systems with low excitation, may be applicable to the high excitation case.

The resonance criterion, however, is less restrictive with the greater density of states at

_-__-
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high excitation energies. An increased efficiency of energy transfer from the dense

quasicontinuurn at high energies compared to the sparse low-energy manifold has been

experimentally observed.[3]

Trajectory calculations have been used to investigate the collisional energy

. transfer for polyatomic molecules colliding with noble gases. The calculations indicate

that the internal energy of the molecule fluctuates during the collision time and strongly

depends on the initial conditions of the collision.[3, 29, 30, 31] Using a large number of

trajectories, the average energy transfer behavior is found to be best represented by an

exponential probabilitydistribution function:

1P(Ef, Ei) --- xp - for Ef<..Ei

1-Lexp('- E--f-z--E-iE"_ for Ef---Ei (5)
_+7 k 7 )

where the average energy transferred in activating collisions, _,, is less than the average

energy transferred in deactivating collisions, ox.The P(Ef,Ei) for the deactivating

collisions can also be represented by a biexponential function with a dominating

contribution from "weak" collisions that transfer small amounts of energy and an

additional component from "strong" collisions, which transfer large amounts of

energy.J32]

To acquire a complete descriptionof the vibrationalrelaxation mechanism(s), it is

also important to consider therole of ;rotationsin the deexcitationscheme. Vibrations and

rotations are likely to be coupled duringthe collision and theefficiency of rotational

energy transfer has been well recognized. The first model to explore the significance of

rotations was proposed by Cottrell et. a1.[28]and was later extended by Moore.J33]

Calculations including the interaction between a classical rotator and a quantized vibrator

showed that V_R energy transfer is important for a number of small molecules w_th

small moments of inertia and low excitation energies. _qaevibrational energy of a

_m
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molecule may be transferred into the rotation of its collision partner, or into its own

rotation. In the cases studied,the larger V---_Rcoupling compared to V---_Tcoupling was

attributed to a faster rotational velocity than translational velocity, therefore the V_--_R

energy exchange is closer to the impulsive limit than V_-_T.

The importance of Vo R energy exchange has also been noted in trajectory

calculations of systems at high excitation energies.[30, 31, 34] Hippler, Schranz and

Troe have made extensive simulations of argon colliding with SO2 at various initial

internal energies of both Evib and F-aotand have calculated the state..specific rate

coefficients. The result,,;showed that an initially highly vibrationaUy excited but

rotationally cold molecule will first gain rotational energy while it cools vibrationaUy.

Then both the rotations and the vibrations relax as the system approaches thermal

equilibrium. The_ findings suggest that the dominant deexcitation scheme is largely a

V_R_T mechanism. Although the calculated rate constants are an order of magnitude

higher than the measured values, due to the classical treatment of the vibrations,[35]

these calculations provide a dynmnical picture of the energy transfer mechanism.

The experimental results for the collisional energy transfer of highly vibrationally

excited molecules show that <AE> depends on many factors including the molecular

parameters of the reactant and bath gases such as the number of vibrational degrees of

freedom, the initial excitation, and the temperature of the system. A few general trends

have been observed in the experimental results and will be discussed in the following

paragraphs.

The <AE> for reactant molecules of different sizes suggest that as the molecule

becomes more complex <AE> decreases for V_-.T and possibly V_-_R.[3] The opposite

trend is u'ue for the complexity of the bath gas. A comparison of the densities of states

can be used to explain these trends. A larger reactant molecule can store the internal
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energy more easily than a small reactant molecule. Similarly, a large bath gas molecde

has more degrees of freedom to accept theenergy, therefore more energy is transferred.

The average energy transferredper coUisionis strongly dependent on the intern_J
t

energy of the molecule. At low energies where thevibrational state densities are low,

<_E> ,,, <E>2. As the vibrational state density increases, there is a linear dependence on

energy. At high levels of excitation, the ¢.2_E>becomes independent of E.[3] Small

molecules with lower state densitiesdemonstratehigher dependences on the inillia!

excitation energy compared to larger molecules. This energy dependence has also teen

predicted by trajectory calculationsand statisticalmodels.J3]

Energy transfer studies have been done with a large number of collider gases,

For rare ga_ buffers, the tabulated data[3, 4, 5, 7] show that <z_E>is only slightly

dependent on the size.of the rare gas. <AE> is between 50-100 cm"1for triatomic

reactant molecules with <AE> typically increasingfrom helium to xenon. <z_E>is

usually smaller for helium, while the values for neon, argon, kxypton and xenon ,are

quantitatively simil_. Large reactant molecules follow the same trend in <z_E>with only

a smaU increase in the magnitude to <zSE>=50..250cre"I. Molecular buffer gase_ are

more efficient colliders with the additionalV-V exchange channel. Correlations of

<_E> with various molecular collider propertiescan be found in the review by Tardy and

Rabinovitch. [5]

The translational energy dependenceof theenergy transfer can be used to

distinguish what types of interactionsare impon,_mt.If the attractive part of the potential

" is responsible t_r the energy exchange, <AE>wiIl decrease with increasing translational

energy, On the other hand, if the repulsivepart of the potential is responsible for energy

transfer, the opposite trend tw.curs.Temperature dependence studies, using la,serheatJing

and shock ,,,caves,indicate that there is no l_ge variation in ,_E> in the acces,,.fible

temperature ranges.[35, 3,6] <AE>*,'I"nwith n=0-2:1between room temperature to

m
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--103K. Rare gases tend to show a stronger positive temperature dependence than the

polyatomic buffer gases.[3]

Another area of interest is the V_T energy transfer at very low collision energies
n

(1-100 cre-t), where large cross sections and mode specific energy transfer have been

observed for low vibrational excitation.J37, 38] Several mechanisms have been used to

explain these results. T-rV excitation increases with Etrans. From microscopic

reversibility, the V--)T deexcitation process should become more important as Eui_

approaches zero and a negative V---)T temperature dependence is expected. 'l_e role of

quantum mechanical resonances contributing to enhanced V-_T deexcitation has ak_;o

been the subject of some debate. Calculations suggest that the resonances increase the

energy transfer cross sections at very low energies (0.1 cm "1)and that only the attractive

forces should be responsible for the energy transfer at the collision energies observed.

Although there are many extensive studies which measure the overall rates of

energy transfer for various systems, it's important to emphasize that more experiments

are necessary to learn more about the functional form of the P(E,E') and the degrees of

freedom important in the rela.xation. Crossed molecular beam experiments can help

resolve some of these remaining questions.

2.1.4 Crossed Molecular Beams and Inelastic Scattering

Experiments:

There _tre two major goals of using the crossed molecular beams method for

studying inelastic collision processes. The fixst is to unravel the mechanism(s)

responsible for the energy transfer between the different degrees of freedom. The ,second

is to learn about the parts of the interaction potentials that are responsible for the energy

transfer. In inelastic scattering experiments of highly vibrationaUy excited molecules in

_ii _l,I,il1,,q,,' ,r ,, ,_...... vl,r'"' ,, "I' ..... I, iffIr,_l_l,_'qil.,,m,, ,,, r=if,', .,',o '" ,'_, ii ..... "rlilTill'lll '' " " !lq " i_ilqrlp, ,,'_, ,'l'i .... lr' ' qi'l,_ll,, ,_,,r, ,,,TI,=,_, ,,mi,, ,,,, _iI,,,_,_
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the ground electronic state,, it is possible to directly measure the velocity distribution of

the scattered products by time-of-flight techniques. Ch,'ulges in the translational energy,

measured in the time-of-fliglat spectra, can be directly converted to the probability
Q

distribution function for the V-T energy transfer in the center-of-mass frame. This was

. the main objective of the experiments described in this chapter.

An advantage of the crossed molecular beam technique is the fact that the particles

undergo only one collision when crossing the interaction region. Therefore the collision

dynamics can be studied without the interference of multiple encounters which can

severely complicate the .results, Using velocity selectors or the seeded beam technique, it

is straightforward to control the collision conditions and to obtain a mmslational energy

dependence of the inelastic processes. A comparison of effusive beams, which have a

thermal rotational population distribution, with supersonic beams, where the rotational

distribution is cooled by the expansion, can also be used to investigate the role of

rotational energy in the scattering. One can also obtain the angular dependence of the

energy transfer by using a molecular beam apparatus equipped with two fixed sottrces

combined with a rotating detector. These features of crossed molecular beams

experiments offer a unique opportunity to study the detailed mechanisms for energy

transfer,

Molecular beam techniques have been used to study inelastic collisions at low

vibrational energies. A variety of detection methods have been used including product

velocity analysis and laser induced fluorescence. With optical detection methods, one

can directly probe the final vibrational and rotational state distributions of the scattered

products and can detect low levels of energy exchange, One great limitation of these

techniques, however, is the requirement that the monitored species must have an optical

transition within the wavelength range of a tunable dye laser. The universality of an

electron bombardment and mass spectrometer detector combined with product velocity
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analysis, on the other hand, makes it possible to study an um'estricted range of

molecules.

In inelastic scattering experiments, where the product masses remain identical to

the reactant masses, the final velocity in the center-of-mass frame (CM) is dependent on

the energy transferred, AE, to or from the translational degree of freedom by:

(U'l= ul l-k- trj j (6)

where ul is the initial CM velocity, U'l is the final CM velocity and Etr is the initial

translational energy. AE is the collision induced change in the internal energy. For a

deactivating collision, internal energy is released to the translational degree of freedom

and AE has a negative value. An example of a Newton diagram with the velocities in

both the laboratory and center-of-mass frame for a deactivating collision is shown in

figure 2.1.

The velocity resolution of the apparatusis the limiting factor of the translational

energy exchange method.To maintain a high resolution experiment, the two colliding

beams must have well-defined velocities and angular distributions, lt is possible to

resolve the inelasticu'ansitionswith a long flight path between the collision zone and the

detector. Of course, this resolution is achieved at the expense of the signal to noise ratio.

The resolution is also dependent on the initial collision energy and AE. At higher

collision energies, it is more difficult to resolve small changes in translational energy for

the same given flight length. With this method, it is also difficult to distinguish between

different types of inelastic processes which give rise to the same amount of translational ,t,

energy gain or loss. For example it is not always possible to determine whether V_T or

Rt--,,Texchanges are responsible for changes in the time-of..flightspectrum.

Crossed molecular beam experimentshave made many significant contribut.ions

to our understanding of inelastic processes at low vibrational energies. Not surprisingly,

the majority of theseexperiments have focused on rotational energy exchange, one of the
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most effective inelastic processes. The differential cross section measurements obtained

for rotational energy tt'ansfer in hydrogen and some small molecule systems, together

with progress in the theoretical descriptions, have led to a much clem'er picture of these

processes.[39] On tile other hand, less is known about the vibrational energy transfer

. mechanisms. These processes have cross sections usually a factor of 102-10 3 smaller

than rotational energy transfer due to the larger energy gaps and weaker coupling

processes. Well-resolved experiments on vibrationally inelastic processes have been

performed predominantly with ions.[40] In this case, it is simpler to control and resolve

the ion beam energy. Additionally, it is easier to accelerate an ion beam and to get the

high collision energy necessary for vibrational excitation. Only a few experiments based

on the velocity analysis methods are available for vibrational excitation in neutral particle

collisions.J4 l] Typically, the experimental resolution is not good enough to resolve the

inelastic processes, therefore, it is difficult to distinguish between vibrational and

",tional channels, Review articles by Krajnovich et. al.[40] and Gordon[ 14] give more

_.omplete descriptions of the recent single-collision energy U'ansfer experiments.

Crossed molecular beam investigations of the inelastic scattering of highly

vibrationally excited molecules using the tr,'mslational energy exchange method have been

ongoing in the Lee group for several years.[42] The goal of these experiments was to

elucidate the vibrational deexcitation mechanisms by measuring the distribution of energy

transferred from vibration to translation. This would clarify whether the bulk rates of

vibrational deexcitation represent a situation where a few collisions each transfer a large

amount of energy or one where many collisions each transfer only a small amount of

energy to translation.

Since the collision efficiency for v_-vr transfer depends strongly on the lowest

vibrational frequency Vmmand increases as Vmin decreases[ 1], large molecules with

many low frequency modes were used rather than simple diatomics, that have only one

rT
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vibration at high frequency. To enhance the likelihood Of V_T energy transfer,

conditions were chosen to exaggerate the disparity between the vibrational energy of the

molecular beam and the collision energy. The molecular beam was excited with a laser to
m

a vibrational temperature, --.3000K. The translational temperature of the collision was

kept much lower, ~250K, by using a velocity selected effusive source for the molecular

beam and a liquid nitrogen cooled atomic beam source.

The earlier experiments used two different methods to form the excited molecular

beam.[42] One attempt utilized the 515 nm and 488 nm radiation from an argon ion laser

to electronically excite azulene. The azulene subsequently isomerized and relaxed to the

vibrationaUy excited ground electronic state of naphthalene via internal conversion. The

18 Watt output of the CW argon ion laser was focussed to a 2 mm diameter spot size and

reflected by min'ors to generate 10 passes across the molecular beam. Even with the

multi-pass configuration, it was estimated only ~1.5% of the molecular beam was excited

and no differences in the time-of-flights were detected for the laser on (excited molecules)

and laser off (unexcited molecules) experiments.J43]

The second experiment used the 266 nrn output from a Nd:YAG laser to excite

1,3,5-cycloheptatriene and"_7-isopropyl-cycloheptatriene. Brudzynski and co-workers

found that the highly vibrationally excited cycloheptatrienes isomerized to form toluenes.

lt was originally hoped that these highly vibrationally excited alkyl substituted benzenes

could be used in the collision_d deactivation experiment. This series of experiments

showed, however, that the hot toluenes subsequently decomposed with a lifetime on the

order of 10 _tsec. Since the transit time across the 2 x 2 x 3 mm collision volume for a

typical beam velocity of 5xi04 cm/s is ~10 _,tsec,a large fraction of excited

cycloheptatriene would dissociate as it crossed the interaction region, lt was concluded

that the excited cycloheptatrienes are likely to dissociate long before they reach the
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detector, therefore, they would not be feasible molecules tor the collisional deactivation

studies.

In the series of experiments reported in this thesis, hexafluorobenzene (C6F6),

excited with a UV photon, and sulfur hexafluoride (SF6) excited by infrared multi-

. photon excitation (IRMPE) techniques, were used to explore the collision dynamics of

t_ighly vibrationally excited molecules. With these molecules and excitation schemes, it

was possible to excite a larger fraction of the molecular beam than in the previous

experiments; it was therefore more feasible to detect small changes in the translational

energy with these systems.

2.2 Experimental

2.2.1 Apparatus:

The following experiments were designed to measure the distribution of energy

transferred to the translational mode in a single collision encounter. A beam of highly

vibrationally excited molecules in their ground electronic state was generated using

various laser excitation schemes. This beam was then crossed with a translationally cold

rare gas beam. Time-of-flight of the scattered particles, using a "universal" electron

bombardment ionizer and mass spectrometer detector, were measured as a function of

laser excitation° Changes in the scattering as a result of the additional vibrational energy

were monitored by comparing the time-of-flight spectra of the scattered molecules with

the laser on and with the laser off.

These experiments were performed with a crossed molecular beams apparatus

that has been described in detail previously.[44] The apparatus, shown in figure 2.2,

consisted of two differentially pumped beams crossed at 90° in the main vacuum chamber
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which was maintained at ~lxl0 -7 Torr. A triply differentially pumped detector,

consisting of an electron impact ionizer, [45] a quadrupole mass spectrometer, and a Daly

type ion detector [46] measured the products. The detector could be rotated in the plane

of the two beams and about the 2x2x3 mm collision volume. Time-of-flight spectra of

the scattered molecules were measured by triggering the counting electronics off of

pulses from the velocity selector chopper wheels. Several modifications were made,

throughout the course of these experiments, to further improve the signal to noise ratio

and to accommodate the laser needed for the excitation of the molecular beam.

The details cf the laser excitation schemes used to prepare the vibrationally

excited C6F6 and SF6 beams are described in a later section. A variety of conditions

were used to prepare the molecular beam. In the initial studies, an effusive beam coupled

with a velocity selector was used to maintain low and well-defined collision energies.

The effusive source consisted of a tube with a 0.030" x 0.040" aperture with - 1 Torr

backing pressure. The beam then passed through a differential pumping region which

was defined by two 0.050" x 0.060" apertures located 1.00" and 3.75" from the source.

The resulting beam had a 2° angular divergence.

The velocity selector, mounted in the differential pumping region, consisted of

two 7.0" diameter and 0.040" thick aluminum alloy wheels_ Each wheel had two slots

0.080" wide and 0.30" deep and 180° apart. The wheels were milled down at the slots to

obtain a knife edge to minimize the reduction in transmission due to the wheel thickness.

