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INTRODUCTTON

Recent advances in metheds of quantum mechanical calculations,
‘electronic computer.capabilities and microscopic experimental methods,
have put us in a position to understand, evaluate and extend our
current knowledge of eiementary chemical reactions. It is certain
that in the future, information derived from first principles will"
become more important in understanding chemical processes, althqugh
chemistry will remain largely an experimental science.

Microscopic experimenfs, such as molecular beam.mefhods are
not the general means for obtaining precise data on rate constants.
They are designed not only to reveal detailed informatioﬁ on reaction
dynamics with which to gain a clear understanding of macroscopic
phenomena, but also to provide a benchmark for the future development
of quantum chemical methods for solving the problems of chemical kinetics.
Actually, collection of rate constants alone is not sufficlent to
understand many chemical phenomena. TFor example, in the modelling
of chemical 1asers; it is necessary to have detailed information on

reaction dynamics.



We will discuss contributions which crossed molecular-beams have
made to our understanding of elementary chemical reactions. It is
likely that the advancement of crossed beam methods will make it an

important tool for obtaining new chemical information in the future.
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An understandihg of elementéry chemical reactions ultimately
requires a knowledge of how the fundamental laws of mechanics work
to produce the observed reaction rates. The dynamical description
of chemical reactions is a problem in mechanics, the solution of
which is provided by quantum mechénics, althoﬁgh the mathematical
machinery is not yet sufficiently developed that a quantitative
rate constant can be obtained routinely from first principles. The
rapid development of methods to calculate potential energy surfaces
and to obtain microscopic information about chemical reactions from
such sutfaces is demanding precise experimental results for
evalﬁation of theory. The crossed molecular beam method is
particularly well suited to provide just this knid of detailed
microscopic information for use as standards of comparison. Imnitial
state specification has become quite sophisticated with techniques
for producing very narrow velocity distributions, molecules in’
selected ro—vibrational states and beams of oriented molecules. -
Product velocity distributions are used to ébtain the partitioning
of energy between translation and internal excitation. Angular
distributions of product may contain information on the lifetime
and preferred orientation of the collision complex, and on angular
momentum disposal. -In some cases, with measurement of chemi-
luminescence, or using the laser induced fluorescence method, one
can obtain product quantum state distributions. The theoretical

models, developed to calculate thermal rate constants have also been



advanced to calculate microscopic parameters, such as the product
energy and angular distributions.

The interplay between microscopic experiments and theoretical
advancements could be best exemplified in the reaction of F +,H2,1
a system which has received great attention by theoreticians as
well as experimentalists. Ab {nitio and éemi—empirical calculations
of the potential energy hypersurface for the ground electronic state

of FH,, have provided a basis for the computation of rate constants

23
and product energy distributions. Microscopic parameters have been
calculated with extensive 3-D classical trajectory calculations.

Exact 1-D quantum calculations have been computed on some potential

energy surfaces and extensive 3~D quantum mechanical calculations

are expected to be carried out in the near future. For the simple
reactions suchas F + H2, with the advancement of more efficient methods of
scatteting calculations, it will be possible to calculate reliable rate
constants from fifst principles. The reliability of the calculations.
eventuall? will rest on the accuracy of the potential energy surface.
Here, the information on reaction dynamics obtained by the microscopic
experiment becomes invaluable. -Chemiluminescence and chemical laser
techniques have provided detailed product vibrational-rotationél state
distributions. 1In crossed molecular beam2 experiments of F + D2,
favorable kinematics makes it possible to obtain angular distributions
of various product vibrational states. The exoergicity of the reaction

