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1. Introduction

The idea of using infrared lasers to induce chemical
reactions led to early experiments shortly after the
development of the CO, laser.!® The interpretation of
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these early experiments was still uncertain as to con-
tributions from collisional, possibly nonthermal heating,
plasma chemistry due to laser induced breakdown, and
other complications. However, after the discovery of
isotope separation by unimolecular reactions induced
by infrared lasers,*5 the proof of collisionless infrared
multiphoton excitation and dissociation of polyatomic
molecules in molecular beams,®® and the development
of a general theoretical framework in the context of
unimolecular rate theory,!° IR-laser chemistry is now-
adays a mature branch of chemical reaction dynamics
and kinetics.

We know now that this vibrational photochemistry
of polyatomic molecules is a universal phenomenon. It
occurs easily upon irradiation of a strong vibrational
absorption band with sufficiently intense, pulsed laser
light, even though in most cases many (10 to 40) in-
frared photons are needed to reach the energy threshold
for the reaction. For the larger polyatomic molecules,
it even seems likely that a rough estimate of the IR-
photochemical reaction rate is possible, based upon a
few easily accessible spectroscopic and thermochemical
properties of the reactant molecule.11213 For triatomic
and other small molecular systems, rather complete
quantum theoretical treatments are emerging, which
include detailed molecular properties from high-reso-
lution rovibronic spectroscopy.* Among the numerous
potential applications of IR-laser chemistry, isotope
separation has been discussed most often, but other
applications have been established as well and proposals
have been made repeatedly concerning the very special
properties of the hypothetical mode selectivity with
infrared excitation.

Unlike UV—-vis laser excitation, which gives rise to
phenomena often but not always similar to photo-
chemistry with ordinary sunlight, efficient IR-multi-
photon excitation is virtually impossible without lasers,
at least in “typical” cases. The great excitement which
arose from this new and unprecedented laser chemistry
resulted in a large number of short and long, sometimes
popular reviews over the last decade. Early reviews can
be found in ref 15-19. Most of the material presented
there would presumably have to be presented differ-
ently today in view of our progress in understanding the
mechanism of IR photochemistry. The work of specific
research groups is rather completely contained in the
book by Grunwald and co-workers,!” the articles from
the Berkeley groups,?®?' from the SRI group,?? from
Reisler and Wittig,2® who discuss also multiphoton
ionization, and in Letokhov’s book,?* which covers from
the point of view of its author much of the considerable
work in the field carried out in the Soviet Union (see
also ref 25). Each of these reviews covers quite well the
work of the particular research groups mentioned. Of
the more recent general reviews? % one may mention
in particular the one by Ashfold and Hancock? for its
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critical discussion of experimental work and its inter-
pretation, the article by Danen and Jang?’ because of
its “chemical” point of view, which is often neglected,
and an article on unimolecular reactions,*® which con-
tains a critical discussion of a variety of mechanistic
ideas put forward to explain the phenomena in IR
photochemistry. Some other articles contain discus-
sions of particular subjects related to IR photochem-
sitry, for instance mode-selective chemistry,* selective
gas-phase photoprocesses,*® two-channel reactions,?
creation and detection of reactive gas-phase species,?’
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lasers in chemical reactions,*®?° and laser-induced bi-

molecular reactions.?**! Laser isotope separation has
been reviewed repeatedly.**® Laser-assisted desorption
and processes at surfaces are in many respects closely
related to gas-phase IR photochemistry, and we refer
to the articles by Heidberg,**** Chuang®* and George
and co-workers®” for more details, as this important
subject will not be further discussed here.

The theoretical aspects, which are essential for un-
derstanding the fundamental phenomena and for fur-
ther experimental progress, have been reviewed from
a variety of points of view in ref 58-63. We refer in
particular to ref 60 as a starting point for the theoretical
part of our review in section 2. We shall not cover again
what has already been dealt with extensively in ref
58-63 but rather provide a brief overview of the most
recent progress and of the basic principles of our cur-
rent, quantitative understanding of IR photochemistry.
Similarly, the emphasis of our review of experimental
progress, after a short summary of the most important
qualitative experiments, will be on quantitative IR
photochemistry in section 4. Section 5 finally gives a
report on developments of new experimental tech-
niques, and we conclude in section 6 with an
outlook—stimulated by an example for the importance
of the interaction of theory and experiment in the
history of our field.

IR-laser chemistry is a highly interdisciplinary field
drawing from such different areas as the theoretical
physics of radiative processes including multiphoton
absorption and ionization of atoms, laser physics,
high-resolution molecular spectroscopy, unimolecular
reaction rate theory, nuclear chemistry and isotope
research, etc. In this circumstance the comprehen-
siveness of an article is difficult to define. Our article
is certainly not a review of the above mentioned general
fields. Section 2 gives a brief outline of the various
theoretical approaches, one of which is discussed in
more detail in relation to the later sections. A critical
review of all theoretical approaches is beyond the scope
of our article. Unimolecular rate theory is not reviewed,
but some relevant equations are summarized in section
2 as well. Section 3 provides a reasonably comprehen-
sive review of the important types of qualitative ex-
periments. We have avoided giving a complete table
of observed IR-photochemical reactions as these are
often only claimed or ill defined. On the other hand,
our current theoretical understanding indicates that all
polyatomic molecules will undergo IR-photochemistry
under appropriate conditions, thus the demonstration
of this possibility does not seem to be particularly im-
portant. Our summary of isotope separation in section
3 is not competitive but rather complementary to the
excellent recent reviews by Lyman® and McAlpine and
Evans.”” Section 4 is intended to provide in several
tables a comprehensive list of all recent IR-photo-
chemical reactions that have in some way been evalu-
ated quantitatively. Our literature search has covered
the past 8 years and also included some previous work.
Finally, for section 5 we have selected only those ad-
vances in laser experiments which seem to us most
obviously important for laser chemistry. The advances
in laser technology that may perhaps become relevant
for laser chemistry are so tremendous, that several
hundred pages of review could be written over a 5-year
period—which is impossible here.
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Figure 1. Scheme for IR-multiphoton excitation and chemical
reaction with two reaction channels. Reproduced with permission
from: J. Chem. Phys. 1978, 69, 1282, Copyright 1978, American
Institute of Physics.

2. Theoretical Foundations of IR-Multiphoton
Excitation and IR Photochemistry

Figure 1 shows an overview of the photophysical and
photochemical primary processes occurring in IR pho-
tochemistry. There we have in essence the competition
between IR-multiphoton excitation, possibly collisions,
and chemical reactions as characterized here by two
chemical reaction channels. The rate processes E,,, and
ry are not yet specified at this point. The quantitative
theoretical treatments can be distinguished according
to just how they treat these rate processes. Before going
into more details, we should give a brief survey of
possibilities. '

(i) Both the molecular motion and the radiation field
are treated by classical mechanics and electrodynamics.
Such classical trajectory calculations have appeared
rather abundantly.57 As for many aspects of IR
photochemistry molecular quantum effects seem to be
important, we shall not review trajectory calculations
in detail. Miller’s semiclassical theory”®" goes beyond
this, but there have been few if any calculations for
realistic systems in IR photochemistry.