The velocity selector assembly was mounted with two bearings and connected to a three

phase motor by a flexible coupling shaft. The relative orientation of the wheels, the

distance between the wheels, and the wheel frequency were adjusted to transmit the

desired beam velocity and velocity spread. The resolution of a mechanical velocity

selector is given by h,v/v=l/d where 1is the slit width and d is the offset, distance of the

two slits. For room temperature effusive beams of C6F6 and SF6, the peak velocities



25

were ~2x104 cm/sec. The wheels were offset by 13°, positioned 1.54" apart, and spun

at 185 Hertz to transmit the peak velocity and obtain a Av/v of 0.1o

A slotted optical switch containing an LED and photodiode was mounted at the
e,

back velocity selector wheel assembly to monitor the frequency of the wheels and the

. timing of the modulated molecular beam. Since there were two slots in the wheels, the

velocity selector generated a 400-800 Hz chopped beam and t_gger pulse. The

maximum laser repetition rate was 100 Hz, therefore, the velocity selector pulses were

divided by an appropriate factor before sending the pulses to trigger the laser and the ion

counting electronics. See figure 2.3 for an illustration of the timing schematics_ A

variable time delay generator was adjusted so that the laser fired when the molecular

beam pulse was at the laser interaction volume. To set the timing electronics, the on axis

beam time-of-flight was monitored while using high laser powers to dissociate the

molecular beam by multiphoton processes. The laser trigger time delay was then

adjusted to give the largest depletion signal in the on axis beam time-of-flight.

A supersonic beam source accompanied by laser excitation was used to

investigate the collision dynamics of vibrationally hot but rotationally cold molecules. A

nozzle with a 0.006" aperture and ~400 Torr backing pressure was used for this beam

source. Since the velocity disuibution of the supersonic beam is significantly narrower

than that of an effusive beam, the velocity selector was no longer necessary. Only one

wheel in the primary differential region was used to modulate the beam and trigger the

laser and counting electronics. This permitted the source to be moved closer to the

collision region, significantly increasing the number density at the collision region. See

for example figure 4.4,

The laser/molecular beam interaction region was located 1.90" from the collision

zone,, With the 0,080" velocity selector slit widths, the 0.060" high defining apertures,

and the wheel spinning at 200 Hz, the resulting chopped molecular beam was ~35gsecs
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to reduce the beam background in the main chamber. With a 2x104 cm/sec beam

velocity, the corresponding beam pulse was -6mm long. In order to radiate a large

fraction of the molecular beam pulse, a wide laser spot was maintained to generate a

significant overlap between the two beams. For the UV excitation, the output from a

L_bda Physik Excimer laser was typically focused to a 5mm wide by 3mm tall

rectangle with a Suprasil lens. For the infrared multiphoton excitation scheme, the output

of the Lumonics CO2 laser was focused to a 4x4 mm spot with a ZnSe lens. A variety of

other wheel slits, defining slits, and laser spot sizes were used to further improve the

laser beam/molecular beam overlap. The transit time between the laser/molecular be,anl

interaction point and the collision zone was ~2501.tsec. This allowed time for the

dissociation fragments, of any molecules that absorbed more than one UV photon (or

enough infrared photons to pass the dissociation threshold in the _PE case), to recoil

out of the beam be/ore the beam pulse reached the collision zone.

To improve the signal to noise ratio and increase the chance of detecting small

amounts of energy transfer, the continuous supersonic beam source was replaced by a

pulsed molecular beam source. A piezoelectric translator based pulsed valve[47, 48] wa_s

set to generate a 100 l.tsec FWHM beam pulse with a 100 Hz repetition rate. With this

configuration, the duty cycle of the pulsed beam was one percent of a continuous beam.

As shown above, only a small fraction of a continuous molecular beam is excited and

transmitted by the chopper wheel. The 100ktsec long pulses reduced the portion of the

beam blocked by the chopper wheel° The short pulses also permitted an increase in the
t,

number density of the transmitted beam, therefore the source pumping speed was used

more effectively. In this case, the laser and counting electronics ran at 50 Hz to obtain

the laser on vs. laser off spectra.

The secondary beam was produced by expanding -500 Torr of neon, argon, or

xenon through a 0.006" aperture. The beam was defined to a 1.5" full width half
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maximum angular divergence with a 0.020" diameter stainless steel conical skimmer

0.400" from the source. The source was attached to a copper block which could be

cooled by liquid nitrogen ,aswell as heated by a series of coaxial heating elements. The

velocity of the atomic beam could be varied by controlling the temperature of the nozzle

, tip. The beam temperature was monitored by a Chromel-Alumel thermocouple clamped

to the nozzle tip. As shown in figure 2.2, only one region of differential pumping for the

atomic beam was used for the majority of these experiments.

The mechanical velocity selector (or chopper wheel in the supersonic beam case)

determined the timing for the entire experiment. The tlight lengths were calibrated with

supersonic rare gas beams with known velocities. The tin_e-of-flight signal at the parent

and fragment masses of the primary beam was monitored to examine the vibration to

translation energy exchange as a function of laser excitation. There were two advantages

of tracking the molecular beam rather than the rare gas beam. First, this beam was less

intense than flaeatomic beam, therefore the chamber background at the corresponding

masses was significantly lower. Secondly, since the center-of-mass recoil velocity is

inversely proportional to the mass, the heavier molecules scatter with a smaller CM

velocity concentrating the products in a smaller area.

2.2.2 Background Reduction:

In crossed molecular beams experiments, there are two sources )f background:

" the inherent background in the detector and the background caused by the molecular

beam gas es. This second background source is particularly significant in elastic and

inelastic scattering experiments where the product fragment ions match those of the initial

beam. In this case, the mass spectrometer can not be used to separate the products from

the reactants and there is a large contribution to the background due to the beams. The
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detector slits must be perfectly aligned to detect the scattered products, therefore,

molecules that are directed straight through the detector slits determine the background in

the detector at the beam masses. With the main chamber pressure held at 2x 10"7 Torr,

the molecular mean free path is larger than the dimensions of the chamber, therefore the

"straight through" molecules are generated frorn surfaces viewed by the detector.

In order to reduce the wall reflected background, cryopumping panels were

fabricated for the main chamber as shown in figure 2.2. The copper heat exchanger was

made by soldering flattened 3/8" copper tubing to a 1/16" thick copper plate. To

minimize the heat exchange between the cryopanel and the warm surf'aces of the

chamber, the c_3'opanel was mounted to the differential wall with fiberglass standoffs.

Needles soldered to the panel were also used for further isolation. This insured that if the

cryopanel shifted during cooling, large surface areas still would not come in contact with

the warm differential wall. The cryopanel dimensions were chosen so that the detector

viewed only cold surfaces, except when the detector was within 15 degrees of the

molecular beams. Cooling was achieved by circulating ~ 10K helium, generated by a

Koch closed cycle helium refrigerator, through the copper tubing. The addition of the

cryopanel reduced the background count rates by a factor of 10-20, depending on the

molecular masses. A similar smaller cryopanel cooled by a Air Products closed cycle

cryopump was extensively used in recent reactive scattering experiments on the B-

machine[49].

Another cryopanel was installed in the primary differential region to increase the

pumping speed of the differential chamber. This was particularly helpful in decreasing

lhe main chamber background when the velocity selector and pulsed valves were used in

the differential region. This cryopanel reduced the slow effusive background that was

generated due to pressure building up just behind the differential wall defining slit.
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Additional modifications were underway throughout these projects to enhance the

sensitivity of the crossed molecular beams machine. Three Seiko-Seiki STP-400

magneticaUy-suspended turbomolecular pumps with 300 l/see pumping speed replaced

the ion pumps on each of the three differential pumping regions of the detector. The

, three magnetically-suspended pumps were backed by a Leybold Heraeus grease-sealed

turbomolecular pump folio'wed by an Edwards 63/150 diffusion pump with a 135 gs

pumping speed at 5x10 8 Torr. Finally, a 1397 Sargent Welch mechanical pump backed

the entire system.

To further increase the pumping speed in region three of the detector another,

cryopanel, in addition to the existing liquid nitrogen cooled copper dewar, was installed

in the ionization region,[50] This second cryopanel will be cooled by liquid helium

generated by a high pressure expansion of cold helium through a Joule-Thompson valve

located in a vacuum insulated dewar on the top of the rotating detector. The cold helium

1_ be generated by the Koch closed cycle helium refrigerator adjacent to the crowed

molecular beam chamber. To protect the liquid helium cooled cryopanel from the 10

Watts of heat generated by the ionizer filament, an extra copper chevron baffle was

attached to the existing liquid nitrogen cooled copper cold shield. Although not used in

the experiments reported here, this new cryopanel should significantly increase the

sensitivity of the detector.

2.2.3 The Vibrationally Excited Molecular Beam:

"l'laetwo potential methods available to us for forming a highly vibrationally

excited molecular beam included electronic excitation followed by internal conversion to

the vibrationally excited ground electronic state and infrared multiphoton excitation.

Ideally, one would like to prepare a molecular beam with a well defined internal energy,

I r 'pl_lffr'rll","lllIIT' " IlI_l IIq, "l_llll "rill ,rl_,l',
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therefore, the first method is more attractive than the latter. With the second method,

however, it wt_ easier to excite a higher percentage of the molecular beam. Both of these

techniques have been used extensively in many collisional deactivation sta_dies. This next

section describes the characterization of the excitation as well as some of the problems

encountered, Recently, with the significant advances and greater availability of lasers,

new techniques including stimulated emission pumping (SEP) make it more feasible to

generate molecular beams with higher concentrations of vibrationally excited molecules

and with greater selectivity of the initially prepared state. These advances will allow the

opportunity to explore the effects of vibrational energy in both inelastic and reactive

scattering mechanisms in the near future.

2.2.4 UV Excitation of Hexafluorobenzene:

Since it is most desirable to have a well-defined internal energy exciting the

molecular beam via electronic excitation using one UV photon and allowing the molecule

to internally convert to the ground electronic state was by far the most appealing of our

options. The spread in the internal energy is essentially only the Maxwell-Boltza'nann

spread in the initial internal energy of the molecular beam at 300K before the excitation.

Typically, a room-temperature thermal distribution has a haft-width of a few hundred

wavenumbers. The spread in the photon energy is insignificant compared to the spread

in the beam energy and the final distribution is a near-delta function.
a,

Hexafluorobenzene was the initial candidate for the UV excitation scheme. C6F6

has a high absorbance at 248 and 193 nm, 300 M"lcm -1 and 5160 M-icm -1

respectively.[20] These transitions result from a _ (lelg)_rc *(le2u) electron promotion

to obtain the excited B2u (at 248nm) and Blu (at 193nm) singlet states. [51] Small

quantum yields fox"fluorescence (0,02), intersystem crossing (0.05), and isomerization



31

to the fulvene isomer (0.08), as well as the short fluorescence lifetime imply that internal

conversion to the ground electronic state occurs very efficiently. [52, 53, 54] With the

high pulse powers available at 248 nm and 193nm from a Lambda,Physik excimer laser,
lD

it should be possible to excite a large fraction of the molecular beam compared tothe

.. azulene, as previously discussed. C6F6 has also been used for several collisional

deactivation studies.[20, 21, 55]

One factorthat limits the number of moleculesone can excite with UV photo_ is

the high probability o_ multiphoton absorption. A continuous band has been observed

for the UV absorption spectra of a number of highly vibrationally excited molecules5,

ranging from diatomics and triatomics such as C12,CS2_and SO2, to large polyatomics

such as benzene, hexafluorobenzene, toluene, cycloheptatriene and azulene.[18, 56]

"[hisbroad feature can be.attributed to either of two possible mechanisms: the absorption

is continuous and/or the large number of hot bands generates a highly congested

spectrum. Experimental calibrationsof the UV absorption spectra as a function internal

energy has been an central part of many direct energy transfer investigar_ions.When the

absorption cross section shows a pronounced temperature dependence, it can be used as

a fast "thermometer"to measure the changes in the internal energy of the excited

molecules. 'T_etemperature dependence of the UV absorption spectra have been

successfullyexploited for monitoringthe collisional deactivation in many of the bulb type

experiments. In our crossed molecular beamexperiments, however, the large photon

absorption cross section of the highly vib_ationallyexcited molecules w_verelylimits the

" percentage of mol_ecules_natcan be prepared by UV excitation. Unfortunately, tns

increased the difficulty of detecting events with small collision cross sections.
d

To obtainconditions where the largest percentage gain in exciu;d

hexafluorobenzene is expected, it was necessary to estimate the absorption cross .section

for the second photon. Tl_eoreticalpredictions of the temperature dew,ndence of UV
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absorption spectra of large polyatomic molecules is difficult since little is known about

the details of the excited states. For simple diatomics the temperature dependence has

been estimated by the Franck-Condon principle.[ 57] With increasing temperature and the

subsequent increase in population in the higher rovibrational states, the absorption

coefficient tends to decrease at the max_num of the absorption band while it increases at

the wings. This trend for diatomic molecules has been described with a simple analytical

formula by Sulzer and Wieland: [58]

e(v,T) =e0maxN/ anh(0/2T)exp[tanh(0/2T)[(v-v0)/Av0]] (7)

where e0 max is the maximum absorption coefficient at OK, v0 is the origin of the

electronic transition in cm"1at OK,Av0 is the spectral width of the electronic transition,

and 0 is the characteristic temperature of the vibration inducing the spectral broadening.

lt has been found that the temperature dependences of UV absorption spectra for

polyatomic molecules behave similarly to those of diatomic molecules. Experimentally

determined temperature dependences of the UV spectra have been successfully simulated

by a modified version of the Sulzer.,Wieland model for several, large polyatomic

molecules. Therefore, the results from the Sulzer-Wieland model should give us a

reasonable estimate for the second photon absorption cross section.

Yoshihara and co-workers[20] compared their observed transient absorption

spectra of hexafluorobenzene Mter 193 nm excitation to a simulated spectrum using a

modified version of the Sulzer-Weiland model with the following formula:

e(v,T) --.eomax'_ tanh(0/2T) exp[ tanh(0/2T)[ (v-ro(T) )/Av oi 2V/Vo(T)] (8)
t,.

where, vo(T)= ro.0 (k/hc)[exp(0/T)- 11"l (9)

and O, ro, and Avo have the same assignments as in equation (7). This modified model

includes the band origin as a function of temperature, ro(T), to account for the red shift
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observed in the excited spectra. 0 was treated as an adjustable parameter. The total

absorption coefficient is given by:

e(v,T)=el (v l,T) +e2(v2,T) (10)
t

el represents the IBlu4-. IAlg transition centered at v0=50,000 cm "1with elmax=5,000

• M'lcm "1. 82 represents the 1Elu(--- IAlg transition centered at Vo=57,400 cm "1 with

e2max=47,000 M'lcm "I . AVo was assigned 1900 cm -1 for both of these transitions.

Assuming there is a complete redistribution of the electronic energy to vibrational energy

after the 193 nm excitation, the final vib_'ational temperature of the hot hexafluorobenzene

is 3050K. Yoshihara et. al. obtained excellent fits to their observed t=0 transient

absorption spectra after 193 mn excitation of hexafluorobenzene with 0 = 135 K, The

absorption of lhc )lot C6F6 is attributed to the 1Elu4.-- IAlg transition which becomes,

accessible with the additiona) vibrational energy. The IElu(--- IAlg mmsition has a cross

section an order of magnitude larger than the cross section for the IBIu4--- IAlg

transition. The latter is a symmetry ,orbidden transition for the D6h point group.

We used this modified Sulzer-Wieland model to estimate the transient absorption

q section for a second photon following 193 arid 248 nm excitation. In the later case

the vibrational temperature of the hot hexafluorobenzene was assumed to be 2400K, the

energy of a 248 nrn photon plus the initial vibrational energy of C6F6 at 300K. The

absorption cross section for a second 193 nm photon was approximately 7,500 M-lcre -1

while the absorption cross section for a second 248 nm photon was approximately 1,.500

M-lcm "1. Both of these values are significantly larger than tb,e initial cross sections for

" the unexcited C6F6. Therefore, once C6F6 has absorbed one photon, there is a high

probability it will absorb a second photon. With two 193 nm or two 248 nm photons

(296 and 230 kczd/mole), C6F6 is likely to dissociate. To minimize the multiphoton

effects, it was necessary to maintain the laser at low powers, <25 mJ/cre 2. Under these

conditions only --10% c)fthe molecular beam could be exci,ted,
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For the present work, the C6F6 beam was excited with 248 nm and 193 nm

photons from a Lambda-Physik excimer laser running KrF and ArF. The laser molecular

beam interaction region was located 1.90" from the collision center to allow time for
tl

dissociation fragments to recoil out of the bearn. Photofragmentation translational

spectroscopy was used to check for multiphoton effects. For these photodissociation

experiments, the laser molecular beam interaction center was moved to the detector's

center of rotation in the main chamber. With laser powers >25 mJ/cm2, a significant

amount of signal at mass-to-charge ratios corresponding to CF2 + and C5F3+ was

observed 15" away from the beam. Isomerization to a fulvene form of benzene followed

by cleavage of the C=C bond, to form CF2 and C5F4, is likely to be the main

dissociation channel. Power dependences of the C5F3+ signal at 15° showed that C6F6

dissociates through a multiphoton process.