(31.5 kcal/mole) plus the initial relative kinetic energy permits

population of the fourth vibrational state of DF products. At low



collision eneréies, the product in each vibrational stete is mainly
backscattered as expected, since the linear configuration has the
lowest activation energy. As the collision energy is increased,
the.shift of product to the forward direction occurs at different
rates for different.vibretional levels. The slightly endoetgic.and
sharply bscknard peaked V=4 statevis shifted more toward iorwato><
scattering while the V=3 state is only slightly affected. It is
just this type of microscopic behavior which provioes the theoretician
with important tests of tne potential energy surface. Until the
surface can reproduce these deteiled microscopic measurements, the
reliability of tate constants calculeted will renain questionable.
0f course, the product state‘distributions obtained from nicroscopic
enperiments are essential in the undetstanoing of HF chemicel laser
and other macroscopic phenomena involving the reaction.of F + HZT.V

The fact that the molecular beam method can be usedvto investigate
molecnles under collisjon free or single collision conditions makes
it a very unique tool:for the investigation of important intramolecuiar
energy transfet processes in unimolecular reactions. Molecular beans
have recently been used“extensively to Study unimolecnlar.deca§
processes. Polyatomic radicals or molecules can be produced in a
dissociative state'either‘as collision.complexes_or from.the absorption
of many inftared laser photons. With the energized complex decomposed
in a collisionless environment, the efficiency of intramolecular

energy transfer which is manifested in the dynamics of decomposition



can be studied without the ambiguity of secondary or wall reactions.
The primary ﬁroducts are positively identifiéd by direct detection.
The rate of energy randomization is compared with an experiﬁental
clock. For complexes formed by chemical activation, the rotational
period serves as the standard of time; the degree of symmetry of the
product anguiar distribution about the center of mass reve;ls the
lifetime of thé complex relative to the rotational period.v In
multiphoton excitation, it has been found that the molecules absérb
ﬁhotons to an average energy 1evél at which fhe dissociation rate
approximately equals the up-excitation rate. A good éstimate of

the molecule's lifetime can bevobtained from the iasér pulse width

for a given laser energy. The products of the unimolecular decom-
pceition are angle and velocity analyzed to give product tfanélational
energy distributions, which are used to evaluate the extent of

energy randomization before decomposition and thus test the validity
of this assumption‘in RRKM theory. RRKM theory, with modification

to acéouﬁt for angulaf momentum conservation,3 can predict product
translational energy distributions.for those cases where the

exit energy barrier does not exist. Theoreticai methods for the
treatment of exit channel coupling effects in reactions with a
potential barrier have yet to be develdped; While RRKM rate constants
are quite sensitive to the vibrational frequencies of the éomblex
which may be poorly known, the product enerey distribution is most
affected by the better-known energetiés ana the extent of energy
randomization. This makes the molecular beam measuremghts particulafly

useful for evaluating the postulates of the theory.



In recent bulk phase multiphoton_studies4 it has been reported
that fhe dissociation.may occur non-statistically, the primary
dissociation channel being other than that predicted by RRKM thebry.
In particular, multiphoton dissociation of CFCl3 wasvreported to
produce CFCl as a primary product. This suggests tﬁe very attractive
possibility of mode-selective bdnd—breaking. The identification of
primary products, oﬁ which these conclusions were bésed, can be
exceedingly difficult in:the bulk phase where collision events may
be ‘important. In a molecular beam experiment, identification of
‘products is uﬁambiguous and measurement of the ﬁroduct translational
energy distributioﬁ provides a test of the statistical model. Multi-
photbn dissociation studies of fifteen systems5 have clarified the
original confusion. The primary product of CFCl3 dissociation is
CFClZ, aé expected if the excitation energy is rapidly redistributed
over internal modes. The product translational energy distributions
of all systemévstudied agree well with RRKM calculations, sgrﬁngly
suggesting ;hat the intramolecular relaxation must be much shorter
than a nanosecond, the estimate lifetime, for these heavily halogenated
hydrocarbons under given excitation conditions. The results of mole-
cular beam expefiments have stimulated the development of theoretical
models to explain the dissociation rates, product yiélds, and dependence
on laser characteristics. |

The formation of collision complexés in crossed molecular béams

provides another chance to explore the unimolecular decay process.