(ii) Both the molecular motion and the field are
treated quantum mechanically. An early example of
such a treatment using the “dressed atom” model is the
paper by Mukamel and Jortner.” It is known, however,
that the quantum and classical field treatment give
equivalent results for the typical laser fields under
consideration.!® In the case of the quasiresonant ap-
proximation® identical equations of motion result from
the quantum and classical-field treatments. Therefore
in practice the latter has been preferred because of its
greater simplicity.

(iii) The molecular motion is treated by quantum
mechanics, whereas the radiation field is treated by
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classical electrodynamics. This “semiclassical” approach
has been most successful in the present context and will
be reviewed in sections 2.1 to 2.3 in some detail. It must
be distinguished from the “semiclassical” mentioned
under (i). It leads to a set of coupled differential
equations with periodic coefficients. For the two-level
problem this has customarily been solved either with
the rotating wave approximation®! or with the Flo-
quet-Liapunoff theorem.®? The extension of the Flo-
quet approach to the many-level IR-multiphoton
problem was given in ref 10, where it was concluded
from a thorough analysis that the nature of the inter-
action parameters under typical conditions allows a
transformation and subsequent “quasiresonant” ap-
proximation. These results were elaborated upon sub-
sequently but independently by two research groups,
who, for some time thereafter, promoted the Floquet
approach®8-9 We shall discuss the transformation
to the quasiresonant basis in section 2.3.

(iv) One can furthermore introduce statistical me-
chanical concepts.1%® These will be discussed in section
2.4 mainly on the basis of master equations.1®1% Al-
ternatives are the Bloch equations,?% which require
in this application the initial separation of the “pumped
mode”, a problem which is also discussed in section 2.2.

(v) The rate equations® % using Einstein coefficients
for absorption and stimulated (also spontaneous)
emission have great similarity with some of the master
equations under (iv). However, they have a different
origin (not applicable with coherent pumping) and
range of applicability, although they sometimes work
well, phenomenologically.

(vi) Finally, numerous ad hoc models have been
proposed. These will not be reviewed, here, and we
refer to an earlier review,3 which provided a critical
discussion of some of these.

Our short summary of theoretical approaches may
serve as a little guide. We shall now discuss some as-
pects of the more fruitful approaches. We should stress
again that the present section is not intended to provide
a comprehensive review of all theoretical approaches.
For this we refer to ref 58-63. The present discussion
is intended to provide sufficient theoretical background
for a meaningful discussion of experiments.

2.1. Quantum Theory of the Excitation of a
Quantized Molecular System by a Coherent
Classical Radlation Fleld

The most general starting point for the time-de-
pendent dynamics is the differential equation for the
time evolution operator U or its matrix representation
in some basis:

o0
at
H is the time-dependent effective Hamiltonian, which
includes the interaction with the radiation field. Using

the electric dipole approximation, it takes, for example,
the following form

H(t) = Hyy - 2,E,(0) (2.2)
Hy, is the time-independent molecular hamiltonian,

i is the z-component of the dipole operator and E, (t)
the classical electric field strength (2-polarized wave in

. h PUSENDN
I — = H@)U 2.1)
2T
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the example). E, (t) is idealized to be a sinusoidal,
monochromatic, coherent wave, resulting in a period-
icity of H (t) (period 7):

H(t+7) = H(¢) (2.3)

More generally, the laser field can be considered as a
superposition of several such classical field modes with
a slowly varying overall amplitude.’® For the quanti-
tative simulation of experiments this must be taken into
account. For fundamental considerations, the mono-
chromatic wave is a suitable idealization, which leads
to certain theoretical simplifications. The extension to
several coherent field modes is straightforward, al-
though the solutions are not analytically simple, in
general. The other extreme of a statistical population
of field modes either for a completely thermal radiation
field or an incoherent white light source has also a
simple treatment in terms of master equations with
generalized Einstein coefficients, but this is less relevant
here.5

The time evolution operator U solves all the relevant
quantum mechanical equations of motion, such as the
time-dependent Schrodinger equation for the wave
function y(x,,x,...t), which depends upon time ¢ and the
coordinates x;, ¥, ... of all particles (electrons and nuclei
for a molecular system):

R W
i o 3t Hy 2.4)
w(t) = U (tto)(ty) (2.5)

U solves equivalently also the Heisenberg equations of
motion and the Liouville-von Neumann equation, as
is quite well known,?>% although sometimes the im-
pression has been created in the literature that the
solutions of the Liouville-von Neumann equation were
somehow more general than the solution of the
Schrodinger equation in terms of U.

For practical computations the above general equa-
tions must be written in some basis states. While from
the general point of view the choice of a basis is quite
arbitrary, in practice some choices turn out to be better
than others.

2.2. The Cholce of a Basls: Spectroscoplc
States

Numerous choices of bases are possible, but we shall
discuss here only two of them in order to illustrate the
considerations arising in a choice of basis. A first choice
of basis suggested quite early by Hodgkinson and
Briggs!® and elaborated upon by several other au-
thors®191 rests on the physical picture that one vibra-
tion in the molecule is coupled strongly to the radiation
field but only weakly to the other degrees of freedom
in the molecule. In practice one has then used reduced
equations of motion for this “pumped mode”, which
have the advantage to be of low order and also to appeal
to physical intuition. The basis corresponding to this
approach is diagonal in the quantum numbers of one
separable, generally anharmonic oscillator. The fol-
lowing disadvantages of this choice must be noted: (i)
Little is known spectroscopically about such separable
states, as they are a poor approximation to molecular
reality. (ii) It is difficult to incorporate rovibrational
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coupling into such a basis. (iii) In the case of the ex-
citation of a thermal ensemble the initial density matrix
is not diagonal and its structure is, in fact, poorly de-
fined. In none of the treatments based on this approach
have the problems (ii) and (iii) been properly solved in
practice. Also, the coupling of the “separable” degree
of freedom to the rest of the molecule has been treated
by continuum approximations for the spectrum of the
so called “bath modes”, 2190192 which is a poor de-
scription for small molecules.

Because of these disadvantages of the “pumped-
mode” descriptions, we have therefore strongly advo-
cated the use of spectroscopic states, i.e, the eigenstates
of the effectively field-free molecular hamiltonian.!®
Strictly speaking, the spectroscopic states may not be
considered to be eigenstates for nonplanar molecules
or in cases where the nuclear spin splittings are not
explicitly considered. Therefore we have preferred the
nomenclature “spectroscopic states” over “nuclear mo-
lecular eigenstates” NME.1%® These basis states are the
solutions to the time-independent molecular (spectro-
scopic) Schrodinger equation with hamiltonian Hyy,:

Hytr = Exdy (2.6)

The ¢, are only functions of the coordinates and the
time-dependent Schrédinger equation has the solution

The time-dependent problem alone leads to the fol-
lowing equation for the matrix representation U of U
in the basis ¢, (see ref 60)

1 dU/dt = HH)U (2.8)

H() = W+ V cos (wt + 1) 2.9)

W is a diagonal matrix with elements W, = 27E,/h
and V is the coupling matrix, which in the electric di-
pole approximation has the form

Vi = = 2m(¢plii €19;) |Eo| /

This matrix representation of the general equations can
be made the basis of a very efficient numerical approach
for the following reasons: (i) There is a very large body
of knowledge available about the energies E, and
transition moments in eq 2.10 from high-resolution
spectroscopy and the corresponding effective molecular
Hamiltonians. (ii) Full treatment of both rotation and
vibration and their couplings is naturally included. (iii)
For the excitation of thermal ensembles the initial
density matrix is diagonal and this property is not lost
in a subsequent- transformation to the quasiresonant
approximation (see ref 104 and the discussion below).
(iv) It is very easy to select states that are close to
resonance in a stepwise multiphoton excitation scheme,
as there are no off-resonance contributions to the mo-
lecular energy. This fact is practically important when
one needs to keep the size of the basis to a minimum
in calculations on real molecules.