2.2.5 Infrared Multiphoton Excitation of SF6:

Infrared multiphoton excitation is an alternative technique for generating a

vibrationally excited beam. Unlike the internal conversion method, infrared multiphoton

excitation prepares excited molecules with a distribution of vibrational energy. A model,

based on experimental results, has been developed to describe the multiphoton excitation

mechanism ,and the final excited distribution of molecules.[59] There are three distinct

stages in lhc excitation process. First, a polyatomic molecule, with low initial internal
Q,

energy and therefore a low density of states, must be excited over the discrete region.

This is accomplished by a ne_r resonant absorption of 3-6 infrared photons in a single

vibrational mode. At higher internal energies, the density of states and intennode

coupling increase to the extent that the energy states form a quasi-continuum. Excitation

at this level can continue through stepwlse resonant transitions. At energies above the
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dissociation limit, where the energy is statistically randomized, the molecule dissociates

at the unimolecular decomposition rate given by RRKM theory. In the first region, the

excitation is dependent on the laser intensity, while in the quasi-continuum, the excitation

is determined by the laser fluence.

. ,The rate equation for the infrared excitation is given by:

dNnl = I(t)(am'lNm'l+dthv _ cmNm+l-gm+l ( gm'l am" 1+gm am )Nm)- kmNm (11)

where Nm is the normalized population in level m at energy mhv, I(t) is the laser

intensity, gm is the density of states of level m, am is the absorption cross section from

level m to level m+ 1, and km is the dissociation rate constant from level m.[59] To

account for the intensity dependent excitation over the initial discrete levels of SF6 an

additional term, dependent on I3(0 was included in equation 11. This assumed that a

single, three photon process excited molecules in the jth rotational level of the ground

vibrational state to the quasicontinuum.

For our collisional deactivation experiments, it was important to excite a large

fraction of the beam with the peak of the final distribution centered just below the

dissociation limit, This required a high pe_ laser intensity to excite a large percentage of

SF6 out of the discrete states with a low laser fluence to maintain the excited distribution

below the dissociation threshold. A computer algorithm, to r.mdel the multiphoton

dissociation of SF6 [60], was used to estimate the distribution of excited SF6 ,'ksa

function of laser power and the Lumonics CO2 laser pulse profile. At 3 J/cna2, 10% of
o

the beam was excited over the dissociation threshold and dissociated before reaching the

. collision zone. Approximately 50% of the remaining beam was excited out of the ground

vibrational state. The excited disu'ibutions for a number of laser powers is shown in

figure 2.4
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In the actual experiments, the Lumonics CO2 laser was tuned through the v3

resonance of SF6 using the laser lines between 935 cm -1 to 953 cm "I. As in the C6F6

experiments, the laser/molecular beam interaction center was 1.90" from the collision
II

zone to allow dissociation products time to recoil out of the beam. The time delay was

opthnized at high laser powers to give the largest SF5+ ion depletion,. (SF5 + is the major

fragment ion of SF6.) For the crossed beams experiments the power was then reduced to

give -5-10% total ion depletion in the on axis signal, lt is also possible to fun.her tune

the laser pulse profile with a plasma shutter.J60] The model calculations of sharper pulse

profiles showed no dramatic improvement in the final percentage of excited SF 6 hl the

beam, compared to the initial Lumonics laser pulse.

2.3 Results and Discussion:

In these scattering experiments, we concentrated on attempting to observe

changes in the time-of-flight (TTF) of the scattered molecular beam at three different

,areas of the Newton circle including: the lab angle corresponding to the center-of-mass of

the system, a lab angle close to tile initial molecular beam, and a lab angle just beyond the

Newton circle for elastic scattering. Only "superelastic" collisions, where there is an

increase, in translational energy, will generate signal at angles greater than the elastic

scattering circle. Therefore, only signal in the laser excited TtF spectrum is expected at

these angles. At the center-of-mass angle, which corresponds to collisions with large
i

impact parameters, R(->T energy exchange will also contribute to changes in the

translational energy. Small impact parameter collisions, where one might expect to see

the greatest V(---_Tinelasticity, were detected at angles close to the initial molecular beam.

Unfortunately, the differential wall used for these experiments, prevented the detector

from reaching angles where only "superelastic" collisions would be detected on this side
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of elastic circle. See figure 2,1 for deta',ls. The specific details of the C6F 6 _md SF 6

experiments are discussed in the following sections_,

ID

2.3.1 Hexafluorobenzene:

lt

For the hexafluorobenzene experiments, the velocity selector transmitted 2x 104

cre/s, the peak in the distribution of' the effusive C6F6 beam. The rotational temperature

of the C6F6 beam was ~300K. Assuming the energy from the UV photon is distributed

among all the vibrational degrees of freedom, a vibrational temperature can be.assigned to

the excited C6F6. At thermal equilibrium, the vibrational energy is:
-hvi

30 viex_ (12)

where vi is the ith vibrational frequency taken from the literatm'e.[61] The vibrational

...._;y is equal to the sum of Uvib(298K), the initial vibrational energy of the effusive

beam, and the photon energy. For 248 nm and 193 nm excitation, the calculated

vibrational temperature for C6F6 was 2500 and 3050 K, respectively.

The secondary beam source was cooled to 100K with liquid nitrogen. The peak

velocity of the cold argon beam was 3.2x 104 cm/s. Under these conditions, the resulting

collision energy was 0.57 kcal/mole which corresponds to ~250K. The ordering of the

energy in each degree of freedom was V>>R~To A similar ordering of energy in each

,. degree of freedom was obtained in the IRMPE sulfur hexafluoride experiments.
<ALE>

Yoshihara et. al. found <AE>=2.35 kJ/mole -= 0.56 kcal/mole with E

=3,7xi0 -3 for the collisional deactivation of 193nm excited C6F6 by argon using; the

Lennard-Jones collision frequency.[20] lt is important to emphasize that, this is an

overal.1 energy transfer rate. Every collision may transfer 0.56 kcal/mole or one out of
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ten collisions may transfer ten times this amount of energy. Simulated time-of-flight

spectra, shown in figures 2.5 and 2.6, were calculated to demonstrate how the signal in

the crossed beams experiment will change assuming every collision transfers 0.5
I

kcal/mole of energy directly to translation.

For the purpose of the simulation, the change in translational energy was "

assumed to be 175 cm -1 - 0.5 kcalhnole, which is corresponds to the lowest vibrational

frequency of hexafluorobenzene. [61] By the propensity rules for V._T transfer in

systems with low excitations, this is the most likely mode to be deactivated.II, 2] At

high excitation levels, the anharmonicity of the vibrations and the coupling between the

normal modes is likely to reduce the energy transferred. Therefore, AEtrans is likely to be

less than 0.5 kcallmole. Yoshihara et. al. were only able to measure the overall rates of

energy transfer,[20], therefore it is difficult to discern which vibrational modes lose the

energy and the actual magnitude of AEtransfor a single collision. Calculated time-of-

flight spectra were generated by GMTHRASH, a fortran program which convolutes the

assumed product translational energy and angular distributions, P(Et) and T(O)

respectively, over the experimental beam distributions, the collision angles, as well as the

detector acceptance angle and ionizer length.[62] In the calculations, the C6F6 velocity

was 2.0x104 cm/s with a speed ratio of 7.0. The argon beam velocity was 3.2x104 cm/s

with a speed ratio of 7.0. The angular divergence of each beam was 1.0° full width half

maximum.

For the "elastic" scattering case, with no laser excitation, the distribution of
w

collision energies was used for the P(Et). The width of this P(Et) will induce some

additional broadening in the time-of-flight spectrum since in truly elastic collisions _e

P(Et) for each collision is simply a delta function at the collision energy. Extra

broadening is also expected, due to the R_-->Tinelastic scattering of the vibrationally cold

molecules. For the laser excited spectrum, the "elastic" P(Et) was offset by 0.5
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kcal/mole and peaked at 1.0 kcal/mole. Figure 2.5 shows there is a significant difference

in the calculated time-of-flight at 10° in the laboratory frame for the two different P(Et)'s,

This time-of-flight spectrum represents the changes expected for lab angles between 10°
It

and 30* assuming every collision transfers 0.5 kcal/mole directly to translation. At the

. wide angles,- 10TM and 45° in the laboratory frame, signal would be expected only in the

laser excited case.

It was also necessary to consider the percentage of the beam initially excited,

particularly for the time-of-flight spectra between 10° and 30° where both the elastic and

the superelastic collisions contribute to the signal. For the 193 nm and 248 nm excitation

of C6F6, it was possible to excite ~10% of the beam before the multiphoton processes

dominated the pumping scheme. Figure 2.6 compares the calculated spectra for the laser

on and laser off experiments. In the laser on spectrum, 10% of the collisions scatter with

a P(Et) peaked at 1.0 kcal/mole while the remaining 90% scatter with a P(Et) peaked at

0.5 kcal/mole. These simulations demonstrate that there will be a small, but distinct

change in the time-of-flight spectra if every excited molecule transfers 0.5 kcal/mole

directly to translation.

An example of the time-of-flight obtained at 10° for COZ6scattering with argon is

shown in figure 2.7. The calculated time-of-flight spectrum was broader than the

experimental spectrum, in figure 2.7. This discrepancy is due to the width of the

"elastic" P(Et) and the speed ratios used in the model. The speed ratio for the velocity

selected C6F6 beam was typically 15. The calculation represents a "worst" case scenario
,.iv..

where the initial beam resolution is lower than the actual experimental value. Even with

the additional broadening, the simulated spectra show it is possible to resolve laser

correlated changes in the time-of-flight for AEt=0.5 kcal/mole.

TOF spectra were also measured at 18TM and 45°. No laser correlated signal was

detected, proving the <AE> measured by Yoshihara et. al.[20] is likely to be distributed

_=
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between the rotational as well as translational degrees of freedom, with AEtrans peaked at

zero. Although the bulb type experiments indicate <AE> is not strongly dependent on

the rare gas, experiments were also performed with neon and krypton collider gases. As W

in the argon case, no differences in the TOF spectra were observed. This confirms the

argon results, that AEtrans is peaked at zero.

As demonstrated by the calculations, very small changes in the time-of-flight

spectra are expected with only 10% of the initial C6F6 beam excited. Unfortunately, very

long counting times were required to obtain reasonable signal to noise, in the laser excited

spectrum. This was particularly a problem with the velocity selected effusive C6F6

beam. In this case the number density of the C6F6 beam was low due to the required low

backing pressure, the velocity selection, and the long distance between the source and the

collision zone. It was possible to obtain better signal to noise for the laser off spectra

over the counting time. With the 4096 channel scaler running at 2.51tsec per channel, the

laser at 90 Hz, and the molecular beam pulses at-400 Hz, several time-of-flight spectra

were collected with the laser off for each laser on spectrum. As mentioned in the

experimental section, the chopped portion of the beam was -.35 I.tsec long. With the laser

running at 90 Hz, three hours of counting time in this pulsed experiment is equivalent to

only --30 sec counting time in a continuous experiment. These factors made detecting

small changes in the time..of-flight challenging. To improve the signal to noise by a

factor of five would require 75 hours of counting. Long signal averaging was not

feasible with the instability and the poor reliability of the laser.
,w

It is important to mention that the addition of the cryopanels were an ongoing

project throughout these experiments. The cryopanels cooled by the Koch helium _

compressor were not installed for the C6F6 experiments. For these experiments, a small

cryopanel attached to an Air Products helium compressor was used to reduce the

background.
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2.3.2 Sulfur Hexafluoride:

. The initial experiments with sulfur hexafluoride were performed under similar

c_nditions to thosesjust described for the hexafluorobenzene experiments. A velocity

selected room temperature SF6beam was collided with a cryogenically cooled argon

beam. In the SF6case, IRMPE was used to obtain a vibrationally excited distribution, as

shown in figure 2.4. The model calculations andon axis SF6 mass spectrum indicate

that --50%of the beam was excited. With this high fraction of the beam excited, changes

in the translational energy resulting from V--->Tenergy transfer should be more obvious

than for theC6F6case where only 10% of the beam was excited. The lowest frequency
i

vibration for SF6 is v6 = 347 cm'lo If this mode is the "doorway" for V-T

qaxation,[ 14]the time-of-flight spectra should also reflect larger laser correlated

changes than for the C6F6case. This mode also has a small anharmonic constant, _6 = -

0.1 cm-I. At high excitation levels, the AE for a Av = -1 change will not be significantly

reduced by the anharmonicity. As mentioned in the hexafluorobenzene case, the

intermode couplingat the high excitation levelsis likely to reduce AEvibo

Beck et. al., using time-resolved optoacoustics to monitor SF6 relaxing in argon,

<AE> 4found _---E-_= .lxl0 -4for SF6 excited between 4,000-19,000cm-1. [25] Again, it is

important to emphasize that this is an overall energy transfer rate; the magnitude of the

<AEup>and <AEdown>collisions might be significantly larger. In our molecular beams

, experiment, the SF6 absorbs an average of 25-30 934 cm "1photons with the laser power

at 3 J/cm2. This corresponds to an average excitation of ~25,000 cm-I and a <AE>=10

cm-I per Lennard-Jonescollision, if Beck's value is used.
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It would only be possible to detect changes in the time-of-flight if <AEaown> is

larger than <AE>and if the measured rate represents a case where only a few collisions

transfer a much larger amount of energy. As in the C6F6 case, time-of-flight spectra
d

were measured at three different lab angles corresponding to small impact parameter

collisions, large impact parameter collisions, and areas beyond the elastic circle. No laser -

correlated changes were detected within the signal to noise. Again, this demonstrates that

the AEtrans is peaked at zero.

To investigate the possibility of enhanced T_R exchange with the vibrationally

hot molecules, the effusive SF6 beam was replaced by a supersonic beam and the argon

beam was kept at room temperature. Under these conditions, the rotations of the SF6

were cooled in the expansion so that V>>T>R. This should increase the likelihood of

T_R energy transfer. In this case, if energy is transferred from translation to the

rotations, a shift to longer flight times in the TOF spectra is expected, Figure 2.8 shows

the Newton circles for elastic scattering, V--+T transfer, and T-JR transfer. The time-of-

flight spectrum at 22°, the center of mass angle where the greatest T4--_Rexchange was

expected, is shown in figure 2.9. Again, no laser correlated changes in the time-of-flight '

were detected indicating T->R energy transfer is not affected by the additional vibrational

energy in the laser excited case.

Unfortunately, it was difficult to quantify how effectively the initial molecular

beam was excited in both the C6F6 and the SF6 experiments. If laser correlated changes

in the time-of-flights dependent on both the laser power and on the secondary beam had
,!,

been detected, the initial vibrational excitation of the molecular beam would also have

been confirmed. Since there were no detectable differences, the lack of signal can be

attributed either to very small amounts of translational energy exchange or to inefficient

preparation of the excited molecular beam.
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A thorough characterization of the excited molecular beam facilitates the

determination of whether the lack of laser correlated signal was due to a problem in the

preparation of the vibrationally excited beam. In both the UV and IRMPE excitation the

lasers were set at a range of powers including where the largest percentage of excited

. molecules was expected, as well as a variety of other powers. The on-axis mass

spectrum of the C6F6 and SF6 beams showed a shift to the smaller ion fragments as a

function of laser power and laser time delay, lt was also possible to deplete >70% of the

total on axis fragment ion counts by mul,_photon dissociation at high laser powers. This

indicated that there was a reasonable overlap between the laser beam and the molecular

beam pulse. The cracking patterns are expected to change as a function of vibrational

energy,[63] therefore, the on axis diagnostics suggested that a significant amount of the

molecular beam was vibrationally excited. The off axis TOF spectra were measured at

both the major ion frag'ments of C6F6 (C6F6+ and C5F3+) and SF6 (SF5 +) as well as the

smaller ion fragments since the vibrationally hot molecules are likely to fragment to

smaller ions in the ionizer, especially if only a small amount of energy is transfe.rred in

the collision. Both the on axis beam diagnostics and the excitation models indicated that

a significant fraction of the beam was vibrationally excited. Unfortunately, however, it

was not possible to directly measure the total vibrational energy that was deposited into

the beam and therefore the model predictions for the UV and IR excitations schemes

could not be confirmed.

w.

2.4 Conclusion:

This se_e._ of crossed molecular beam experiments was designed to directly

measure the probability distribution function for V_'I' energy transfer under single

collision conditions. Two techniques, UV excitation followed by internal conversion and
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IRMPE, were used to generate molecular beams of highly vibrationally excited C6F6 and

SF6. The V_'I" and T---_Renergy transfer processes tbr collisions betv, een the excited

molecules and rare gas atoms were monitored by time-of-flight techniques. Both of these
P

studies indicate that very. little energy is exchanged to or ft'ore tlae translational degree of

freedom in one collision. The AEtrans is likely to be peaked at zero.