The energized radical molecule is formed suddenly, with excess energy
agéve the dissociation limit varying from near zero to tens §f kilo-
calories. The lifetime may range from subpicosecond to nan;seconds.
Tﬁis opens - the possibility for identifying a range‘of applicability
of the energy randomization pbstulate in statisticél theory. The
product translational energy of a large number of bimolecular
reactions6 which proceed with complex formation have.beeﬁ compared

to statistical calculations. In reactions of halogen atoms witﬁ
unsaturatea hvdroqarbons there is evidence that the internal energy

of the complex is mnot always randomized over all the internal modes.

7

An example is the recent study of Cl + C2H3Br and C3H5Br.

Far more energy is found in product translation than would Be
expected from statistical theory. With the collision compiex life-
time calculated éo be under one picosecond, if is likely that the
high frequency vibrational modes especially those invoiving C-H
stretching are too decoupled from the skeletal vibrations to shére
fully the available energy before decomposition occurs.

The microécopic behavior éf chemical systems is directly
observable with the use of molecular beams. This informafion helps |
elucidate complicated macroscopic phenomena, increasing our knowledge
of the dynamicalvprocesses occuring in the chemical system. The
crossed molecular beam method is not, however, particularly well-
suited for the direct accurate determination of thermal rate consténts.

The differential reactive cross section obtained in a scattering



experiment has units of relative intepsity. Uncertainities in pro-
duct detection efficiency prohibit the assignment of absolute iptensity
directly. 1In most cases, in order to éxtract the absolute total
reactive ;rosé section from the ﬁeasured differential crosg section
at a given relative velocity, the small angle elastic scattering of
one of the reactants must be determined for comparison.8 If the
mass of the reactant is not very different from the product ﬁéss,
the detection efficiency will be similar after account is taken of
the difference in ionization efficiency. Calculatioﬁs of the absolute
elastic scattering cross section, based on an assﬁmption about the
long range attractive potential is used to assign absolute intensity
to the differential reaction cross section, which is integrated
to givg the total reactive cross section. The London constant, C6’
for the long range interaction is often estimated using the Slater¥,
Kirkwood equation9 and known polarizabilities. 1In order ﬁo obtain
a thermal rate.constant, one would measure the total reactive cross
section for a wide range of relative velocities and integrate for a
thermal distribution. These reaction would not occur with a thermal
distribution of rotational states if a supersonic beam is used since
rotation is substantially relaxed in the supersonic expansion.
Individual total cross section estimated by the abové.method may
have errors in excess of 50%. fhermal rate constants obtained in
this manner would sometimes be subject to large uncertainities.
While the crossed molecular beam technique is not expected

to yield highly accurate thermal rate constants, it remains: a
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valuable source of information for the bulk phase experimentalist.
.In bulk phase experiments, ;eéoﬁdary reactions are frequently
encountered as obfuscating complications in the determinéﬁion'of
.reaction.meéhaniémst The primary collision evént may produce é
spééies with sufficiently short 1ifetiﬁe tﬁat its existence is
completely obscured.. This transiénceidbes notvdiminish'the
importénce of the intermediatevin the reactioﬁ meéﬁanism. The
result can be obsérvétion of ”mysterioué" beﬁavior of the system,
with.no model sucéessfullyvexplaining all observations. When a.
radical iﬁtefmediate is postuléted to explain the éxperiméntal
data, the paucity of inférmatioﬁ concerning nature and energetiés
of the radical reducé the plausibility of the explanation: Crosééd
.molecular beams providg an unambiguoﬁs solution to the'quesfion of
primary reaction producté and éffer information about the reaction
energetics, tﬁefeby explaining peculiar behavior of bulk-phase
systems. One example of this type of application is the reactidn