The choice of the molecular-spectroscopic-state basis
may appear to have one disadvantage: The important
physical phenomenon of time-dependent intramolecular
redistribution is not treated explicitly. However, it is
contained implicitly in the spectral properties of the
molecular Hamiltonian'%® and can be made explicit
whenever this is desired (see ref 104-110 for examples).

(2.10)
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Although the “pumped-mode” basis is still in use in
some model treatments, it seems that all the quanti-
tative numerical approaches are currently being based
upon the spectroscopic-state basis, even by the authors
who initially developed the “pumped-mode” ap-
proach.!!! The next point for discussion concerns the
practical solution of the matrix differential equation (8),
for which two approximations have been used.

2.3. The Quasiresonant and Floquet
Approximations

Equation 2.8 represents a coupled set of differential
equations with a time dependent coefficient matrix
H(t). This may be solved by numerical, stepwise in-
tegration schemes. Alternatively, one may use the
Floquet theorem for a periodic coefficient matrix (cf.
eq 3)

U(t) = F(t) exp(At) (2.11)

F) =1 (2.12)

F(t + nr) = F(t), integern = 0,12... (2.13)

A(t) = A(t) any t,t’ (2.14)

This still requires the numerical solution over one (at
least one-half!?) optical cycle and subsequent matrix
operations. This approach has been discussed in ref 10
and has been made the basis of extensive numerical
calculations subsequently.33-8 '

It turns out, however, that numerical integration can
be avoided by transformation to the quasiresonant
basis:

c = S% (2.15)

a = S% (2.16)
The S are diagonal unitary transformation matrices of
the form S,, = exp(ia;t). These transformations to the
quasiresonant basis have been proposed in ref 10, 60,
104, where it has also been discussed that none of the
important advantages of the spectroscopic-state basis
mentioned in the previous section is lost by this
transformation. An important consequence of the
transformation is the simplication of the set of coupled
differential equations under the assumption that all
couplings of states which are off resonant by more than
half the laser frequency may be neglected. This is the
“quasiresonant approximation” which treats the mul-
tiphoton excitation process as a series of stepwise ab-
sorption and emission processes. With this approxi-
mation one has a set of coupled differential equations:!°

ida/dt = EX + 1 V}a (2.17)

2

The coefficient matrix X + !/, V does not depend Lipon

time, therefore one has the analytical solution
a(t) = U9(t)a(0) (2.18)

U = exp[—i(X + %V)t] 2.19)
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The Liouville-von Neumann equation takes the form
(in the quasiresonant basis):

P@ = U(t)P@(0)U(¢) (2.20)

where P©@ is diagonal for a thermal ensemble as in the
case of the basis of spectroscopic states.

It has been shown by analytical considerations that
the quasiresonant approximation should be valid for
typical conditions of molecular-IR-multiphoton exci-
tation.1%%% The transformations have been rederived
under the name “rotating-frame transformations” re-
cently, and the same conclusions have been reached
again quite independently.!’> Numerical tests on the
excitation of SFg with MW cm™ intensities!!® and on
an anharmonic oscillator and a model of ozone with
intensities in the GW c¢m™ and even TW cm™2 have
demonstrated convincingly the validity of the quasire-
sonant approximation.!’ From these results the fol-
lowing conclusions may be drawn: (i) In general, the
quasiresonant approximation for molecular-IR-multi-
photon excitation will give better results than the Flo-
quet approximation for a given computational effort.
(ii) The physical picture as a stepwise process seems to
be quantitatively correct, because direct multiphoton
transitions, which are explicitly excluded in the qua-
siresonant approximation, do not contribute appreci-
ably under typical conditions. Note that the stepwise
nature of the process by no means excludes nonlinear
intensity effects or the appearance of multiphoton
resonances in the frequency spectrum.4!15 It may be
mentioned that the quasiresonant approximation also
avoids the problem of phase averaging, which arises
with the use of the Floquet approximation.3#33 It
appears that most of the recent work in the quantum
simulation of IR-multiphoton excitation makes use of
the quasiresonant approximation and a set of programs
has been published.114®

2.4, Statistical Mechanlcal Concepts

Statistical mechanical concepts!®® for IR-multipho-
ton excitation are of interest for two reasons: (i) For
any of the larger polyatomic molecules the number of
coupled states is much too large for a converged solution
along the lines of sections 2.1 to 2.3. (ii) The coarse-
grained view of statistical mechanics corresponds closely
to many experimental observables and leads to the
emergence of new properties. An example of a statis-
tical mechanical equation of motion is the general
master equation for coarse-grained-level populations py,
roughly characterized by the number of absorbed
photons (IN) and some good quantum numbers but not
any detailed quantum state labeling. In matrix notation
(p = {pu}) this becomes!®¢0

dp/dt =K p (2.21)

The rate coefficient matrix K = Kp,, is derivable in an
unambiguous way from the effective Hamiltonian ma-
trix {X + V/2} in eq 2.17 for certain cases. However,
the relationship is nontrivial, and in particular one
cannot, in general, use rate coefficients which are pro-
portional to radiation intensity and the small-signal
absorption cross section (“linear rate equations”). In
order to demonstrate the nontrivial nature of the K-
matrix we give in Table I as an example the generally
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TABLE I. Intensity-Dependent Rate Coefficients®

case B C D
Kyeru I I i
KM,M-H I e 2

2The various statistical mechanical cases have been introduced
in ref 10 and discussed in further detail in ref 60. For each rate
coefficient in Table I there is a well-defined preintensity factor,
which depends upon spectral structures. The qualitative behavior
is best understood in terms of the power law of the intensity de-
pendence. Case B behavior corresponds to a linear law, similar to
ordinary rate equations,?% whereas the other cases show intrinsic
nonlinear power laws as indicated in the table. Case B and case C
are the practically most important cases.

nonlinear dependence upon intensity for three of the
important approximate analytical limiting cases with
couplings K, 5r between two adjacent levels. Further
interesting rate coefficient schemes can be derived for
more complex cases with triplets, quadruplets of levels,
etc. For this and more general considerations con-
cerning the validity of such cases we refer to ref 60.
Recently, we have formulated the foundations of a fully
numerical statistical treatment which allows one to in-
corporate the spectral structures of a real molecular
system in a realistic manner.116

The various statistical mechanical cases for mono-
chromatic, coherent optical pumping must be distin-
guished from rate equation treatments based upon
Einstein coefficients for absorption and stimulated
emission as they have been formulated by Lyman,®’
Grant,® Fuss,® and several other authors, subsequently.
In these treatments the rate coefficients can be calcu-
lated with the small-signal-absorption cross section ¢(v)
and are rigorously proportional to intensity for a one-
photon transition:

I
Km+l,m = (E)Um+l.m

This equation applies, if the incoherent radiation is the
physics at the origin of the statistical mechanical master
equation. The general master equation (2.21) arises
from coherent pumping and statistical mechanical
coarse graining on molecular quantum states. The
difference has often been overlooked and we refer to ref
60 for a more thorough discussion.