These crossed molecular beana studies combined with the propensity rules and the

models for V_T energy transfer indicate that the relaxation of a highly vibrationally

excited molecule by a rare gas atom is likely to occur through a rotationaUy mediated

process. The first collision must induce a V_R energy exchange and R_T deexcitation

occurs during subsequent collisions. In this case, no laser correlated changes in the time-

of-flight spectra are expected or observed for the single collision experiment where only

the product velocity is monitored.
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2.6 Figures:
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Figure 2.1: Newton diagram of hexafluorobenzzne and argon at 0.5 kcal/mole
collision energy. Solid circle represents elastic scattering of C6F6.
Dashed circle representsinelastic scattering of C6F6with 0.5 kcal/mole
V--->Tenergy transfer. Dashed lines represent lab angles measured.
Centered dashed lines show detector viewing range, uc6r6=center of
mass frame velocity of inelastically scattered hexafluorobenzene. Vcm=
center of mass velocity. Vtab=velocity of inelastically scattered
hexafluorobenzene in the lab frame.
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Figure 2.2: Schematic view of crossed molecularbeams apparatus with differentially
pumped beams and rotatable mass spectrometer detector. Primary beanl
is velocityselected by two chopper wheels in the differential chamber.
Secondary beam temperature was adjusted with a heating element and
liquid nitrogen cooling. Dashed lines indicate the reactant beams, the
laserbeam, and products entering the detector.
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Figure 2.5: Simulated time-of-flight specta'afor C6F6 and argon at 10°. Solid line
represents "elastically" scattered C6F6. Dashed line represents
inelasticaUyscattered C6F6with 0.5 kcal/mole transferred directly from
vibrations to translation.
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Figure 2.6: Simulated time-of-flight spectra for C6F6 and argon. Solid line represents
"elastically" scat_red C6F6. Dashed line represents inelastically scattered
C6F6 with 10% of the collisions recoiling with a P(Et) peaked at 1.0
kcal/mole and 90% of the collisions recoiling with a P(EO pe_ed at 0.5
kcaYmole,
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Figure 2.7: TOF spectrum of C5F3+ (at Lab angle=10 °) for C6F6 scattering with
,argon at 0.5 kcal/mole collision energy. The laser power was
maintained at 20 mJ/cm 2, The solid line represents the laser off spectrum.
The open circles show the laser on spectnJm. Total counting time was
three hours.
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kcaYmole going into translation. Small dashed circle represents a 0.5
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Figure 2.9: TOF spectrum at 22°, the center of mass angle, for SF6 scatteringwith "
argon at a collision energy of 1.7 kcal/mole. The signal was monitored at
SF3+. The CO2 laser power was maintained at 3 J/cm 2. The solid line
represents the laser off spectrum. The open circles show the laser on
spectrum, Total counting time was three hours.
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. Chapter 3:

Photodissociation of Nitrobenzene at 266 nm:

3.1 Introduction: /

Although the thermaldecompositionof aromatic nitrocompounds has been an

active area of research, the primary dissociation processes are still poorly understood. It

has been well established that C-N bond scission to foml phenyl radicals and NO2 is the

dominant process.[ 1, 2] There are, however, additional possible channels including

isomerization and molecular elimination° Analogous unimolecular decomposition

pathways have been observed for the infrared multiphoton dissociation of several

niu'oalkanes under molecular beam conditions.[3] In the present study,

photofragmentation translationalspectroscopy was used to examine the unimolecular

: decomposition of nitrobenzene following266nm excitation. Primary dissociation

products from excited electronic states as well as from the highly vibrationally excited

z ground elecu'onic state were detected using time-of-flight and massspectrometry.

There has been some controversy regarding the primary dissociation_

mechanism(s) for the thermal decompositionof nitroaromatic compounds.[4] Recent
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investigations, however, have concluded that surface catalyzed reactions can influence

the primary product identification. To minimize surface interactions, Gonzalez et. al.

examined the thermal decomposition of nitrobenzene using laser-powered homogeneous
,N

pyrolysis.[1] Under these conditions nitrobenzene was found to decompose via two

different mechanisms. The principal initial step is C-NO2 bond scission to give phenyl

radical and NO2. The C-NO2 bond dissociation energy was found to be 71.4 kcal/rnole.

A second channel which includes a nitro_nitrite rearrangement followed by O-NO bond

scission to give phenoxy radical and NO was also identified. The branching ratio for

these two channels was found to be 4:1 in favor of the simple bond rupture reaction.

Shock tube studies by Tsang et. al. have confirmed that these two channels are important

primary processes with the bond cleavage reaction favored over the NO2 isomerization

by at least 2:1.[2]

Infrared multiphoton dissociation (IRMPD) studies of nitroalkanes have also

identified several possible reaction channels for nitro compounds.[3] As a result of the

rapid intramolecular vibrational energy redistribution following the absorption of many

IR photons, infrared radiation can be used to prepare molecules in highly vibrationally

excited ground electronic state similar to a thermal excitation scheme. IRMPD coupled

with molecular beam techniques has been extensively used to elucidate the primary

unimolecular decomposition products under collision free conditions.[3, 5, 6, 7, 8, 9,

10] In the IRMPD studies by Wodtke et. al.,[3] three possible unimolecular

decomposition channels were found for vibrationally excited nitroalkanes. The channels

include simple bond rupture, nitro-nitrite isomerization followed by O-NO bond

dissociation, as well as molecular elimination of HONO. The branching ratios for these
w

competitive channels is dependent on the activation barriers, A factors and the IR

absorption cross section.
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Since electronically excited molecules can relax via both radiative and

nonradiative pathways, UV excitation is an alternative method of preparing highly

vibrationally excited molecules in the ground electronic state. Many of the nitroaromatic
ul

compounds do not exhibit fluorescence or phosphorescence at'ter electronic

, excitation[ 11], suggesting the excited singlet states relax predominantly through non-

radiative channels. Possible pathways include dissociation of the initially prepared state

as well as internal conversion and/or intersystem crossing foUowed by dissociation from

lower lying electronic surfaces, High internal conversion rates in nitro aromatic

compounds have been attributed to strong vibronic coupling between the excited and

ground electronic states due to the NO2 group.[ 11] The decomposition channels

following UV excitation and rapid internal conversio_l should be similar to the channels

found for thermal dissociation processes. In the studies presented here, the primary

products for unimolecular decomposition of rfitrobenzene following 266 nm excitation

were identified. The energetically available product channels are shown in table 3.1.

The gas phase UV absorption spectrum of nitrobenzene has been the subject of

numerous experimental and theoretical investigations.II 1, 12, 13, 14] Theoretical

calculations have been used to predict the ordering of _e energy levels and the charge

disu'ibutions of the lower excited electronic states. The first two excited singlet states are

assigned to the strong absorptions between 240-280 rim. The band at. 283 nm

corresponds to a rt--_rt* transition in.the phenyl ring, similar to the Alg--4B2u transition

in benzene, as well as a charge transfer from the benzene ring.[ 12] The band at 240 nm

" has been assigned exclusively to a n_r¢* electron charge u'ansfi-.rfrom the benzene ring

to the n_tro group.[ 12] With the 266nm photon, both the 283nm and 24,Dnmbands are
i¢

likely to be excited. Additionally, calculations indicate there are seven triplet states

between 270-50,0 nra.[ 13]
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In addition to identifying the primary decomposition products of nitrobenzene,

the photodissociation of nitrobenzene at 266 nm also provided an opportunity to study

the unimolecular decomposition of phenoxy radicals. Phenoxy radicals are an hnportant

intermediate in the combustion of aromatic hydrocarbons. Previous studies have shown

that vibrationally excited phenoxy radicals unimolecularly decompose to carbon Ii,

monoxide and cyclopentadienyl radical.[6, 15, 16] This process has recently been

observed in infrared multiphoton dissociation studies of anisole under molecular beam

conditions.J6] In the present ,study, there are two sources of phenoxy radical

decomposition spontaneous secondary dissociation at_dsecondary photodissociation.

3.2 Experimental:

The universal crossed molecular beams apparatus used in this study is described

in chapter 2. For these photodissociation experiments, a supersonic molecular beam was

crossed at 90° in the main vacuum chamber with the output of a Quanta Ray Nd:YAG

laser, as shown in figure 3.1, The photodissociatJon products were detected in the plane

of the laser and molecular beams by a rotatable quadrupole mass spectrometer detector

coupled with time-of-flight techniques.

The molecular beam was formed by bubbling nitrogen through nitrobenzene

maintained at 60 °C by a temperature regulated heat bath. The vapor pressure of

nitrobenzene is 5 Torr at 60 ° C.[17] The gas mixture was delivered to the molecular

beam apparatus through copper tubing heated to -75 ° C to prevent condensation. The "

gas was expanded through a 0.020 in diameter sU_inlesssteel nozzle which was held at

200 ° C to minimize dimer formation. The total stagnation pressure was 80 Torr.

Finally, the molecular beam passed through a 0,.020 in diameter skimmer and was
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defined by a 0.060" x 0.070" aperature to give a 2° beam divergence. The resulting

beam velocity was 9.6x104 cm/s with a speed ratio of 5.

As in the experiments described in chapter 2, the molecular beam was modulated

by a 7" diame_r chopper wheel with two 0.120" slits. The wheel was mounted in the

, differential pumping region to reduce the main chamber background at the nitrobenzene

fragment masses..--20 l.tsec beam pulses were generated by spinning the wheel at 300

Hz. With a 9.6 x 104cm/s nitrobenzene peak beam velocity, the corresponding beam

pulse was 1.7 cm long. An optical switch was used to monitor the chopper wheel and to

initiate the trigger signals for the laser and ion counting electronics. The overlap between

the laser and molecular beam was optimized by adjusting the laser trigger time delay to

give the largest photodissociation signal.

266 nm photons were generated by a Quanta-Ray DCR 2A Nd:YAG laser

equipped with a harmonic generator. A Pellin-Broca prism separated the 266nm output

from the fundamental and second hamlonic, 1064 and 532 nra, respectively. The laser

was coupled into the main vacuum chamber through a 1" diameter suprasil fiat. A UV

grade fused silica lens with a 75 cm focal length in the vacuum chamber was used to

focus the laser to a 2.5 mm d_,ameterspot at the interaction region. Average pulse

energies were --32 mJ corresponding to a fluence of 620 mJ/cm 2 per pulse. The

polarization of the laser light was parallel to the plane of the molecular beam and the

detector.

The flight length between the interaction zone and the ionizer was 20.8 crn. The

measured time-of-flight distributions (TOF) included _e product flight time over this

20.8 cm path as well the ion flight time between the ionizer and the Daly type ionlr

counter. The true neutral product flight time was obtained by subtracting the ion flight

time from the measured TOF. The ion flight time for a singly charged ion with mass m is

given by the formula, ft -,[_, where ft is a function of the detector conditions and was
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determined by calibration experiments.[8] The TOF's were recorded by a multi-channel

scaler (MCS) set at a 2gsec dwell time. The TOF's shown were averaged over 50,000-

100,000 laser shots with the Nd:YAG laser operating at 15 Hz+ Timing of the MCS was

initiated by a reference pulse from the laser. Data acquisition and storage was handled by

an LSI- 11/73 computer.

Nitrobenzene was obtained from Aldrich and was degassed by several freeze-

pump-thaw cycles at liquid nitrogen temperatures. A GC-MS analysis indicated the

sample was 99.99% pure.

3.3 Results and Analysis:

To identify the prima_?¢dissociation channels time-of-flight spectra were

measured at laboratory angles between 10° and 30° for m/e 16, 17, 30, 39, 46, 47, 65,

76, 77, 93, 106 and 107 which correspond to O+, OH +, NO +, C3H3+, NO2+, HONO +,

C5H5 +, C6H4 +, C6I-I5+, C6H5 O+, C6H4NO+and C6HsNO +. The products were found

to extensively fragment in the ionizer of the mass spectrometer detector. By recognizing

common features in the TtF spectra, it was possible to identify the parent-daughter ion

fragments. Neutral product recoil partners were found based on the conservation of

momentum in the center-of-mass frame.

The time-of-flight spectra were fit by assuming a translational energy distribution

P(Etrans) and angular distribution o_(0) in the center-of-mass frame (CM). The CM

angular distribution for a single photon process in the dipole approximation is given by
1

m(0) = 4--_[1 + 213P2(cos0)] where 0 is the angle between the electric vector
of the laser

light and the CM recoil direction of the products. 13,the anisotropy parameter, is between

-1_<13< 2. When [_= 2 the transition dipole is parallel to the reaction coordinate and

=
.-=
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when [_= -1 the transition is perpendicular to the reaction coordinate. The experimental

time-of:flight spectra were fit assuming a trial P(Etrans) and [3parameter. These values

were convoluted over the initial beam velocity distribution, the dimensions of the

interaction zone, the ionizer length, and the Jacobian transformation factor to convert

, from the center of mass distribution to the laboratory distribution using CMLAB2.[ 18]

The P(Et) and [3were adjusted until a "best" fit for the time-of-flight spectrum was

obtained. The time-of-flight distributions were not strongly dependent on [3,suggesting

the products were isotropically distributed in the center-of-mass frame.

The intense signal found at rn/e 46 and m/e 77, NO2 + and C6H5 +, indicates the

dominant primary process in the photodissociation of nitrobenzene at 266nm is C-N

bond cleavage to form phenyl and NO2 radicals.

C6H5NO 2 266___mC6H5 + NO2. (1)

The TOF distributions are shown in figures 3.2 and 3.3 and were most easily fit

assuming two different P(Etrans)S in figure 3.4. This suggests that reaction (1) is formed

via two distinct mechanisms. In one case, the P(Etram) is peaked at zero with an average

of 0.9 kcal/mole released to translation. This P(Etvans)indicates that the dissociation

occurs through simple bond rupture from highly vibrationally excited nitrobenzene in the

ground electronic state. In this case, the initial photon energy is statistically distributed

throughout the molecule. With the reaction coordinate lying along one of many

vibrational degrees of freedom, only a small amount of energy is expected to remain

along the C-N bond. 'l'he resulting P(Etrans) is peaked at zero translational energy for a

simple bond rupture reaction with no exit barrier.J3, 5, 7] The second channel producing

• phenyl and NO2 has a slightly higher translational energy release. A P(Etrans) peaked at

2 kcal/mole was used to fit the faster m/e 46 and m/e 77 data. A P(Etrans) peaking away

from zero indicates there is a small exit barrier or some repulsion which couples energy



64

into translation of the products. In this case, the dissociation is likely to occur from an

excited electronic state.

A comparison of the time-of-flight spectra fbr m/e 77 (C6H5.) and m/e 76
,lt

(C6H4+), in figure 3.3, shows that the majority of the m/e 76 signal arrives at the

detector at the same time as the m/e 77 signal. Therefore, the rn/e 76 data is likely to

originate from the same neutral product. C6H4+ is simply a daughter ion of the C6H5

product. This slow signal was fit using the same P(Etrans)S and neutral product masses

assigned to reaction (1). There is small additional contribution in the rn/e 76 spectrum

which arrives earlier than the m/e 77 signal. Additionally, the m/e 46 and m/e 30 TOF

spectra have corresponding fast shoulders that have not been accounted Ibr with reaction

(1). lt is unlikely that this fast signal originates from a third phenyl plus NO2 channel

since there is no momentum matched signal at m/e 77. These fast signals, however, can

be attributed to a channel producing benzyne and HONO:

C6HsNO 2 266__m C6H4 + HONO. (2)

Although signal was not observed at m/e 47 the parent ion of HONO, the parent ion for

C6H4 was detected. M/e 30 and 46 are likely to be the major ion fi'agments of

HONO.[3, 19] The P(Etrans) used for this channel is peaked at 10 kcal/mole with an

average of 15 kcal/mole released to translation, as shown in figure 3.5. A P(Etrans)

peaking a non-zero value expected for unirnolecular elimination proces_s. To further

confirm the HONO product, signal at OH+ was monitored. No definitive conclusions

could be made from the m/e 17 spectrum, however, due to the poor signal to noise ratio

found at m/e 17.

The fast feature a_Tivingat 75 _sec in the m/e 30 time-of flight spectrum, shown
J

irt figure 3.6, can result from du'ect dissociation of nitrobenzene from an electronicaUy

excited state to form phenoxy and NO radicals.

C6H5NO2 26._un C6IqsONO _._C6H50 + NO (3)
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To conf'tmathe assignment of this channel we checked for signal from the momentum

matched C6H50 product arriving at the appropriate time. Since IRMPD studies of

anisole proved C3H3 + and C5H5+ are the major fragment ions of phenoxy radicals,

signal was monitored at m/e 39 and 65 to find evidence for phenoxy radicld formation.