2 2

. ) l ' . .
system by Johnston et al.), 0 who measured the chemiluminescence

of I, with F,. The reaction was studied in a low pressure flow

froﬁ the A3ﬂ0+ states -of IF. They provided étrong‘évidence that

the reactioh proceeds with low activation barrier. The energy ofn
the fluorescence aléo indicates that thé IF must.be produced in a
step which is exoergic by about 65 kilocalories. Theée observations
are.incénsistent with either of the generall& accépted mechanisms
for this type of e#change reaction; a foup—center exchange, or an

atom-molecule chain reaction. A cross beamvstudyll of F2 +vI2
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provided‘answers to the question of mechanism. The single collision
environment ﬁermitted the"exciting observation of 12F as the primary
prodﬁét of the‘siﬁgle collisioﬁ. The existence of such radical
halogen triatomics had often been postulated as intermediates in
photochemical reéééions but their high reactivity had prevented

direct observation. Variation in collision ‘energy was used to establish
a threshold energy for IZF'formation of 4 kilocalories. This easily
explainé:thé observed low activation energy. At higher-collision
enefgiés IF pfoduction is observed. Analysié of product velocity

and anguléf distributions show that the IF product is not sufficiently
energetic- to have come from the highly exoergic four—cen;er reaction
and isiaéymmétgiéally disfributea about the center of mass, a
kinematic impbésibility from the four-center reaction. ‘Thus the IF

is ﬁroduced from décomposition of the initially fOrmed.IzF. It is
intereéting that IF produced from the reaction F + 12F would have
sufficient‘eﬁergy to produce the chemiluminescence observed by
Johhstbn'et.él.' Thé”mo1eédlar'beam'method'allowed direct observation
éf the radical iﬁﬁermediate IZF’ determination of the energetics of
its formation, ahd'elimination of the four-center reaction as a
possible mechanism for the chemiluminscent reaction of I2 + F2
producing'Iﬁ at thermal energies.

: The molecular beams method, not only provides important information
on unimolecular and bimolecular reactions, but also plays a very
important role in the understanding’of-termolecular reactions. In

the past, theorétical‘understanding'of termolecular recombination was

hindered by the lack of reliable information on the interaction
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potential. A theoretical treatment of halogen atom recombination
in a rare gas environment requires a knowledge of the rare gas-
halogen potential surfaées. The simple radical‘molecule complex
mechanism involves the formation of halogen—rare gas dimers,
unbound or metastable, with subsequent attack by another halegen
atom. The attractiveness of the halogen-rare gas potential will
strongly affect the rate of reaction in this model._ ﬁoleqularr
beams have been uséd to investigate potential enefgy functionsA

of F(?Pl ) interacting with Xe(lSO). Scattering occurs off

3/2, 1/2
three. states, the Xi Ig arisi from th 2P + lS asym toﬁe

ree. states, 2272 ng from the Ty T Sg asvmP
and the II% arising from the 2Pl/2 + lSO asymptote. The differential
elastic cross sections for scattering at three energies12 were. fit
~quite well by an X% potential with € = 3.359 kcal/mole and Rm =

2.293 K and Ié,_II% similar to the Ne-Xe potential. The X% ground
state, while more weakly bound than ordinary chemical bonding is
considerably stronger aﬁd Rm substantially shorter.fhan fhevVan
“der Waals interaction exhibited by the Ne-Xe system. This detailed
information on many open shell systems will become avaiiable in the
near future and a more realistic understanding éf termolecular
recombination can be_expected.,

As molecular beam methods advance, we can expect important
microscopic information to become available tovchemical kiﬁeticists.
The difficulties encountered in the characterization of combustion

processes as a result of the rapid radical reactions should be

alleviated by molecular beam studies with newly developed radical
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sources. In particular the development of sources of O atom, CH2
and CH3, should fevgal valuable information on elementary reactions
which has previously eluded bulk experimentalists. The increasing
sophistication of quantum chemistry and molecular scattering
calculations is making possiBle the study of reaction dynamics

from first principles, Molécular beams will surely make a significant
contribution'by providing strong guidance through the determination
of detailed infbrmatidn’about the primary results of the reaction
event. In particular, new emphasis on state selection of the
reactants in beams, will advance our understanding of the importance
of vibrational and rotational energy in the dynamics of chemical

reactions.

Work performed with support from the U.S.
Department of Energy.
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