(2.22)

2.5. Summary of the Photophysical Primary
Processes of Infrared Multiphoton Excitation and
Their Nomenclature

We shall summarize here the most important general
mechanisms of multiphoton excitation, providing a
nomenclature which allows us to distinguish between
them. The mechanisms are indicated by the coupling
schemes (—) between states 0,1 ... j, with frequency njw
+ x;, where n; is an integer and x; a frequency small
compared to the laser frequency. We also indicate the
characteristic intensity dependence of the n-photon
process in a given mechanism, possibly including sub-
sequent reactive processes. These are sometimes com-
plicated, only simple limiting cases being mentioned in
the summary. The energy of the states L1, n; etc. are
given in parentheses. The curly brackets indicate that
there is a set of states, in general.
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(i) DIRECT multiphoton transitions®?
0—1 (nw+x) oddn=23,5,17..

excitation rate proportional to I"
(i) GOEPPERT-MAYER-two-photon transitions!22

m; > 2 (intermediate states in an off resonant
“continuum”)

excitation rate proportional to I

generalized Goeppert-Mayer-n-photon mechanism:
I" (any integer n)

(iii) QUASIRESONANT STEPWISE multiphoton

transitions!?
0— {lj(w + xlj)}—>...—>{nj(nu.> + xnj)}
any integer n, general intensity law [™="

special cases:
(a) statistical CASE A0

excitation rate « I

(b) statistical CASE B!° with reaction continuum
above level N; reaction rate constant proportional to

- I"s! (equality holds without falloff)

(c) statistical CASE C!° with reaction continuum or
case B above level M (statistically off-resonant)

reaction rate constant proportional to [tSM*D/2
(equality holds without fall-off); with some systematic
off resonance: I"<M

(d) statistical CASE D (not demonstrated under
experimental conditions)

(iv) INCOHERENT STEPWISE EXCITA-
TION123,124

reaction rates with Einstein coefficients for optical
transitions proportional to I"*! (equality holds without
fall-off similar to case B above). Similarly one has
incoherent direct and Goeppert—-Mayer multiphoton
transitions

Figure 2 illustrates these mechanisms and coupling
schemes. There is no room here for a long discussion
of these mechanisms. They are clearly distinct by their
coupling scheme, and all contribute, in principle. In
practice, coherent IR-multiphoton excitation of poly-
atomic molecules is dominated by the quasiresonant
stepwise mechanism iii; as has been demonstrated again
recently.!* Note that mechanisms i and ii cannot be
described by the quasiresonant approximation.
Sometimes, a nonlinear experimental intensity depen-
dence I"”! has been taken as qualitative evidence for
mechanisms i and ii to be contributing. Such a con-
clusion is clearly incorrect in view of the nonlinear laws
appearing under mechanism iii. On the opposite side,
a linear experimental intensity law has sometimes been
taken to be evidence for incoherent excitation (mech-
anism iv). Again this is clearly incorrect because a
linear law applies also in the case B of quasiresonant,
coherent excitation. We hope that the present sum-
mary, which identifies the most important mechanisms,
may help in the future to clarify some of the discussions
concerning the mechanisms of IR-multiphoton excita-
tion.

We have, for the various mechanisms, indicated the
papers where the original derivation has been given. Of
course (i), (ii), and (iv) are also discussed to a greater
or lesser extent in relevant books on radiative processes.
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Often mechanisms i and ii are not properly distin-
guished, but they are really quite different. The same
multiphoton transition (with odd n) can proceed by
either mechanism, whereas for even n only the Goep-
pert-Mayer mechanism contributes. Einstein’s treat-
ment!?* for incoherent transitions remains rigorously
valid for thermal radiation, for which it was originally
derived by an ingenious reasoning in the absence of the
full quantum statistical foundations which are nowa-
days available. The treatment remains also valid for
incoherent, nonthermal radiation. The statistical me-
chanical cases (iii) for stepwise, quasiresonant multi-
photon transitions in polyatomic molecules have been
derived on the basis of hypotheses about the irregular
dynamics of coherent excitation in complex spectra.l?
In particular, the importance of the initial state in case
B was pointed out. Subsequent derivations of case B
greatly stressed the importance of random cou-
plings!!™ 12 and postulated that these were sufficient
conditions for the case B master equation.!’® As we
have discussed elsewhere in great detail, random cou-
pling is not sufficient and irregular-phase time evolution
provides a more general basis for the derivation.® We
shall not repeat this discussion here. The result for the
case B master equation is similar anyway.

2.6. Chemical Primary Processes: Specific
Rate Constants and Product Energy Distribution
in Chemical Reactions

On the basis of the scheme of Figure 1, the second
primary process besides the optical excitation is clearly
the monomolecular reaction above threshold. As in
other chemical reactions, the two main questions that
arise concern the absolute rate coefficient k(E, J...) for
reaction and the distribution over various reaction
channels (physical and chemical channels); i.e., for a
given product channel

k
PyEJ,.) = ——— (2.23)

The sum runs over all product channels. The rate
constants imply that a rate description is adequate for
the unimolecular processes. This may not always be
true but is often accepted as a starting point. On the
other hand, we indicate that the rate coefficients de-
pend upon energy, angular momentum, and other con-
stants of the motion, and further, arbitrary variables
characterizing the decaying molecular states.

The unimolecular decay of highly excited molecules
has been by itself the subject of numerous investigations
and reviews,30:3466,125-136,142-144,253,305334 We shall discuss
here only the most pertinent aspects of the statistical
theory of unimolecular reactions including some recent
results of importance for IR-laser photochemistry. For
the more general background we refer to the papers
quoted above and in particular ref 30, 305, 334. For the
unimolecular rate constant one may write in the
framework of statistical theory:

W(EJ...)
< ——= :
k(E,..) (B (2.24)
Here, W(E,J...) is the total number of accessible reac-
tion channels at the energy E, total angular momentum
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Figure 2. Scheme for various fundamental mechanisms of
multiphoton excitation. The full arrows («+) indicate the coupling
scheme between the spectroscopic states. There is no resonance
condition for this scheme (e.g., (ii)). The dashed arrows (—)
indicate the photons of fixed frequency (energy). Various relevant
energies discussed in the text have been indicated for the states
n; (left hand part) and photons (mjw) with resonance defects x.

Incoherent
Excitation

J, and other constants of the motion etc., » is Planck’s
constant and p(E,J...) the average density of molecular
states at E,J... etc. Equation 2.24 needs some further
comments:

(i) Careful derivations for the statistical average rate
constant k(E,J...) invariably give an inequality, which
in simple physical terms may be seen to arise from the
finite rate of intramolecular energy flow.!® In practice,
one uses the equality for actual computations. This
corresponds to the assumption of a microcanonical
quasiequilibrium,.132-136

(ii) Depending upon the version of statistical theory
one is using, W(E,J...) is to be interpreted either as the
number of accessible “quantum states of the transition
state” (in RRKM theory)!3%13 or as the number of open
adiabatic reaction channels in the adiabatic channel
model.}?671% Its computation without!®2-1%6 or with!26-129
detailed angular momentum treatment has been dis-
cussed extensively in the literature (see also ref 253).