. Figure 3.7 shows the time-of-flight spectra for rn/e 39 and 65. The:sharp feature arriving

at 160 I.tsecdoes in fact momentum match the fast NO signal, conf.a'mingthe assignment

of channel 3. Figure 3.8 shows the P(Etrans)used to fit the data°

Signal was also monitored at m/e 93 to look for the parent C6H50 product. No

signal, however, was observed. Our inability to detect the phenoxi_,radical parent mass

may be due to the high internalexcitation of the radical° From the consercation of

energy, the total energy is partitioned among ali the degrees of freedom:

Eavail = hv + Eint, nitrobenzene" Do(RO'NO) = (EE + ET + EV +

ER)products.

where the available energy is the photon energy plus the initial internalenergy of

nitrobenzene minus the bond dissociation energy Do. At 266 nm l_hephoton provides

107.5 kcal/mole. The heats of formation for phenoxy radical and NO product were used

to estimate the bond dissociation energy according to the equation:

Do(RO-NO)=AHf°(RO') + AHf°(NO)- AHf°(ROblO).

which gives Do(RO-NO) = 16.8kcal/mole.[20] An upper limit for the internal energy of

the parent molecule is obtained assuming the vibrational modes do not relax in the

supersonic expansion. With the nozzle tip temperature at 200°C and the known

" vibrational frequencies of nitrobenzene,[21]the calculated vibrational energy is 7

kcal/mole_ Since the rotational degrees of freedom relax iri the e,_pansion,they are

expected to have a negligible contribution to the total energy compared to the photon

energy. For this channel, the total energy available to the products is 98 kcal/mole and

is partitioned among the productelectronic, translational, vibrational, and rotational

J
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degrees of freedom. With an average of 33 kcal/mole going into the product translational

energy, a substantial amount of energy remains to be distributed among the internal

degrees of freedom of the products. This internal energy of the products is likely to

enhance the fragmentation of phenoxy radical in the ionizer.

An additional channel was still needed to completely account for ali the signal at

m/e 30, NO +. One possible source considered was the secondary photodissociation of

the NO2 and HONO products to give NO:

NO2 2____mNO + O

HONO 2-_9m NO + OH,

The small absorption cross sections at 266 mn for NO2 (2x10 -20cm2)[22] and HONO

(~5x 10-20cm2)[23] suggest secondary photodissociafion is unlikely unless NO2 and

HONO are formed with large amounts of vibrational energy; additional vibrational

energy may dramatically increase the absorption cross section. In this case, however, it

is unlikely that NO2 and HONO products are formed in high vibrational states. The total

energy available for the NO2 channel and the HONO channel is 43 and 32 kcal/mole,

respectively. For unimolecular decomposition following intersystem crossing to the

ground electronic state the initial photon energy is statistically partitioned among all the

vibrational degrees of freedom of the molecule, therefore NO2 product should be formed

with a minimal amount of internal energy. For the concerted HONO elimination, a large

fraction of the excess energy is channeled into translation. It therefore, appears that

secondary photodissociation of HONO and NO2 does not play a role in this system an

alternative interpretation needs to be considered.

As there is evidence from the HONO and NO2 elimination channels that

electronically excited nitrobenzene is internally converting, a nitro-niu'ite isomerization

channel from the ground electronic state is also expected to be present. This is a _cond

possible mechanism for reaction (3) and was observed in the thermal studies[1, 2]. The
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remaining rn/e 30 signai was fit assuming reaction (3) and using the P(Etrans) shown in

figure 3.8. This P(Etrans) shows only an average of 13 kcal/mole energy released to

translation. With 98 kcal/mole of total energy availableto the products (as described
1,

above) the phenoxy radical product is formed with an even larger amount of vibrational

. energy. In this case, C6H50 has enough energy to further decompose to

cyclopentadienyl radical (C5H5) and carbon monoxi0e; the barrier for this process is 44

kcal/mo'e. The high probability for phenoxy radical secondary decomposition makes it

more difficult to detect mayevidence of the momentum matched phenoxy radical product.

Evidence for secondary phenoxy radical decomposition, however, can help confu'm the

presence of this channel.

An additional fast shoulder at 1001asec,which could not be momentum matched

with signal at NO or NO2, was observed in both the m/e 39 and the m/e 65 time-of-flight

spectra. (See figure 3.7). Two potential sources of this signal are spontaneous

secondary decomposition of the primary products and secondary photodissociation

where the primary dissociation products absorb another photon and undergoes further

decomposition. In both cases, the product translational energy from the secondary

decomposition will add to the translational energy distribution from lhc initial dissociation

process, and therefore generate a fast signal. This is illustrated by the Newton diagram

shown in figure 3.9. The primary dissociation phenoxy radical product is represented by

the velocity vectors originating at the tip of the beam velocity vector, which is also the

center of mass velocity. The velocity vectors for the secondary decomposition products

originate at the tip of the velocity vectors for the primary dissociation. Figure 3.9 shows

. velocity vectors for cyclopentadienyl radical product from the secondary

photodissociation of phenoxy radical. A complete Newton diagram for the secondary

process would include a _condary circle corresponding to each primary recoil velocity.

The laboratory velocity measured ibr the secondary products is the vector sum of the
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initial beam velocity and therecoil velocitiesfor both the primary and secondary

dissociations.

The fast signal at m/e 65 and 39 wasfit assuming that internally excited phenoxy

radical generated via reaction (3) furtherdecomposed to give cyclopentadienyl radical and

carbon monoxide, lt was not possible to confirm the assignment of this channel since

no signal was observed at CO+for thesecondary decomposition momentum matched

fragment. The lack of signal at rrge28 is not surprising since the detector background is

high at rn/e 28. Additionally, the large translationalenergy release found for this channel

spreads the products, particularly the lightermass product, over a large angular range,

generating low signal levels at each angle.The slow broad signal for the rn/e 65 and m/e

39 time-of-flight spectra were fit assuming C5H5+and C3H3+are fragment ions of the

phenyl radical, phenoxy radical, and benzyne products.

Finally, although energetically feasible, there was no evidence for the

nitrosobenzene and oxygen atom channel.

3.4 Discussion:

The time-of-flight data indicatethat there are three important unimolecular

decomposition channels occuring on theground electronic state: C-N bond rupture to

give NO2and phenyl radicals, molecularelimination to give HONO and benzyne, and

isomerization to phenyl nitritewith sub_quent dissociation to NO and phenoxy radical.

Both NO2 and NO elimination were found to also occur via dissociation from

electronically excited states.

The P(Etrans)found for each reactionprovides some information about the exit

channel of the potentialenergy surface. As mentioned above, the P(Etrans)peaked at zero

energy for reaction (1) indicates there is no exit channel barrier to form NO2 and phenyl

o
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radical products from the ground electronic state. In contrast, the P(Etrans) for reaction

(2) is peaked significantly away from zero translational energy release. The observed

P(Etrans) is consistent with those found for concerted molecular elimination reactionsIi

where there is a significant reaction bmrier in addition to the endothermicity.[9]

Typically, a large fraction (up to 70%) of the exit barrier is channeled into product

translation. Reaction (2) is likely to occur through a five-member'ed transition state.

With the strained configuration of this transition state, a substantial barrier in the exit

channel is expected.

One remaining question regarding reaction (2) is whether the dissociation takes

place via the ground or an excited electronic state. It is important to note that the recent

therm',d decomposition .;tudies did not find evidence tbr the HONO elimination channel.

This can be attributed to several reasons. One is that the rate parameters strongly favor

the NO2 channel. The A factor for HONO elimination from nitroalkanes was found to be

1012,4-12.7compared to an A factor of 1015.6 found for simple bond rupture.[3] A

similar difference in A factors is expected for nitrobenzene. Although the activation

barrier for the HONO channel is not known, this channel is estimated to be ~ 10 kcal/mole

more endothermic than reaction (1) from the heats of formation.[20] Both the lower A

factor and higher endothermicity of the HONO channel indicate the NO2 channel will be

dominant.

In the thermal experiments, the excitation scheme is quite different than in our UV

experiment. In the UV case, ali the energy is deposited into the molecule at once when

the 266 nm photon is absorbed and the dissociation rates will not determine level of

. excitation. For the thermal studies, however, a large number of collisions are used to

slowly pump the molecule up to higher excitation levels. In this case, the high rate of

simple bond rupture will limit the level to which the molecule can be excited. A similar

competition between dissociation and further excitation is found for the IRMPD
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studies.[3] These factors further favor simple bond rupture over HONO elimination in

the thermal studies.

If, however, the HONO channel is accessible in the thermal studies there is
I

another explanation for the lack of evidence for this channel. Under the conditions of the

laser pyrolysis[ 1] and shock tube[2] studies, secondary reactions can hinder the primary

product identification. In both thermal experiments radical scavengers were necessary to

trap the primary phenyl and phenoxy products and to limit the secondary reactions. The

monitored benzene and phenol products were assumed to be from phenyl and phenoxy

radicals, respectively. Benzene and phenol, however, may also be generated via

secondary reactions of other primary products having ring structure, such as benzyne.

Although the rate parameters strongly favor reaction (1) from the ground

electronic state, at the high excitation levels obtained with the UV excitation reaction (2)

is more likely to occur in these photodissociation studies compared to the thermal

experiments. To further address the question concerning whether reaction (2) occurs on

the ground electronic state, it is important to mention recent photodissociation studies of

cyclohexene and 1,4 cyclohexadiene which directly compare the P(Etrans)Sobserved for

these two excitation schemes. Zhao et al.'s[7] studies indicate the P(Etrans) reflects only

features in the exit channel; P(Etrans) was found to be independent of the excitation

scheme and the total excitation energy. Zhao et. al. conclude that if the P(Etr,.ms)obtained

for UV excitation is simil_a"to that for IRMPD the dissociation is likely to proceed along

the ground potential energy surface. Although, IRMPD data for the photodissociation of

nitrobenzene is not available, the P(Etrans) found for reaction (2) is quite similar to those

found for HONO elimination from nitroalkanes in the IRMPD studies by Wodtke et al.,

as shown in figure 3.5.[3] This supports the hypothesis that HONO elimination from

nitrobenzene occurs from the ground electronic state.
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Both the recent thermal experiments[ 1, 2] and the present molecular beam studies

suggest a nitro-nitrite isomerization is an important primary decomposition channel for

nitrobenzene. Using laser-powered homogeneous pyrolysis, Gonzalez et. al. found the
b

rate parameters for reaction (3) to be log ko,,(s'l)=(14,3+l.0)-(65.5+5)/2.3RT.[1] The

- urfimolecular nitro-nitrite rearrangement has been extensively studied for small

niu'ocompounds such as HONO and nitromethane.[24] In nitroaromatic compounds, the

isomerization is thought to take place via the following diradical intermediate initiaUy

proposed by Chapman[25]'

.O\
N--O ONO

6 --6
With 266 nm excitation, the TtF spectra for m/e 39, m/e 65, and m/e 30 indicate

that reaction (3) may take piace from two different potential energy surfaces (PES). The

P(Eu.ans)Sobtained for this reaction are shown in figure 3.8. From the substantial

translational energy release obtained ['or the P(Etrans) peaked at 30 kcal/mole reaction (3)

may proceed via an excited electronic state where some of the electronic energy is

channeled into translational energy of the products, This P(Etrans), however, was

obtained by fitting the large peak in the m/e 65 and 39 TOFs. Phenoxy radical products

which have lower translational energy release will be formed with greater internal

excitation and are likely to further dissociate. In this case, the P(Etrans) found by fitting

the m/e 65 and m/e 39 TOFs may not be sensitive to the low translational energy

products. The TtF spectrum for NO at m/e 30 suggests, there are products from

" reaction (3) formed with lower translational energy.

To completely fit the m/e 30 data, a second dissociation channel for reaction (3)

was used with a P(Etrans) peaked at 10 kcal/mole. Although the P(Etrans) shows there is

a relatively low translational energy release for this channel, the fact that the P(Etrans)
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peaks away from zero energy contradicts the theoretically predicted translational energy

distributions for simple bond rupture reactions where the internal energy is statiscally

distributed throughout the molecule. For the simple bond rupture reactions generating
li

two radical products, no exit barrier is expected and the P(Etrans) is generally peaked at

zero energy.[5] This was observed for reaction (1) which occurs from the ground

electronic state. A P(Etrans) Naked away from zero indicates the presence of a barrier in

the exit channel.[9]

To determine whether tl e dissociation occurs on the ground or an excited PES,

one must consider whether an exit barrier is likely for this channel, IRMPD studies of

anisole (C6HsO-CH3)[6] and ethyl vinyl ether (C2H5-OCHCH2)[10] observed exit

barriers for the dissociation of carbon-oxygen bonds. In both cases the method of

excitation maintains the molecule irl the ground electronic state and the translational

energy distributions were found to peak at ~3 kcal/mole and extend to ,-20 kcal/mole.

The exit barrier was attributed to an electronic rearrangement in the formation of C6H50

and CH2CHO radical products due to the partial double bond nature of the C-O bond,

An analogous mechanism is expected for the CdHsO-NO bond dissociation with

a similar electronic rearrangement as the suggested in the CdHsO-CH 3 dissociation

studies.J6] Therefore, an exit barrier is expected for this channel and reaction (3) is likely

to proceed via the ground electronic PES. lt is important to note that the P(Etrans)

obtained for phenyl nitrite decomposition peaks at substantially higher energies than

those found in the dissociation of _misoleand ethylvinyl ether. The P(Etrans) peak

position found for reaction (3), however, is somewhat ambiguous. Since there are

several overlapping contributions to the m/e 30 data ,asshown in figure 3.6, it is difficult

to obtain accurate threshold values for the P(Etrans).

In both channels which produce phenoxy radical and NO, there is 98 kcal/mole of

energy available. For the two dissociation channels, the average translational energy
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release was 13 and 33 kcal/mole respectively. This leaves 85 and 65 kc_d/moleto the

electronic, vibrational and rotational product degrees of freedom. Shace the first

electronic state of NO is -,4,6 eV above the ground state[26] anti NO h_ only one
Ik

vibrational degree of freedom, a large majorityof the energy wil.1remain,as internal

excitation of the phenoxy radical, lt has been well e3tablished tlhat phenoxy radicals with

a high degree of internal excitation can undergo secondary decomposition to produce

cyclopentadienyl radical and carbon monoxide.[6, 15, 16]

C6H50. --_ C5H5. + CO (4)

Kinetic studies by Lin et. al. found an activation energy of 44.0_+0.9 kcal/mole and an A

/,actor of 2.5x1011 s-1 for the unimolecular decomposition of phenoxy radical.[ 16]

Colussi et al. initially proposed that the reaction occurs via a tight complex, as shown

below, rather than a ring opening process.[15]

O" 0 'CO

While the signal to noise ratio at m/e 28 was too poor to observe the CO product

from reaction (4), the fast signal at m/e 65 and 39 indicates secondary 6ecomposition is

in fact occuring. The possible sources for C5H5secondary decomposition are

spontaneous dissociation and secondary photodissociation from both channels which

form C6H50. To determine which process is mo_'elikely one has to consider wL*_,ther

phenoxy radical can absorb a 266 nm photon. The UV absorption spectrum of phenoxy

radical[27, 28] shows phenoxy radical has a strong absorption band around 240 nra,

Although this band drops off before 266 nra, the absorption band is likely to shift

significantly to the lower energies for phenoxy radicals whh a high degree of' internal

=__
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via the ground sta,te dissociation channel has more internalenergy, it is more like]3, to

absorb a 266 nm photon than the phenoxy radical formed from the excited state

dissociation channel.

The fast m/e 39 and rive 65 signal can be fit assuming phenoxy radical from

either channel decomposes. If the fast m/e 39 and m/e 65 is from phenoxy radical

formed from the slow reaction (3) channel, a substantial amount of translational energy is

needed to fit the fast edge of the m/e 39 and m/e 65 TtF spectra. The P(Etrans) is shown

in figure 3.10a. In contrast, a slower secondary P(Etrans) can be used, assuming the

phenoxy radical from the fast reaction (3) channel undergoes secondary decomposition.

The P(Etrans) for this process is shown in figure 3.1Ob. The later P(Etrans) suggests

secondary decomposition occurs via a spontaneous process along the ground state PES.

This hypothesis is supported by comparing the P(Etrans) obtained for phenoxy radical

decomposition using IRMPD[6] with the P(Euans) found in this study, as shown in

figure 3.10. In the IRMPD experiment the phenoxy radical products were released with

an average of-20 kcal/mole. The P(Etrans) was peaked at 14 kcal/mole with a maximum

energy release of 48 kcal/mole. With infrared multiphoton excitation, the phenoxy

radical decomposition proceeds along the ground PES, therefore the large translational

energy release results from a barrier in the exit channel. Although secondary

decomposition can result ft'ore either spontaneous dissociation or seondary

photodissociation, the linear power dependence obtained for the m/e 65 signal suggests

spontaneous secondm'y decomposition of phenoxy radical from the grot, nd PES is likely

to be the dominant process. Additic,nally, both seondary decomposition of both phenoxy

radical channels are expected to contribute to the signal.

Finally, an infrared multiphoton dissociation study of nitrobenzene would be

helpful to determi_ the activation energies Ibr simple bond rupture, i.sornerization and

HONO elimination channels from highly vibrationally excited nitrobenzene. Table 3.2

2

=i
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lists the four fundamental vibrational frequencies of nitrobenzene[21] which match the

wavelengths from a CO2 laser.[29] If'nitrobenzene has a reasonable absorption cross

section at these wavelengths, it is possible to excite, the molecule up to the dissociation
J

limit via resonant and non-resonant absorption of many IR photons.[5] In contrast to the

. UV excitation scheme, the primary dissociation products from IRMPD would not be

formed with such high internal excitation since unimolecular dissociation competes with

continued photon absorption at levels above the dissociation threshold. Under these

conditions, if the phenoxy radical is formed it will not have as much internal excitation

and should live long enough to reach the detector. With IRMPD, it is more feasible to

determine the presence or absence of the nitro-nitrite isomerization channel. C6H50 +,

the parent ion of phenoxy radical has been detected in the IRMPD study of anisole.[6]

IRMPD s'_udies of nitrobenzene would also be helpful in determining the barrier height

for the HONO elimination and isomerization channels based on the rela'.ive yield of the

reaction channels.

3.5 Conclusion:

Photofragmentation translational spectroscopy has been used to identify the

primary dissociation channels for nitrobenzene excited by a 266nm photon, Five primary

dissociation channels were identified. Simple C-N bond rupture, r_aolecular elimination

of HONO, and nitro-nitrite isomerization followed by C6HsO-NO bond dissociation

occur from the highly vibrationally exci_ed ground electronic state. Additionally.

. isomerization to give NO and phenoxy radical and a second NO2 plus phenyl radical

channel occur along electronically excited potential energy surfaces, Finally, the

secondary photodissociation of phenoxy radical to give carboa monoxide and

cyclopentadienyl radical was observed.

_
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3.7 Tables:

/

/

f,

, , ' /,t r , •

Channel AHreactiona Available Energy
(kc_dlmole) (kcal/mole)

m

C6HsNO2_NO + phenoxy 17 98

C6H5NO2_NO + C5H5 + CO 38 77

C6HsNO2---_NO2 + phenyl 72 43

C6HsNO2_HONO + benzyne b 83 32

C6I-/sNO2---)O(3p) + nitrosobenzene 92 23

Table 3.1 Energetics for various dissociation channels at 266 nm.
a heats of formation from [20, 30]
b heats of formation of benzyne (118+5) from [31, 32]
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8

Nitrobenzene CO2 CO2
Vibrational Laser Frequency Tran_tion

. Frequency (cre" 1)

935 934_92 90° 1-10°0 P(30)

977 977.23 00Ol -10o0 R(22)

990 990.78 00°1-10°0 R(46)

1071 1071.88 00ol-02°0 R(10)

Table 3.2 Fundamental frequencies of Nitrobenzene[21] which match CO2 laser
lines.J29]
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3.8 Figures:

I

,i SPECTROMETER

II ' LASER
mmmmmmm mmmw m mmem m mm m mm mm u m m_m m m mmmm mm mm m m m m mmm i mm # _m m m m

,t BEAM

CRYO PANELS

NITROBENZENE
SOURCE

Figure 3.1: Schematic view of crossed molecular beams apparatus modified for
photodissociation studies. Molecular beam was chopped with a wheel in
the differential pumping region to reduce background in the main
chamber.
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Figure 3.2: Time of flight spectrum for rule 46 at 15°.
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Figure 3.5" Translational energy distribution for reaction (2). Solid line represents
P(Etrans) obtained for this study. Dashed line represents P(Etvans)
obtained for HONO elimhlation from nitropropane in IRMPD studies by
Wodtke et al..[3]
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Chapter 4:

A Methyl Radical Source

4.1 Introduction:

This chapter describes the developmentand characterization of a new design for a

supersonic methyl radical be,masource. With an intense radical beam accomp_miedby

several recent additional modificationsto the universal crossed molecular beam machine,

we hoped to improve the potentialof studying the dynamics of larger variety of radical-

molecule and radical-radical reactions under si_gle collision conditions. To date, only a

limited number ,Drsuccessful me_y! radical reactive scatteringexperiments have been

performed. The.seinclude studiesof methyl radicals and halogen molecule reactions

using effusive methyl beam sources and, mo1e recently, supersonic radical beam

sources,

The production of a free radicalbean is relatively straightforwaz'dwhen ctu'ried

out with an effusive pyrolysis source. In this case, the molecular flow at the source exit

maintains the _adicalrecombination through collisions tc)a minimum. Two great

disadvanlages of these souEes, however, are the low number densities and the broad

velocity distributions of theradical beams. These characteristics make it particularly
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difficult to study reactions with sin',til cross sections, as in the case of methyl radical

reactions, where low A factors and high activation, energies _u'ecommon in lhe [neasured

macroscopic rate constants for a wide range of reactions. "i_e broad ve _ocity
¢.

distributions also restrict the dynamicai irformation one can obtain from the scattering

, experiments, especially ",,ben the cross sections are strongly descendent on the col!ision

energies_

Several pyrolysis sources[1, 2, 3, 4, 5, 61 have been modelled 'after the initial

design of Kalos ,andGrosset.[7] Molecu_,:_seffused with a Maxwell Boltzmann velocity

distribution from a bundle of three 0.75 mm diameter tubes made from 0.025 mm thick

tantalum foil. The tubes were heated by radiation and electron bombardment to 1400-

1600K. Typically, ff_eheated tube lengths ranged from 1-3 cm for these sources to

maintain short contact times and prevent free radical recombination A number of radical

precursors ranging from dimet_,31mercury, dimethyl zinc, trmaethyl bismuth, methyl

iodide and az,)methane have been used. To obtain pure alkyl _ams, the remaining

parent molecules, atswell as the high mass decomposition products, were removed from

the beam by a slotted disk velocity selector. Mixtures of Hg(CH3)2 and helium have

been used to give an increased peak velocity. The width of the velocity distribution in

these beams, however, remained relatively broad. With source backing pressures of 0,2-

3.0 Torr, intensities on the order of 5x1015 radicals sr-1 s'l have been achieved with

these sources.

Suln,xs( mc sources have also been used to generate methyl radicals for reactive

scattering experiments as well as for spectroscopic studies.j8, 9, 10] In general, the

• s_._personicnozzle designs are quite similar to the effusive beam sources. Typically, the

heated zones were confined to the front tip of the source and were about 1-3 mm long to

minimize radical recombination. Clogging was a comrrmn problem found with the higher

backing pressures and smaller orifices of the supersonic radical sources, To lengthen the

!
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nozzle lifetimes, the _talum tube heaters were often replaced by quartz or cerarnic tubes

heated by thermal contact. Recently, a pulsed CH3 supersonic beam source was used to

study the resonant multiphoton spectrum of rotationally cold radicals. [11] In this nozzle

design, the esthnated contact time in the heated region was .--100 _tsec.

In the Lee group [12], a supersonic methyl radical beam source similar to one

designed by Hoffman et. al.[9] was used to study the reactive scattering of methyl

radicals wiih halogenated hydrocarbons. In this design a tapered quartz capillary tube

was heated by a tantalum heating element over a lmm length at the nozzle tip with a 0.5

mm i.d.. A dilute mixture of 1 Torr ditertiary butyl peroxide in -,70 Torr He buffer gas

was expanded through the nozzle tip which was held at-1000°C. There were several

points we hoped to improve upon by designing a new source. One is the low number

density of methyl radicals. Another was the fact that the source clogged within a few

hours with a black polymeric residue.[12] Both of these problems can be attributed to

the long residence time of the methyl radical in the heated source region, lt was also

found that the tantalum heater reduced the quar_ nozzle to silicon over time, requiring

periodic replacement of the heating element and quartz nozzle. This chapter describes the

design of a new source to lay and overcome these problems.

4.2 Source Design:

Atomic and radical beams have been produced by numerous methods including

pyrolysis, discharges and ph_tolysis. Since there are many organic molecules that

thermally decompose to give methyl radicals, a pyrolysis source is by far the most

straightforward technique to generate CH3. For atomic beams, the extent of dissociation

in a pyrolysis source is simply dependent on the source temperature and on the



, ,,,, ,I,Jll ..... . .... L,IIl_ll , ,L ...... I, . ii _,h..........

93

equilibt.'ium constant. Since the dissociation temperature of halogens is relatively low,

intense beams of CI, Br, andI a_'epossible.II3] The design of polyatomic radical beam

sources is more challenging. Irl this case, recombination reactions to foma more stable
ii.

species than the initial radical precursor compete with the radical production and therefore

limit the beam intensity. The new nozzle source was designed to optimize the methylg

radical production while minimizing methyl radical recombination. To achieve this, two

factors were taken into consideration: the temperature profi.le of the nozzle and the radical

precursor residence time in the heated portion of the nozzle.

The basic design was modelled after a source recently used in the Lee group to

generate a beam of NO3 radicals by the thermal dissociation of N205.[14] The methyl

radical beam source design is shown in figure 4.1. To generale methyl radicals from

_ometh_me requires a much higher source temperature than the dissociation of N205 to

form NO3, -1200K versus -600K respectively. The major modifications of the N205

source included changes in the dimensions of the heater and the heater materials to

accomodate the l_igher temperatures required. For the CH3 source, the dimensions of the

heated tube and tip front plate were optimiz,ed to insure that the hottest part of the nozzle

tube was concentrated close to the tip. To achieve this, the front plate was changed from

,3disk, as used in the NO3 source, to a simple strip. Using the thermal conductivity and

resistivity of the source materials, a model was generated to calculate the temperature

profile of the source as a function of tube and plate dimensions, as well as of current. A

full description of this model has been included as an appendix to this chapter.,s

Supersonic sources have a tendency to form clusters. In the radical beams, this

condensation results in contamination by recombined stable molecules as well a

decreased number density of the species of interest,, To avoid large amounts of

clustering, while retaining a reasonable beam number density, we used a larger nozzle

di_neter d than that used in typical supersonic beam sources: the beam number density

t'7' '" v_ IqlP,,P,ii',l ' "lIIIIrl lm,,' irl1,,_i' I_ P' rhr'' , '_ im_ P _lll iii ,ip,¢ll I'I I _lll _ pr i ,tFqwl_1, " ii, ,,,la , ,,rp',l, Hii,q_ lilll_,' 1lfr,,,,..... Ipeqlpflip ..... Pl' all, , al, i_IiiqlII
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scales as Pod2, while the rmmber of collisions in the expansion is proportional to Pod,

where Po is the pressure behind the nozzle. This increased nozzle diameter of the CH 3

source required a greater pumping speed to handle large gas throughputs. A rook,;
m

blower with mechanical pump were used to back the source diffusion pump. This

greatly enhanced our pumping speed, particularly for helium, the seed gas.

"E,e dimensions of the heater tube and their effect on the gas residence rh'he in the

pyrolysis area was also an important consideration. The CH3 source has a 0.080"

channel length with a residence time of ~10/asec assuming 100 Torr backing pressure,

0.020" diameter nozzle, and 5,000 l/sec source pumping speed. Although several

different channel lengths were tested, this length was found to be the optimum.

The basic design of this new source, shown in figure 4.1 and 4.2, consisted of

two water' cooled electrodes attached to the front of a stainless steel tube with 0.25" o.d..

A heater tube was inserted into a molybdenum front cap, which was vacuum brazed to

the stainless steel tube. The heater tube had two sections. The back portion was

0.060"long with a 0.08" o.d. and 0.030" i.d.. The front portion was 0.50" long with

the o.d. ground down to 0.050". The nozzle was directly heated by passing current

through the tube. To maintain good electrical contact while the source was heated from

300 to 1600K, the heater tube was spring loaded between the molybdenum cap and the

front plate. Since the juntions between the heater tube and the molybdenum cap and

between the heater tube and the front plate are likely to be points of high resistance, the

front contact point w_csmade --.1/4 the ,area of the back to keep the hottest portion of the

tube at the tip. One attractive feature of this design was that it was not necessary to

maintain good thermal contact between a heater and the tube, which in turn heats the gas.

This is in contrast to the quartz nozzle with the tantalum heater. For that case, if the

thermal contact is poor, the heaters need to run at higher temperatures, and tend to bum

out easily.
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During the testing phase of'the source, it was necessary to modify the material

used for the heated section of the source. The initial material tested was Inconel, a high

temperature stainless steel alloy. Inconel should be relatively resistant to reactions with
o

the methyl radicals and should withstand temperatures up to 1600K. In practice, the

- spring loading stress accompanied by the high temperatures caused the front plate to

w_ rp. The Inconel parts were substituted with molybdenum which can tolerate much

higher temperatures. The melting point of molybdenum is 2617°C compared to ~2000°C

for Inconel.[15] Molybdenum, however, reacted with the methyl radicals at hese high

temperatures. This source successfully generated methyl radicals, but the tube tended to

clog and degrade within four hours. Since the tube wall thickness was only 0.005" and

typically carried 120 amps, it also burned out quickly.

Tungsten has a much lower carburization rate with methane than does

molybdenum, and the high temperature reaction between tungsten and methane is known

to produce carbides.[ 16]Therefore, the molybdenum tube was replaced with tungsten

carbide (WC) to minimize the tube degradation. Tungsten carbide, with a 2600..2870 ° C

melting point[ 15], was also expected to withstand the high temperatures. Although the

tungsten carbide tube began to clog after nmning a beam for eight hours, the tube itself

did not appear to react with the beam. The oven resistance remained stable even after the

nozzle clogged, and the tube did not burn out. lt was possible to clear out the blockage

by running a beam of wam_ air with the heater at 70Watts (--800K) lbllowed by a warm

rare gas beam and therefore increase the lifetime of the tube. Even though it was possible

to remove the deposits with a warm air bean't_ it was necessary to periodically replace the

. tungsten carbide portion of the nozzle. The source design made this prcxzedure relatively

easy_ Since the molybdenum f;ont plate and heater tube were accessible through the

skimmer rnounting plate, it was possible to change these parts without having to realign

the source. Alter numerous tests to optimize the oven running conditions, the oven
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temperature, the helium to azomethane ratio, and the total beam flux, the source was able

to run up to twenty hours with the heater properties and signal level remaining stable.

The original design relied on the back copper electrode to make reasonable

electrical contact with the stainless steel tube through a slip fit. The resistance for the

whole heater system in this configuration was typically 30 milliohms. From tile

resistivity of tungsten carbide and the tube dimensions, the resistance of the tungsten

carbide piece should only be ~0.50 milliohms. The resistance of the tungsten carbide

tube, the resistance at the junctions between the tube and front plate and between the tube

and molybdenum cap should give the largest contributions to the total resistm_ce; these

are the sections with the smallest cross sectional area and poorest contact. To minimize

the resistance of the rest of the heater and to insure that the majority of the power was

dissipated at the nozzle tip, an extra back copper electrode, which was soft-soldered to

the stainless steel tube, was added. A flexible copper braid was used to connect the two

back electrodes to maintain the spring loading.

In general, a measured total resistance for the heater and additional back elecUode

greater than --6-12 milliohms at the initial nozzle installation, or during the first heating

cycle, indicated a poor contact point between the molybdenum front plate and the

tungsten carbide tube. In this case, the nozzle did not have a reliable lifetime and did not

generate methyl radicals reproducibly. When this occurred, it was prudent to

immediately replace the nozzle and front plate instead of moving on to scattering

experiments.

The temperature of the heater tuoe was determined by measuring the terminal

flow velocity of a rare gas be,ma. The velocity of a nozzle beam is dependent on the

temperature of the nozzle tip. On axis beam time-of-flight of argon indicates that the

nozzle tip temperature .reaches approximately 1300" C at 160 Watts. After running a

methyl radical beam for a few hours, the tungsten carbide tube and molybdenum front

"' _,r ,l_ _, _ ql,,
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plate became discolored at the tip from the heat. The carbon deposits were also

concentrated at the very front of the tungsten carbide tube. Both of these findings

corffirmed that the hottest section is at the front of the nozzle, which was predicted by the

model described below.

N

4.3 The Radical Precursor- Azomethane:

There are a number of molecules which thenr,aUy decompose to give methyl

radicals. Azomethane was chosen as the radical precursor because its pyrolysis should

generate only nitrogen, ethane and methane as beam contaminants. These species should

not interfere with the planned methyl radical photodissociation experiments. Tests

running ditertiary butyl peroxide in the nozzle showed that more "logging occured with

this precursor than with azomethane,

The therm',d decomposition of azomethane has been well studied since it was

originally believed to undergo unimolecular dissociation and was therefore used to

investigate unimolecular rate theory Further studies have proven that azomethane's

decomposition occurs through a complex process involving a short chain reaction. [17]

Although the conditions in the expansion are quite different than those in the pyrolysis

studies, a close examination of the products and kinetics of the thermal dissociation
h

studies can provide clues about what beam contaminants might be present, as well as

help identify the reactions responsible for generating the polymers. Kinetic modelling of

. the possible recombination reactions can also supply an idea of what might be a feasible

range of heater tube re=idence times for maximizing dissociation and minimizing

secondary reactions.
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Since nitrogen, methane and ethane are the three most abundar_.tdecomposition

products found by Paquin and Forst, the three following reactions must dominate the

pyrolysis.[ 18]

CH3N2CH3-_ 2CH3. + N2 (1)

CH3. + CH3N2CH3 _ CH4 + CH2N2CH3. (2) ,

CH3. + CH3. --_ C2H6 (3)

Reaction (1) is likely to be a two step process where one carbon-nitrogen bond breaks at

a time.[ 19] When the azomethane is pyrolyzed in the presence of nit.ric oxide, a methyl

radical scavenger, the methane and ethane yield is dramaticaUy reduced, confirming

reactions (2) and (3). [17]

To efficiently produce methyl radicals and minimize their loss to secondary

reactions, it is necessary to reduce the number of collisions between the methyl radicals

and other reactants. This was achieved by diluting the azomethane in a rare gas and by

attempting to keep the azomethane dissociation confined to the area just at the nozzle exit.