(iii) The density of states p(E,J...) has to be inter-
preted as a statistical average over a small energy in-
terval AE. Its computation is usually made with ap-
propriate models for separable oscillators. An aspect
which may deserve discussion is the treatment of an-
gular momentum and molecular symmetry, which has
found recent attention, 3187140 According to the usual
RRKM treatment,!32-13¢ gymmetry is neglected altog-
ether, and the effect of angular momentum is intro-
duced only as a centrifugal correction of the energy
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Figure 3. k(E,J) showing the explicit angular momentum de-
pendence of the specific rate constant according to the statistical
adiabatic channel model (ref 126): (a) for 03—~ 0,+ 0@ £ J =
16; O = J = 40 (for the IR-photochemistry calculations see ref
14). (b) for CINO - Cl+ NO@=J =0;0=J=56;m=J =
112. Two sets of threshold rate constants (<) are given, one taking
symmetry into account in p(E,J,I') the other (lower) one not (see
ref 131). Reproduced with permission from Ber. Bunsenges. Phys.
Chem. 1975, 79, 170. Copyright 1975 VCH. (c) p(E,J) for CF;l,
showing the angular momentum dependence explicitly for two
term values (10 cm™! and 2 X 10* cm™) as indicated. From the
values shown one obtains p(&,J/,I') by means of the regular de-
composition of densities; i.e., p(E,J) = ¥ [T']p(E,J,T), [T'] being
the dimension of the symmetry species I (see ref 131 for a detailed
discussion).

scale.2® As was first pointed out in 1974,1% it is more
consistent to introduce statistical rovibronic coupling
(from Coriolis terms in the Hamiltonian) and compute
a rovibrational density of states p(E.J,I...), where also
the effect of permutation symmetry and parity is taken
into account. This has two pronounced consequences
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for the statistical theory of IR photochemistry.l?
Firstly, the rate constants k(E,J) become nontrivial
functions of angular momentum, as illustrated in Figure
3 for the examples of 0; and CINO decomposition.!?” Of
course, similar effects should arise always, although
there is no clear experimental evidence for them, so far.
The second effect arises in the calculation of the ef-
fective density of states in the case B/C master equa-
tion. Depending on whether rovibronic coupling is
strong or not, one has to insert p(E,J...) or a reduced
density, which strongly influences the transition from
case B to case C at low excitation energies. In case B,
the effect of angular momentum is smaller and mainly
effects the k(E,J...). Figure 3c illustrates the angular
momentum dependence of the density of states and
shows that large effects are obviously involved. Note
that the one channel rate constant is given by

1
ho(EJT...)

from which one can read directly the influence of
p(EJ.I...). For the role of molecular symmetry we refer
to ref 131, where it is discussed how p(E,J,T...) results
very easily from p(EJ) by means of the regular de-
composition of the density.

The role of angular momentum and symmetry on
product-state distributions has been discussed in ref
138, 142, 143. Combining eq 2.23 and 2.24 the funda-
mental equation for the population of a certain product
p (chemical or physical group of channels, number W)
is

R(EJT.) = (2.25)

Wo(E.J...)
W(EJ..)

W(E,J...) is again the total number of accessible reaction
channels and W,(E,J...) is the number leading to
product states p. For a measurable P, this has to be
multiplied with the probability distribution Pg(E,J...)
for the fraction of molecules having decomposed with
a certain E J... etc., and integrated and summed over
EdJ..

PEJ.) = (2.26)

P, = j; dEEPR(E,J,I‘...) P,(EJT..) (2.27)

For instance, the product translational energy distri-
bution in the center of mass system is calculated as (see
ref 138, 142, 143)

P(E, AE) = j; " dE .;Zo PREPE,AEEJ) (2.28)

Here, we have retained only E and J in the notation.
These formulas are applied in section 4. We may note
that most evaluations of product energy distributions
have used RRKM theory with a less adequate treat-
ment of angular momentum.2,213-220

[

2.7. Solutions of the Master Equations and
Coarse-Gralned Rate Parameters

A generalized statistical mechanical master equation
(2.21) including various cases for optical pumping and
including specific rate constants for chemical reaction
has been first derived in ref 10. On a detailed level,
retaining only energy and angular momentum in the
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notation explicitly, one has a doubly tridiagonal form
in both energy and angular momentum (see ref 10,
section V and eq 2.21 of the present review for the
definition of K):

K = {K g0, & KED ED) (2.29)
~Kgan,en =
J'=J+1
k(EJ) + J,_Z;' [E@manen + K- En] (2.30)

In addition to o, of course parity and other quantum
numbers are to be included, but are omitted for brevity
of notation. A full solution along these lines has as yet
never been given. The closest approach to it has been
a decomposition into an angular momentum part, ap-
proximated as a thermal distribution of appropriate
temperature, and an energy part, from a solution of a
reduced master equation (2.21).1% It would, in fact, be
worthwhile to continue some work along the general
lines of ref 10, but we shall quote here only some
properties of the solutions of the master equation which
are independent of the energy and angular momentum
decomposition and some relevant specific problems
related to the solutions in a physical context.

Quite independent of the nature of the rate coeffi-
cient matrix, the general solution of the master equation
(2.21) is given by eq 2.311! \

p(t) = Y(¢t,t)p(to) (2.31)
Y satisfies the differential equation (2.32)
dY
— = KY .
i K (2.32)
with the initial condition
Y(to,to) =1 (2.33)

In the particular case that K does not depend upon
time, the solution has the analytical form

Y(¢.to) = exp[K(t - to)]

Following ref 11, K can be transformed to symmetric
form Kg by a diagonal matrix F (i.e., (F1),, = Fp):

FIKF = Kg (2.35)

K can be made diagonal by an orthogonal transfor-
mation

(2.34)

Hence one has
Y(t,to) = FG exp{A(t — to)|GTF! 2.37)

The fraction of remaining reactant molecules, Ff, is
computed according to eq 2.38:
Fr=1-F, = Z&g exp(\gt) (2.38)
K

by = %FNNGNKEF mm "Gk pm(0)  (2.39)

The time-dependent rate coefficient is then:
dIn Fy
dt
(%)\K@K exp()\Kt))(§d>K exp(Agt))! (2.40)

k(t) = —
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As discussed in detail in ref 11 and 60, one has similar,
starred quantities, derived by replacing the ®x by ®x*

byp* = %/FNNGNK%FMM'IGMKPM(O) (2.41)

The > is restricted to levels of the reactant that have
zero reaction rate. Thus Fg* refers to intrinsically
stable molecules. Fg** corresponds to after pulse decay
(molecules above the reaction threshold):

Fg** = Fg — Fg* (2.42)

It follows from the above equations that the long time
limit of the rate coefficient is the unique steady state

rate coefficient for an irreducible rate coefficient matrix
K:1

k(st) = k*(st) = 1im k(t) = -\, (2.43)
If the rate coefficient matrix is reducible, one has as
many separate steady-state rate constants as there are
irreducible blocks of K which correspond to a p;(0) + 0.