The azomethane decomposition rate, as well as the radical recombination rates, can be

used for estimating how the competition between the reactions influence the net CH3

radical, production.

To obtain an order of magnitude estimate of what a reasonable heater residence

time might be, a few assumptions were made about the decomposition and recombination

reactions. Although it ha_sbeen established that the azomethane decomposition occurs

with a short chain reaction, under our conditions where the azomethane was diluted with

helium by a factor of ~30, it was reasonable to assume the decomposition occured

through a unimolecular process to form 2 CH3 and N2. The rate constant used for this

reaction was k=2.4x1014 exp [(-47.6kcal/mole)/RT] s-1 as measured by Lin and

Laidler.[20] The decomposition rate has a strong temperature dependence, as one would

expect for unimolecular reaction processes. The energy required to activate the molecule
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is supplied by co_'tisions with the buffer gas through the Lindemann-HiJ_shelwood

mechanism,

In the methyl radical ,:e_ornbination process there is--88 kcal/mole of energy

liberated during the formation o,' ethane,[21] To stabilize the product mo),ect:de,the

energy evolved must be distributed among the vibrational degrees of freedoni or to a third

body, which can easily carry the excess energy away through translation. Under our

nozzJe conditions the helium buffer gas plays an important role in dis_tipating this energy.

a, value of 7.95xi0-29 exp[2306/T] cm6 molec -2 sec"l from Macpherson and co-workers

was used tbr this terrnolecular recomb_mtion rate.J22]

Acuchem, a computer program to model complex reaction systems was used to

estimate the optimum conditions for the methyl radical generation.[23.] This p:togram

was designed to model spacially homogeneous, isothermal, multi-componerlt chemical

reaction systems. Although these conditions do not match tho,'e in our nozzle tip, the

model should give a reasonable picture of the favorable conditions fo:r methyl radical
i'

production. "I'he temperature, initial ratio of buffer gas to azomethane, and the total

pressure were varied to explore.'how changes affected hhe methyl radi_calconcentration.

Acuchem's output gave the concentrations of the reaction components as a function of

time.

For the computer program, we assumed that azomethane decomposed via a

pseudo-two step process:

CH3N2CH3 --->CH3N2 ' + CH3.

CH3N2.--> CH3. + N2

. with kl and k2 as the respective rate constants. The fi.rst reactio_,_was set as the rate

limiting step and was therefore assigned the value given by Lin and Laidler,, k1=2.4x10 ,14

exp(..47.6kcallmole/RT) s-l The second reaction was as,sumed to occur spontaneously

and was therefore assigned a large "dummy" value k2=1010 sec:-l, which is about four
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orders of magnitude faster than the azomethane decomposition rate in the temperature

range of interest. For this model, it was assumed that only the methyl recombination

reaction was responsible for the loss of CH3, Since the program could not handle
,it,

termolecular reactions, we assumed the helium buffer gas concentration to be constant

and incorporated its value into the termolecular rate to get an effective second-order rate

constant.

Figure 4.3 shows the results of the computer kinetic modelling assuming 100

Ton' total pressure with 5% azomethane in helium at I200K. The methyl radical

ct;ncentration and lifetime were strongly dependent on the initial conditions and this plot

represents the results yielding the highest methyl radical concentration for the longest

lime, Below 1200K, the azomethane decomposition rate drops off rapidly producing

only a very low conccntration of methyl radicals. At higher temperatures and pressures,

the methyl radical concentration drops off drastically, within a _ec. Clearly many

simplifications regarding the reactions occurring J,nthe nozzle tip have been made. The

plot shows, however, that in order to effectively compete witla the recombination

reaction, it is critical to have the azomethane dissociation t.cur at the tip of the noz_,-Jetip

and to have the residence time in the heater at a minimum.

4,4 Azomethane Synthesis:

Azomethane was prepared by oxidation of 1,2-dimethylhydrazine with mercuric

oxide suspended in water, as previously described by Renaud and Leitch. [24] Briefly,
o

50 g of 1,2-dimethylhydrazine dihydrochloride was fi,rst dissolved in 150 nal H20. Then

25 ml I0M NaOI,-Iwas added to the solution to produce the free amine. This solution

w,ts slowly added dropwise through an addition funnel to a suspension of 120 g
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mercuric oxide in 250 ml of water while the reaction mixture was stirred continuously at

room temperature. A dry ice-acetone slush bath followed by a liquid nitrogen bath was

used to trap the liberated azomethane. 'ro enhance the azomethar_e distillation, the

app_atus was maintained at -200 Ton: using a mechanical pump ,and needle bleed valve,

. Fi_lally, the collected azomethane was purified by trap-to-trap distillation azi.4by

degassing at 77K. This typically generated 20 ml of azomethane for a yield of a 70%.

1,2- dimethylhydrazine and mecuric oxide were obtained from Aldrich and were used

without further ptu'ification.

Various chlorinated methanes were found to be the major synthetic impurities by

Forst and Rice. [17] The mass spectrum of a room temperatore azomethane beam,

obtained by the procedure described above, revealed a contanainant at m/e 50, the parent

ion of CH3CI. From the integrated beam time-of-flights at m/e 15, 43, 58, a_d 50

(CH3 +, CH3N2 +, CH3N2CI-13+,and CH3CI+), the methyl chloride contamination in the

azomethane was estimated to be less then 1%. There was no indication of any other

impurities in the azomethane from the mass spectrum.

4.5 Apparatus:

The source characterization was peffoxTned in a universal crossed molecular

beams machine which has been described in detail previously and is shown in figure

" 4.4.[25] Two differentially pumped beams were crossed at 90 ° _ the main chamber held

at .-Sx10 -8 Torr. A triply differentially purnlyeddetector, consislJng of an electron impact

ionizer[26], a quadrupole mass spectrometer and a Daly type ion detector, [27] measured

the products. The detector rotated in the plane of the two beams and about the 2x2x3 mm

collision volume.

" i
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The primary methyl radical beam was defined by a 0.025" aiameter skimmer

0.50" from the source, as well as a 0.060" x 0.070" defining slit 1.5" from the source.

A variety of conditions were used for the methyl radical/azomethane beam in order to

optimize for methyl radical production. Typically, the peak in the laboratory velocity of

the methyl radical beamwas typically -30x104 cm/s with a speed ratio .-5.0, The

secondary rare gas beam was produced by exI_anding 500 Ton of neon or helium

throagh a 0.15mm nozzle at room temperature. "I\hisbeam was defined to 1.5° full width

i_alI"maximum angular divergence with a 0.020" diameter stainless steel conical skimmer

0.40" from the source.

Time-of-flight (TOF) specu'a of the scattered products were obtained by the

cross-correlation method using a pseudo-random sequence chopper wheel mounted ;,nthe

primary differential region. [28_ 29] A trigger pulse from the cross-correlation wheel

was used to initiate the ion counting electronics. The flight length for th,_on axis time of

flights, the distance between the cross-correlation wheel and the ionizer, was 24.1 cm.

For off axis time-of-flights, the flight length from the zollision zone to the ionizer was 20

cm. All the off axis time-of-Ilights were adjusted for the methyl flight time between the

chopper wheel and the collision zone (typically --14 btsec), the cross-correlation trigger

off.t, and the ion flight time. [30] The trigger offsets and the distance between the

single shot wheel and the ionizer were measured using rare gas beam time-of-flight,

Angular scans of the product distributions were produced by integrating the signal in the

time-of-flights at various detector positions,

A few modit]cations were made to the molecular beam apparatus in order to

improve the signal to noise ratio for the methyl radical experiments. To minimize

background from the methyl radical beam, the cross-correlation wheel w_s installed in

the prirnary differential region; this is similar to the design used in the collisional

deactivation experiments described in chapter 2. With this modification, the chopped
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portion of the beam was pumped away before entering the main chmnber, therefore

reducing the background to some degree. This also helped reduce the time dependent

background difficulties we observed with the cross-correlation wheel in previous

e.xperiments.[31] Another tremendous advantage of moving the chopper wheel to the

. differential region rather than having the wheel attached tc)the rotating detector is that the

wheel no longer restricted the angular range of the detector. In the past, either 0°- 50 ° or

40°-90 ° in the laboratory frame, could be monitored. With the new arrangement, the full

90 ° detector rotation was possible without wanning and venting the chamL',erto change

: the wheel position. Another benefit of having the chopper wheel in the primary

__ differential chamber was the ability to monitor the stability of the methyl radical velocity

throughout an experiment by rotating the detector onto the beam axis at any time.

Methyl radical reactions generally have small reaction cross sections and

unfavorable kinematics for crossed molecular beam experiments: the light products are

likely to be scattered over a large angular range even with a small release in translational

_- energyu Therefore the number density of product molecules is expected to be relatively

low. In order to increase the likelihood of observing signal, only one region of

differential pumping for the secondary beam was used as shown in figure 4.4. This

enabled us to move the secondary source closer and increase the number density by a
l

factor of four since it is dependent on the distance as r-_-., This configuration was also a

key improvement in recent reactive scattering experiments where it was difficult to detect

time-of-flight of the light fragments due to their broad angular distribution. [32]

Additional liquid helium cooled cryopanels were added to both the main chamber

. and the primary differential region to further reduce the background. With the main

- chamber background pressure - Ix 10"7Torr, most of the background in the detector

from the beam gases can be attributed to molecules which bounce off surfaces and are

directed into the detector. 'This background can be reduced by u'apping the molecules on

=

=
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file surfaces viewed by the detector. The panels were cooled by a Koch closed cycle

helium refrigerator to ~ 10K, as measured by a Lakeshore diode thermocouple. This

temperature is significantly below the condensation temperature of most gases.

Depending upon the masses and the detector angle, the background count rates were

reduced by at least a factor of 10-20 with these cryopanels. ,,

4.6 Source Characterization:

The methyl radic',d beam was generated by bubbling --.650Torr of helium gas

through azomethane held at .-78°C,using a dry ice acetone slush (--20 Ton" of

azomethane). A needle valve was used to reduce the backing pressure to 100 Torr and

maintain the source chamber pressure at -l-3x10 "4Torr. The 3% mixture of azomethane

in helium was expanded through the 2.0 mm long resistively heated tungsten carbide tube

at various heater powers.

A number of diagnostic techniques were used to chm-actefize the pyrolysis source

,asa function of hea ,tercurrent. Mass spectrometry of the azomcthane/methyl radic,'d beam

was used to check for the onset of azomethane dissociation. With on axis beam TtF,

however, it was difficult to distinguish between signal due to methyl radicals and signal

due to azomethane or other decomposition fragments cracking in the electron

bombardment ionizer. A large contribution to the m/e 15 signal is due to fragmentation

of azomethane; at room temperature, it is typically six times more likely than rn/e 58, the "

parent ion for azomethane.[331 This problem is enhanced with the heated source, since

the ion fragment ratios are known to change with additional vibrational energy.[34]

To evaluate whether simple ota axis beam TtF would be a reasonable method to

track ota"methyl radical production, we measured the fragment ion ratios for the three
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major fragments of azomethane at room temperature and compared it to the fragment ion

ratios when the source was heated. Figure 4.5 demonstrates how the azomethane/methyl

radical mass spectrum shifts towards smaller masses as the power is increased. Clearly,

the m/e 58 and 43 signals decrease as the oven temperature increases, lt is difficult to

" detemfine the percentage of methyl versus azomethane in the beam from these on axis

diagnostics. At 128 Watts (145 Amps and 0.885 VAC), the percentage of m/e 15

increases significantly over the m/e 58 and 43. This might lead one to believe that a

significant amount of azomethane has dissociated when, however, the, beam is still >90%

azomethane as measured by the crossed bern-nsexperiments, as descritbed below. This

indicates that with additional vibrational energy, azomethane does fragment to lower

masses. In contrast, at 152 Watts heater power (160 Amps and 0.950 VAC) the on axis

mass spectrum suggests the beam is predominantly methyl radical since there is almost

no signal at either rule 43 or 58. This was in agreement with the crossed beams results

where only a minimal amount of residual azomethane or CH3N2 was detected.

Since it was difficult to determine the onset of azomethane dissociation from the

on axis mass spectrum, the crossed molecular beams technique was utilized to

unequivocally identify the products in the pyrolysis beam source. To differentiate

between the azomethane and methyl radicals in the beam and to optimize the conditions

for methyl radical production, the mixture of methyl radicals and azomethane was

scattered off a rare gas beam. From the conservation of linear momentum, the velocities

of two recoiling fragtnents in the center-of-mass (CM) coordinate fi'ame are inversely

proportional to their masses. Therefore, the methyl radical scatters with a much larger

CM velocity vector as well as a over a wider angular range, as depicted in the Newton

diagram in figure 4.6. In the m/e 15 TOF at 25° in the laboratory frame, the signal

contribution from methyl is easily distinguished from the azomethane conuibution.

Figure 4.7 shows the onset of methyl radical production. At ,-130 Watts (150 amps at.
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0.885 VAC), the TOF at 25" shows that there is predominantly azomethane in the beam,

although there is a small shoulder on the fast side which indicates the presence of methyl

radicals. As more current was passed through the heater, the methyl radical production

increased. Finally, at 152 Watts (160 amps at 0.950VAC) the fast m/e 15 dominated the

signal.

To estimate the amount of methyl radicals produced in the beam versus the

residual azomethane, other possible dissociation products such as CH3N2, as well as

contamin_mts from radical recombination, the angular scans of the trffe 15 _.ndm/e 43

signal at several different heater powers were measured. The m/e 43 signal at the lower

heater powers was first used to get a product energy distribution, P(E), mad CM angular

distribution, T(0) for the scattered residual azomethane and/or CH3N2. Both of these

species are likely to fragment to m/e 15 in the ionizer and therefore should also be present

in the m/e 15 TOF's as weil. To fit the m/e 43 spectra, two channels were assumed. The

first channel was simply a mass 58 (CH3N2CH3) recoiling off neon with a P(E)

identical to the distribution in the initial collision energies. To fit the slower species in

these spectra, a second channel, consisting of a mass 43 particle recoiling off neon with a

P(E) peaked close to zero to account for inelastic scattering, was used. Realistic

assignments of P(E)'s to channels is difficult in this case, since there is a high probability

that there are marly different species iL the initial beam. The two channels chosen are a

simple way to account for the signal at rn/e 43. The time-of-flights at m/e 15 can be fit

assuming con_butions from the rn/e 43 channels plus an additional channel from methyl

elastically scattering off neon. At 155 watts of heater power, the branching ratio of

methyl radical to residual azomethane and/or CH3N2 is estimated to be -90%

Naturally, the CH3 radical/azomethane beam velocity chmaged dramatically as a

function of the source heater power. The changes in the prirnary beam velocity and the

resulting changes in the Newton diagrams for collisions with neon at 7.9× 104cm/s are
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shown in table 4.1. These changesin the methyl radical beam velocity generate

corresponding shifts in the off axis TOF' s_ The fast peak is always the methyl radical,

not a cracr_ of azomethane _md/or other beam contaminants,

We found that the greatest amount of methyl radical production occurred at

. approximately 150 Watts of power. This corresponds to a source tip temperature of

-1500K from tile rare gas TOF. This is much higher than the kinetic modelling results,

which showed the highest methyl production at 1200K. lt is likely that the vibrational

beana temperature lagged behind the translational temperature since the energy transfer

rate for T_T is orders of magnitude faster than for T_Vo

To optimize the heater residence time, a variety of tungsten carbide tube lengths

were tested during the initial methyl radical beam diagnostics. It was also thought that

with a more gradual tempe:rature gradient in the heater, it might be possible to dissociate

the azomethane at a lower mLemperatureand therefore not push the heater to such extreme

conditions. With longer tubes, as the nozzle was heated, the m/e 58 signal from

azomethane would decrease. Although the on axis beam time-of-flight usually showed

an increase in the m/e 15 fi'agment under these conditions, the m/e 15 signal from

elastically scattered methyl radical did not appear. This lack of methyl radical signal was

attributed to recombination, of the methyl radicals during the longer residence time in the

heater.

One can expect the recombination rate to be,strongly dependent on the carrier gas,

Larger can'ier gases such as neon and argon are likely to produce more recombination

under the same conditions since they have much larger collision cross sections,, During

the testing phase of the source we tried using argon as the carrier gas. We were able to

decrease the m/e 43 signal from scattered azomethane which indicated we were heating

up the azomethane, No fast signal from the methyl radical appeared in the crossed beams

-j
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experiment. Running under the same conditions, but using helium as the carrier gas, we

were able to generate a significant number of methyl radicals.

4.7 Beam Contaminants:

,,ksethane and methane are major products in standard thermal decomposition

studies of azomethane, [18] tests were pertbrmed in order to ascertain the extent of these

in the beam source. Unfortunately, it was difficult to quantify the amoum of methyl

radical recombination. The major fragment 9f ethane is at rn/e 28 [33] which coincides

with m/e 28 signal from nitrogen, another product of azomethane dissociation. To check

for ethane formation we also monilored the m/e 30, m/e 31, m/e 29, m/e 27 and rn/e 26

signals, ali of which are possible ion fragments of ethane. The off axis time-of-flights

were identical for ali of these masses and the signal at these masses could not be

accounted for by leakage from m/e 28. Therefore, a significant amount of recombination

was occurring. The rn/e 15 signal that was observed, however, is unlikely to be a crack

of ethane; ethane recoiling off neon would generate signal with a much slower laboratory

velocity. To reduce the radical recombination, we maximized the ratio of the signal at

m/e 15 to the signal at m/e 30 as a function of the azomethane to helium seed ratio. These

conditions also gave the largest overall m/e 15 signal. After adjusting the seed ratio, we

noted a significant increase in the nozzle lifetime before clogging became a problem.

Therefore, not surprisingly, the reactioos leading to polymer formation were also reduced

at the lower seed ratio. The final azomethane to helium ratio was 1:8.

Other possible beam contaminants include melhane and a variety of other

hydrocarbon carbons. Since methane is only one mass unit away from methyl radical, it

will scatter off the rare gas with a similar Newton circle and TOF as lhe methyl radical.
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To check whether our m/e 15 signa! was from methyl radical rather than methane, the

signals at m/e 16, m/e 14, m/e 13 and m/e 12,fragment ions of both CH4 and CH3133],

were monitored. The signal observed at m/e 16 was 5% of the m/e 15 signal and can be

accounted for by leakage in the mass spectrometer from m/e 15 and by the 1% natural

. abundance of 13C. "13aissuggests that the methane contaminatior_ is probably minimal.

The additional vibrational energy of methane produced in the heated source, however,

might shift the fragments to smaller masses as noted for azomethane_

Although the crossed beams elastic scattering experiments showed strong

evidence for the presence of a significant methyl radical number density, there is a

possibility that the signal is from methane formation in the _am. The ultimate test to

check for methyl radicals in the beam is a reactive scattering experiment. Since it has

been well established that ICl reacts with CH3 to give CH31 under crossed molecular

beam conditions with favorable kinematics, [1, 2, 3, 4, 5, 6, 9] this reaction was used as

the definitive test of our methyl radical source. Figure 4.8 shows a time-of-flight of rn/e

142, the parent ion of CH3I, at a lab angle equal to 70° which correspond to the center of

mass angle. The total counting time in this spectrum was twelve minutes. This clearly

demonstrates the presence of methyl radicals in the primary beam,

4.8 General Tips:

It is appropriate to document a few more general points about running this

source, lt was prudent to change the nozzle after about 20 hours when the carbon

. deposits start building up and the foreline pressure just begins to decrease. This

minimizes the damage due to the carbon build up and the subsequent high resistance

occurring at the junction point between the molybdenum front cap and the tungsten

carbide tube. After longer running times, we found that the back junction tended to
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deteriorate and the tungsten carbide tube became welded to the molybdenum cap. This is

fine, of course, unless the tube clogs and needs replacement (during the reactive

scattering experiments this was inevitable). Since tungsten carbide is extremely difficult

to machine with standard tools, it was necessary to have the residue removed by electrical

discharge machining. To remove any carbon deposits and to clean the contact point in

the molybdenum cap, it was polished with diamond paste on the back of a drill bit

between each run.

Careful examination of the tungsten carbide tube after a twenty hour experiment

suggested that the limiting factor in the nozzle lifetime might be clogging due to the

deterioration of the WC at the front junction, rather _nan from recombination reactions

leaving deposits in the tube. A design modification where the surface area at this point is

enlarged might help alleviate this problem. This, of course, will change the heater tube

temperature profile. But, these changes might not be significant enough to affect the net

methyl radical production.

r_

4.9 Conclusion:

An intense methyl radical source, that is stable over twenty hours, has been

generated and charaterized. The beam source configuration and running conditions have

been optimized for the CH3 production. With a few more minor modifications to
Ib

lengthen its lifetime, this source should provide a greater opportunity to explore a wide

variety of radical-radical and radical-molecule reactions.
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4.11 Tables:

Heater Vpk(a) Speed Ecollision (b) Center of
Power (xlO4cm/s) Ratio (kcal/mole) Mass Angle (c)

CH3 (CH3)2N2 CH3 (CH3)2N2

130 24.7 4.3 6.9 12.0 24,0 ° 6,5°

145 27,6 4.5 8,4 14.7 20,9 ° 5.6"

150 28.3 5.0 8,8 1.5.4 20,4 ° 5,5"

155 30,2 4,5 9.9 17.3 19,2 ° 5,1 °

(a) peak in laboratory velocity,

(b) spread in collision energy -30% fwhm.

(c) measured from CH3/azomethane beam.

Table 4.1. Experimental beam conditions as a function of heater power.
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4.12 Figures:

Figure 4.1' Assembly drawing of methyl radical source.
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Figure 4.2: Methyl radical source shown with spring loading and mounting assembly.
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Figure 4.3: Azomethane decompositionkinetics. Azomethane, methyl radical, and
ethane concentrations as a function of time. Output from Acuchem
program.[23]
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Figure 4.4: Schematic view of the crossed molecular beams apparatus with
differentially pumped molecular beams and rotatable mass spectrometer
detector. Dashed lines indicate reactant beams and products entering
detector.
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Figure 4.5: Mass spectrum of azomethane/methyl radicN beam _tsa function ofsource
heater power. M/e 15, 43, and 58 correspond to CH3 +, CH3N2 +, and
CH3N2CH3+.respectively. Table v',duesfrom ref.[33]
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Figure 4.6: Newton diagram of methyl and azomethane ela_sticallyscattered from a
neon beam. Dashed circle represents azomethane elastic,',circle. Solid
circle represents methyl radical elastic scattering.
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4.13 Appendix:

Source Temperature Profile Model

In a pyrolysis source where recombination readily competes with radical

production, such as in the case of methyl radicals, the radical precursor should remain in

the heated nozzle .just long enough to reach the vibrational temperature which coincides

with the onset of dissociation. The source design considered two key factors to optimize

the radical production and minimize the recombination: the residence time in the heated

section of the nozzle and the temperature profile of the nozzle. In this section, a simple

model, used to study the temperature profile of a this nozzle source shown in figure 4.1,

will be described. Since _ranslation to translation energy transfer occurs quite readily, the

u'anslational temperature profile of the gas as it flows through the heated tube should

closely follow the temperature of the tube. The onset of the molecular dissociation,

however, depends on the internal excitation of the molecule and therefore depends on

translational to vibrational energy transfer. Since the T--+V energy transfer rate is much

slower than T--->T,the vibrational temperature should lag behind the translational

temperature.

The temperature profile of the heated tube is simply dependent on the resistivity

and thermal conductivity of the material. Conductive heat loss to the gas flowing through
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the tube and radiative heat loss are minimal and should not significantly change the tube's

temperature profile. A maximum value for the radiative heat loss of the tube can be

estimated by assuming the entire heated section of the tube reaches the highest

temperature, in this case 1500 K. The total surface area is 0,049 in 2 - 3.2x10-5 m2.

. From the Stefan Boltzmann law, the power radiated is given by I=ecA(T 4- To4).

Assuming the emissivity is equal to one (the largest possible value) and given Stefan's

constant, _ = 5.7 x 10-8 W/m 2 K4, the total power radiated is estimated to be less than 9

Watts, less than 5% of the input energy,

The actual heat transferred to the gas can be calculated knowing the flow rate and

final energy of the gas, With a 5,000 l/s diffusion pump on the source region running at

--2x 10.4 Torr, the gas load is 1 Torrl/s or --6x 10-5 moles/s, lt requires 1.5x 104 J/mole to

heat helium from 300to 1500K, so only ~1 Watt of heat is transferred to the gas mixture.

Again, this is a very small amount compared to the total input power; the conductive heat

is in fact the largest power sink,

The temperature profile can be estimated given the geomelry of the heater. At

steady state, the heat flow through a segment of the tube can be expressed by,

Qm + Qgen = Qout (1)

The heat flow, Qin ,andQout are a function of the thermal conductivity, k(T). Qgen, the

power dissipated in the section, is dependent on the current, I, resistivity, p(T), and

cross sectional m'ea, A. Equation 1 can be written as:

A('d'r'_ I2p(T)_dx = .k(T)A(_)x+d x (2)-k(T) _xj x +--A'-

which simplifies to:

, k_._ d2T -12
p(T)dx 2 = A2 (3)

where T equals the temperature. The integrals become more complicated and must be,

solved numen'cally when the temperature dependences of the thermal conductivity and of

the resistivity are included, therefore the initial model assumed constant values for k(T)
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and 9(T). For the heater configuration, it was convenient to solve equation 3 for two

different segments: the tube and the front plate with cross sectional areas equal to al and

a2 respectively (see figure 4.9). This was also necessary since the two sections were

made of different materials (tungstencarbide and molybdenum) in the final source. The

temperature of each segment was given by Tl(x) from x=0 to b and T2(x) from x=b to c.

The boundary conditions were:

x=0 TI=300K
x=c T2=300K
x=b TI=T2

since points x=0 and x=c were watercooled and the tube was in contact with the plate at

x=b. Figure 4.9 shows a simple Mathematica[1]program written to solve the

simultaneous equations resulting from the integrals with the given boundary conditions,

as well as the plot of the temperature profile.

This model was used to optimize the initial dimensions of the tube and front plate.

From the graph, the hottest part is within 0.5mm of the source exit, assuming a 2.0mm

long tube with 1.3mm o.d. and 0.76mm i.d. fox'the tungsten carbide section and 2.0mrn

x 0.5 rnm for the cross section of a 12.6mm long molybdenum front plate attached to a

water cooled copper block. (See figure 4.1.)

During construction of the nozzle, it was convenient to machine the tungsten

carbide tube with an extra 1.5mmback length with a 2.0mm o.d. and 0.76mm i.d.. To

check how this affected the temperature profile, the program was modified to include

three segments with the temperature equal to Tl(X) from x=0 to p,T2(x) from x=p to q,

and T3(x) from x=q to r. The boundary conditions were:

x=0 TI=300K
x=p TI=T2
x=q T2=T3
x=r T3=300K.

The Mathematica program and resulting temperature profile, in figure 4.10, shows that

the actual hottest area still falls within 0.5 mm of the nozzle tip.
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Both of these models required >300 Amps to have the hottest region reach

-1500K, the source temperature where we found significant amount of methyl radical

production. Only 160 Amps, however, were actually required to generate a significant

number of methyl radicals. A rare gas beam was used to measure the actual temperature

- of the source as a function of heater current. The translational temperature of the gas

should reach that of the nozzle within a few coUisions and the terminal flow velocity of a

rare gas in a supersonic beam is dependent on the temperature of the nozzle tip by:
_5/3-

v=N

The beam time-of-flight of argon as a function of heater power is shown in figure 4.11.

The discrepancies between the model and the experiment are likely a result of the

original assumption that k(T) and 9(T) are constant in the model calculations. The

temperature dependences of k(T) and p(T) will change the overall temperature prof'tle.

Generally, the thermal conductivity decreases at higher temperatures, therefore as a

segment gets hotter it conducts less heat. The resistance increases with temperature for

molybdenum and tungsten carbide, therefore more heat will be dissipated in a segment as

the temperature increases. For molybdenum, k(T) decreases by a factor of 0.73 while

9(T) increases by a factor of 8.0 for temperatures from 20°-1200°C.[2] For the tungsten

carbide segment, only data for the resistivity as a function of temperature was available.

The thermal coefficient of electrical resistance for WC is 4.95x 104deg'l,[3] and the

resistance increases by a factor of 2 over the temperature range of interest. Both of these

effects will generate a much steeper temperature gradients with the hottest portion

reaching a higher temperatures.

' lt is possible to incorporate the temperature dependences of the thermal

conductivity and resistivity into the model. For equation 3, one can use a polynomial to

represent a function defined as k(T)/p(T). The set of simultaneous differential equations
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can only be solved numerically with this temperature dependence and the two point

boundary conditions for each equation.[4]

Another possible source of the discrepancy between the actual current needed to

run the source and the calculated current is the assumption that the temperature is actually

300K at x=0. This point is not in direct contact with the water cooled copper block

compared to the contact at x=r. Changing the temperature at x=0 from 300K up to 600K

did not significantly effect the current required for the tip to reach 1500K, therefore the

temperature dependences of k(T) and p(T) probably are much more important than the

boundary conditions.

lt was possible to roughly model the temperature of the pyrolsis source.

Although the model calculations did not match our experimental values tor the final heater

temperature, it was useful for choosing the dimensions of the heater tube and front plate

of the radical source. Unfortunately, the more interesting issue, the changes in the

vibrational temperature of a radical precursor as it passes across the heater, is a far more

complex problem. The vibrational temperature profile of the precursor is dependent on

the efficiency of V--)T energy transfer, which is much slower than T_T energy transfer.

Experimental studies of the source performance as a function of heater tube dimensions

and heater current were necessary to determine the optimum running conditions.
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4.13_2 Figures:

CI=.; C2=.
i=350; a1=8.08 10^-3; a2=1.03 10^-2; k1=0.423; rhol=20.2
10^-6; b=.204.;c=0,839
k2= 1.35;rho2=6 10^-6 .,
B1=(i^2 *rho1/(k1*a1̂ 2))
B2=(i^2*rho2/(k2*a2^2))
constants={C1,C2}/.Solve[{B2 CI==B1 C2, (-Bl*b^2/2) +
Cl*b == (-B2*b^2/2) +

C2*b -C2'c + (B2"c^2/2)}, {C1,C2}]
C1=constants[[ 1]] [[111
C.2=constanLq[11][[211
templ=(-B 1'x^2)/2 +Cl*x + 300
temp2=(-B2*x"2)/2 + C2*x + 300- C2'c + (B2*cA2)/2
p1=Plot[temp 1,{x,0,b }]
p2=Plot[temp2, {x,b,c}]
Show[p 1,p2, PlotRange -> {0,1800 }]

WC Molybdenum
Tube Front Plate

1750 I
I

,-, '1500 / I'-'_"""--.,,

I000

750

\\I
250 !

I
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.,.
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Figure 4,9: Mathematicaprogram assuming two segments in the heater, Output of the
program showing the heater temperatureprofile.
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CI=.; C2=.;C3= ;D2=.;
i=325; a1=2.70 10^-2; a2=8.08 10^-3; a3=1.03 10^-2; ki=0.423
k2=1.35; rho1=20.2 10^-6; rho2=6 10^-6
p=.15; q=0.35;r=l.00

B 1=(i^2*rho 1/(k1*a 1^2))
B2=(i^2 *rho 1/(k1*a2^2) )

- B3=(i^2*rho2/(k2*a3^2))
constants={C 1,C2,C3,D2 }/.Solve[{ B2 C I==B 1 C2, C2 B3== B2
C3,

, (-B 1"p^2)/2 + C l*p + 300 == (-B2*p^2)/2 + C2*p +D2,
(-B2*q^2)/2 + C2*q + D2 == (-B3*q^2)/2 + C3*q +(300 -C3*r +
(B3*r^2)/2) },
{C1,C2,C3,D2}]
Cl=constants[[1]] [[1]]
C2=constants[[1]] [[2]]
C3=constants[[ 1]] [[3]]
D2=coastants[[ 1]] [[4]]
templ=(-Bl*x^2)/2 + C}*x + 300
temp2=(-B2*x^2)/2 + C2*x + D2
temp3=(-B3*x^2)/2 + C3*x + 300 - C3*r + (B3*r^2)/2
pl=Plot[tempi,{ x,0,p}]
p2=Plot[tern p2, {x,p,q }]
p3=Plot[temp3, {x,q,r }]
Show[p 1,p2,p3, PlotRange -> {0,1800 }]

l Molybdenum1750 WC Tube I Front Plate

soo 1.11[-,

0.2 0.4 0.6 0.8 1

x(cm)

Figure 4.10: Mathematica program assuming three segments in the heater. Output of
the program showing the heater temperature profile.
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Figure 4.11: Argon beam time-of-flight as a function of heater current and oven
temperature as a function of heater power.