If K depends upon time through the time-dependent
laser intensity I(t), but if we can write approximately

K(t) =~ K (1) (2.44)
with a constant K}, one has the solution:!!
t
Y(tt) = exp{K, j: It) dt'} (2.45)

One notes immediately that this corresponds to a
transformation from time in eq 2.34 to the new variable
fluence

t
F= I(t) dt’ (2.46)
to

Thus one has obviously an intensity proportional
steady-state rate coefficient

k(st) = Ik Tim [ -3 2 FR 9
st) = Ik(st) = Fl_{.’(i “T4F (2.47)

We note that the approximation in eq 2.44 holds only
close to case B and if the specific rate constants can be
treated as a small perturbation. For a more detailed
discussion we refer to ref 11. The above equations can
be made the basis of an evaluation of experiments in
terms of relevant rate parameters as will be discussed
in section 4 in more detail. We conclude our discussion
by some pertinent comments.

(i) The definition of a rate coefficient and the pos-
sibility of a unique, approximate steady state limit does
not depend upon the validity of the master equation
(2.21). Poppe™ has shown how a steady-state rate
coefficient emerges from classical trajectory calculations
of the multiphoton dissociation of SF;. We have also
demonstrated in quantum mechanical and quantum
statistical calculations on the IR photochemistry of
ozone the validity of the concept of a rate coeffi-
cient,14114116,325

(ii) A sufficient condition for a unique steady-state
rate coefficient is a master equation (2.21) with an ir-
reducible K and a nondegenerate, nonzero largest ei-
genvalue A\;.1! However, in a real physical situation with
a thermal initial distribution before irradiation K is
reducible into several energy shells. This point has been
discussed in ref 11. Often one can still define an average
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Figure 4. Intensity dependence of the steady-state rate coefficient
from the unified case B/case C master equation showing the
nonlinearity at low intensities and the falloff at high intensities.
Reproduced with permission from Ber. Bunsenges. Phys. Chem.
1981, 85, 318. Copyright 1981 VCH.
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Figure 5. Fluence dependent and steady-state distribution for
a model of CF3I IR-multiphoton excitation in the transition régime
of the unified case B/case C master equation. One has two
maxima, one at low energies dominated by case C, one at high
energies, dominated by case B. The three functions are for a
fluence of 0.7 J cm™2 and 2.1 J cm™ and steady state (S). The
dashed line indicates the dissociation limit. Reproduced with
permission from Chimia 1981, 35, 463. Copyright 1981 Chimia-
Abodienst.

rate coefficient with a smooth distribution. Alterna-
tively, one may have several ensembles reacting with
distinct rates.! It is sometimes suggested that, in
particular, the molecules can be divided into reactive
and nonreactive molecules (the latter reacting with zero
rate constant).?3%36 This situation is inferred from the
concept of rotational holeburning with monochromatic
irradiation of moderate intensity. Quantum mechanical
simulations indicate that this is a poor description for
real life situations with very strong pumping to reaction
threshold.14114116,325337 Therefore, the evaluation of
experiments with the oversimplified two-ensembles
model3%5336 should be viewed with reservation.

(iii) The approximation eq 2.44 with an intensity
proportional rate coefficient matrix fails completely in
case C, which is often important in practice (see Table
I). Then also the steady state rate coefficient depends
upon intensity in a nonlinear way. This is summarized
in Figure 4. A similar behavior of the rate coefficient
could be demonstrated also in quantum mechanical
calculations on ozone IR photochemistry, where in ad-
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dition also more complicated phenomena were found
and explained.!43%

(iv) Another important aspect is the steady-state and
time-dependent population distribution over the mul-
tiphoton excitation steps. Figure 5 gives some typical
examples for relevant intensities from model calcula-
tions.!® Sometimes, it is suggested that a thermal dis-
tribution over energy steps may be used to approximate
the populations created by IR multiphoton excitation.
This approximation is even quite often used but it is
poor quantitatively and qualitatively. We discourage
the use of the thermal model.?47%%

(v) Usually, eq 2.21 has to take into account explicitly
the competition between optical pumping, chemical
reaction, and possible collisions. Sometimes, however,
one can separate the problem into a fast optical exci-
tation during the irradiation pulse and subsequent re-
action (possibly with interfering collisions®*?). The
problem is then trivially similar to other unimolecular
decays of highly excited species (for instance in chem-
ical activation systems?%%243) the differences residing
in the populations created in the activation step.

(vi) The type of differential equation (2.21) has a long
history in mathematics. An early application in reaction
kinetics is due to Jost.?3833 The approach to the so-
lution of (2.21) given above is a fairly standard one and
has been first used in IR-laser photochemistry in ref
10-13 (see also ref 60). It has been reproduced in a
virtually identical way in ref 148 and 149 and included
further algorithms in ref 340. A somewhat different,
numerical solution has been used by Barker.146 A
straightforward numerical, stepwise solution of the
system of coupled differential equations is obviously
also possible®*! and has been used.®®®” Finally, various
closed expression approximations have been given
in.1097.152 OOf these, the ones obtained by Troel®2 have
gone furthest, but still leave room for improvement.
One may note, however, that the realization of the
general analytical solution in eq 2.37 and 2.45 is not very
difficult, in practice. It is to be hoped that in the future
more detailed and more accurate, realistic simulations
of IR-multiphoton excitation and IR photochemistry
become available. These should then help to improve
our understanding and planning of qualitative and
quantitative experiments in IR photochemistry.

(vii) The expansion of the exact analytical solution
in eq 2.37 and 2.40 suggests approximations involving
one, two, or more exponential terms in the sum with the
parameters ¢x and Ag. For typical conditions a two-
term approximation is adequate if the yield is larger
than about 1%. A complementary expansion for par-
ticularly small yields proposed in case B by Barker and
co-workers?2146147 regults in a log-normal distribution
for the product yield (see also section 4.2.). Recently,
Barker and co-workers have also included case C be-
havior in their considerations.!5!

3. Qualitative Experiments in IR Photochemistry

The continuing interest in infrared photochemistry
is demonstrated by the high rate of appearance of pa-
pers in this field. An exhaustive review even of the
reports of the last 2 or 3 years would become ponderous.
For summaries of work up to the early 1980’s we refer
the reader to one of the numerous reviews on the sub-



1R-Laser Photochemistry

ject (e.g., ref 21 and 28; see also the introduction to this
review). In section 4 we discuss quantitative determi-
nations of state distributions, rate coefficients and en-
ergy transfer. In this section we stress qualitative in-
vestigations and observations which are of particular
interest, with emphasis on recent results.

3.1. Isotope Separation Using Infrared Lasers

Early observations that infrared-multiphoton-induced
dissociation (IRMPD) could be isotope selective®>153
helped prompt the initial explosion of research on UR-
IMIR. Laser isotope separation (LIS) has continued
to be a subject of interest. A computer-assisted Chem-
ical Abstracts search listed 51 review articles devoted
to LIS as having been published since 1982. Interest-
ingly, of these 17 were Japanese. We shall restrict
ourselves to a review of some recent advances, mention
of a few important early experiments, and a discussion
of the quantification of isotope selectivity experimen-
tally and theoretically. For more exhaustive surveys of
progress in LIS up to 1985 we recommend the reviews
of Lyman*® and of McAlpine and Evans.?’

Isotope separation schemes, conventional and laser-
based, can be described in terms of the isotopic com-
position of three “streams”, the “feeds stream” (mixture
before separation) and the “heads” (isotopically en-
riched) and “tails” (isotopically depleted) output
streams.!®* A quantitative description of the separation
efficiency of an enrichment process uses the isotopic
abundance ratio £, given by £ = x/(1 — x), where x is
the elemental atom fraction of the desired isotope in
a given stream. The separation efficiency is given by
the separation factor « or the heads separation factor
B, with

_ £ Heads 3.1)
* = "¢ Tails (@

_ £ Heads 29

" £ Feeds (3.2

Unless « and 8 are large, or only low enrichment is
needed, a practical separation scheme consists of a
cascade of stages in which the partially enriched heads
stream of one stage becomes the feeds stream for the
next stage (for more detail see ref 46 and 47).

From a more theoretical point of view the efficiency
of isotope separation can be measured through the
molar free energy of separation

AGsep = GFeeds _yGHeads - (1 - y)GTails (33)

where y is the fraction of feeds going into the heads
stream. For ideal mixtures eq 3.3 reduces to

AGyep = ~TAS,, =
RT(Zx;fIn x;/ - y3_x/ In x/ — (1 - y)3x) In x}t)
7 7 ]
(3.4)

Here, x/, x;", and x/ are the mole fractions of the jth
isotopic species in the feeds, heads, and tails streams,
respectively.

Isotope separation with IR lasers is based on the
preferential reaction of one isotopically substituted
molecule under irradiation. The most obvious source
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of isotopic selectivity is the isotopic shift of the irra-
diated band which allows one species to absorb pref-
erentially. With large isotope shifts one can obtain very
high selectivities. Another source of selectivity can be
preferential excitation into higher energy levels for one
isotopic species due to other isotopic shifts and changes
in density of states, plus differences in the transition
from case C to case B behavior. An example of this type
of selectivity is the preferential dissociation of CDCI,F
over CHCLF under irradiation at 1074 cm™,1%5-157 gt
which both species have similar absorption strengths.

The unambiguous quantification of IR LIS processes
presents special problems. Most schemes use pulsed
lasers; the values of a and 8 depend clearly on the
number of pulses. An additional useful quantity is the
selectivity S, defined as

_ Pa(D)
T P2

(3.5)

where P,,,(1) and P,,,(2) are the apparent yields per
pulse in tﬁe nominal irradiated volume for species 1 and
2 at a given nominal fluence.

The quantities « and 8 and S alone are also insuffi-
cient to provide unambiguous information. Clearly, the
nominal fluence must be given as well, since P,,, de-
pends on fluence. The gas pressure of the photolysed
mixture can affect the separation efficiency, as can the
starting abundance of the desired isotope; higher se-
lectivity (or a larger number of stages) is required to
obtain a pure isotope from a mixture with a few parts
per million abundance than is required if the abundance
is a few percent. Even under similar nominal conditions
yields can be quite different. For CHFCI, Gozel et al.'?
found quite different yields per pulse using stable and
unstable resonator output configurations at the same
nominal fluence in two different laboratories. At higher
pressures the temporal shape of the pulse can affect the
yield at a given fluence, due to competition between
excitation and collisional deactivation at low intensi-
ties.1%8

A quantity of theoretical interest is the ratio of the
steady-state limit of the rate coefficient k(st) for UR-
IMIR, in cases where both species react at a given ir-
radiation wavelength. The work of Gozel et al.1% has
shown that k(st), when properly evaluated, is relatively
constant from laboratory to laboratory, even when ap-
parent yields are quite different due to different laser
conditions. With the steady-state rate coefficients the
steady-state separation efficiency would be defined by

_ R(st),
7 k(st),

More generally, one needs to introduce further the ac-
tivation parameters (activation time, activation fluence,
or in general characteristic coefficients and times!®12),
These are all strongly dependent on intensity, which
usually cannot be controlled in practice.

To summarize, unambiguous quantification of laser
isotope separation is relatively complicated and re-
searchers in this field are encouraged to report exper-
imental details thoroughly. Particularly important are
the irradiation geometry (including the spatial fluence
profile of the beam and the resonator type, plus parallel
or focused irradiation), the temporal pulse form (e.g.,

(3.6)
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mode-locked, single mode, N, tail, or ultrashort pulse),
partial and total gas pressures and isotopic abundances,
number of pulses for a reported « or 8, and the ap-
parent yields for both species if both react (thus also
the selectivity S). If both molecules react sufficiently,
a determination of k(st) for both species is also desir-
able.

Several factors are important in comparing the eco-
nomic viability of an LIS process to that of a conven-
tional scheme such as distillation or chemical exchange.
An obvious consideration is the cost (in energy and
monetary units) of photons needed to bring about the
separation. Currently, the laser of choice for most
schemes is the TEA CQ, laser, which can produce high
average powers for modest financial outlay and for
which the conversion efficiency of electric energy input
to laser photon energy is relatively high (of the order
of 10 to 30%). LIS with NH;!*® and DF and HF6%16!
lasers has also been reported.

The feed material for a separation process is also
important. The starting compound should either be
inexpensive and nonpolluting, or should be recyclable
and undergo exchange with an inexpensive natural
abundance source under convenient conditions. For
most schemes the desired isotopic species should absorb
well in the region of CO, laser emission and react under
moderate fluence, so as to obviate the need for focused
geometries.

The heads and tails streams in LIS are physically
mixed and chemically different, thus an efficient means
of streams separation is also important. In multi-stage
schemes the photolysed isotopic species must be easily
reconverted into starting material or into another
molecule which in turn undergoes isotopically selective
URIMIR.

One desires, in addition to high reaction selectivity,
the highest possible absorption selectivity, so that the
maximum fraction of laser light is used to induce the
desired reaction. For the initial stages of a multistage
scheme for rare (parts per trillion or less) isotopes the
absorption selectivity should be especially large (see ref
47).

In Table II we list some more recent observations of
isotope separation using IRMPD, along with some
earlier reports. Though we have not made an exhaus-
tive list, we have included at least one example for each
element which has been shown to undergo isotopically
selective URIMIR.

A great deal of work has been done on the separation
of deuterium using IR photochemistry. In part this is
due to the large demand for deuterium for research and
in ton quantities for heavy-water nuclear reactors.
Probably an equally important stimulus is the large
isotope shift which leads to high absorption and reac-
tion selectivities. LIS of protium and deuterium is thus
fairly easy.

A common feedstock for 2H separation is CHFj,
which is fairly inexpensive and shows high selectivity.
Evans et al.!®2 have demonstrated selective photolysis
of CDFj at natural (~ 150 ppm) abundance at pressures
up to 130 mbar, using pulses of <10 nsec FWHM du-
ration to counteract collisional energy-transfer effects.
Short pulses are, however, currently expensive. It would
be preferable to have a natural-abundance separation
scheme using cheaper conventional (>100 ns) pulses.
Recently, Parthasarathy et al.13 demonstrated ?H en-
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richment by the selective dissociation of CDF; at nat-
ural abundance using conventional pulses at 10-20
mbar CHF;. Additional buffer gas was added to sup-
press scrambling due to energy transfer.

Another promising candidate for detuerium enrich-
ment is CHCLF, which undergoes relatively rapid
base-catalyzed H/D exchange with water. Seyfang!%®
and Gozel et al.1¢157 have irradiated CHCI,F /CDCLF
mixtures in the presence of buffer gas between 930-950
cm™! and found very high selectivities. For mixtures
highly diluted in the deuterated molecule some loss of
selectivity was observed at higher fluences (~15 J cm™).
Zhang et al.!%* have also studied this molecule and found
very high selectivity both for reaction (S > 24,000) and
for absorption (~4000) by cooling to 200 K and irra-
diating at 920 cm™.

A challenge to LIS schemes for deuterium enrichment
is the demand for ton-wise quantities of D,O for nuclear
reactors. The chemical exchange process used in Can-
ada?” already produces most of the western world’s
demand for D,O and is at the large-scale production
level an efficient, cost-effective competitor to any laser
separation process.

At the other end of the mass spectrum uranium
separation via LIS has been of interest because of the
need for 235U-enriched fuels for many nuclear reactors.
Much research in this area is classified, but there are
numerous public reports as well. Weitz et al.'®? syn-
thesized U(OCHj)q for convenient IRMPD from a CO,
laser and observed enrichment in 2°U, In general, LIS
schemes for uranium based on IRMPD have not shown
high selectivities, due to small isotope shifts and spec-
tral congestion. Horsley et al.!%¢ demonstrated slightly
higher selectivity for UQ,(hfacac)- THF in a molecular
beam. Two-frequency IR schemes have also been
studied, in which a low intensity laser excites one iso-
tope preferentially and a second laser excites to disso-
ciation.!®” There has been research at Los Alamos (see
ref 46) on an IR-UV double-resonance process using
UF, in which IR radiation excites the desired isotopic
species preferentially, and the excited species undergoes
UV photolysis. Detailed reports of the success and
efficiency of this approach, or lack thereof, are classi-
fied.

Perhaps the most promising area for LIS is the realm
of moderately light elements such as carbon and sulfur,
for which one may expect demand on a research and,
perhaps, ton level. The isotopic shifts are large enough
that large separation factors can be achieved.

The progress in 13C separation schemes has been
particularly promising. Cauchetier et al.1® reported the
production of 90% abundance !3C in one stage by the
selective URIMIR of 12CFyl, using a silver grid to trap
I atoms and collecting and removing C,Fs. A second
stage produced 99.93% !3C, with 40% of the original
13C remaining.

The LIS group at NRC Canada has reported!®® lab-
oratory scale-up of a two-stage 13C separation scheme
in which 3CHCIF, is preferentially dissociated. Reac-
tion of the 13C species ensures lower losses of the desired
isotope than does depletion of the undesired species.
In this work a 100 W TEA CO, laser was used to pro-
duce 13C-depleted 2CHCLF and 220 mg h1 13C at 72%
enrichment. The authors extrapolate from laboratory
measurements to an annual 3C production rate of 2 kg
year™! with this apparatus.
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TABLE II. Isotope Separation via IR Photochemistry

isotope feed source comments ref

H CHFCl, 930-950 cm™!; some loss of selectivity at high fluence a
H CHFCl, 920 em™L; high selectivity for reaction and absorption; 200 and 295 K b
’H CHF,Cl high selectivity at room temperature aa
H CHF, high enrichment, exact selectivity from 13C labeling cc
H CHF, short pulses (<10 ns), pressure to 100 torr, natural abundance samples ¢
’H CHF, standard laser pulse, natural abundance samples, 10-20 torr, with buffer gas d
H CHF, development and testing of exchange feed cycles e
SH CHF, selective decomposition of CTF, f
log, 1ig BCl, one of the earliest claims of LIS via URIMIR g
log, 11 HCIC=CBC(], high selectivity at low P, lower required fluence than for BCl, h
1BC CHF,Cl two-stage separation scheme, 220 mg/h 13C i
13C CF,I 90% abundance 1°C in one step, flow system j
13C CHF, pressure and temperature dependence bb
1B3C CF,HCl enhancement of selectivity and yield through multiple frequency irradiation k
13C CF;Br selectivity increased with pressure dd
4N, BN CH,NO, selectivity with two irradiated bands, also band with no isotope shift l
160, 170 0oCs IR-UV double resonance, selective also for S and C. m
298, 308 SiF, selective dissociation of 8SiF,, low separation factors, high threshold fluence n
8gj, 308j SiyFg selective reaction of #Si and %°Si with high selectivity and low fluence 0
348 SFy early report of LIS (see also ref 4) D
£ SFy selective condensation plus vibrational predissociation, molecular beam q
828 SFs 940 mg/h 2SF; dissociation r
35C1, ¥7Cl CF,Cl, also selective for carbon s
Mo MoF, several isotopes selected; low yield and selectivity t
Se SeFs NHj; laser, enrichment in five isotopes u
Os 0s0, improved selectivity by use of two frequencies v
23y U(OCHy)g tailoring of molecule to CO, emission range w
23517 UO;,(hfcac), THF 952.9 em™}, molecular beam %z
25y UF, two-color dissociation y

¢ Hason, A.; Gozel, P.; Dupperex, R.; van den Bergh, H. Appl. Phys. B 1982, 29, 188. Hason, A.; Gozel, P.; van den Bergh, H. Helv. Phys.
Acta 1982, 55, 187. Gozel, P,; van den Bergh, H.; Lupo, D.; Quack, M.; Seyfang, G., manuscript in preparation. ®Linyang, Zhang; Yunwu,
Zhang; Xiangxiao, Ma; Peng, Yuan; Yan, Xu; Mengziong, Gong; Fug, W. Appl. Phys. B 1986, 39, 117. °Evans, D. K.; McAlpine, R. D;
Adams, H. M. J. Chem. Phys. 1982, 77, 3551, 4Parthasarathy, V.; Sarkar, S. K.; Rao, K. V. S. Rama; Mittal, J. P. Appl. Phys. B 1986, 39,
187. ¢Bigeleisen, J.; Hammond, W. B.; Tuccio, S. Nucl. Sci. Eng. 1983, 1983, 83, 473. /Makide, Y.; Hagawara, S.; Tominaga, T.; Takeuchi,
K.; Nakune, R. Chem. Phys. Lett. 1981, 82, 18. Néve de Mévergnies, M.; Verhoeven, F.; del Mermol. P.; Koch, G. J. Chem. Phys. 1982, 77,
4786. # Ambartzumian, R. V.; Letokhov, V. S.; Ryabov, E. A.; Chekalin, N. V. JETP Lett. 1974, 20, 273. "Jensen, R. J.; Hayes, J. K.; Cluff,
C. L.; Thorne, J. M. I[EEE J. Quant. Electron. 1980, QE-16, 1352. Abzianidze, T. G.; Abdushelishvili, G. 1.; Bakhtadze, A. B.; Gverdtsiteli,
L. G.; Kaminski, A. V.; Kudziev, A. G.; Tkeshelashvili, G. L.; Tsinadse, T. B. Sov. Tech. Phys. Lett. 1982, 8, 530. ‘Outhouse, A.; Lawrence,
P.; Gauthier, M.; Hackett, P. A. Appl. Phys. B 1985, 36, 63. /Cauchetier, M.; Croix, O.; Luce, M.; Tistchenko, S. Ber. Bunsenges. Phys.
Chem. 1985, 89, 290. *Evseev, A. V.; Letokhov, V. S.; Puretzky, A. A. Appl. Phys. B 1985, 36, 93. ‘Chekalin, N. V.; Dolzhikov, V. S.;
Kolomisky, Yu. R.; Letokhov, V. S.; Lokhman, V. N.; Ryabov, E. A. Appl. Phys. 1977, 13, 311. ™Zittel, P. F.; Darnton, L. A.; Little, D. D.
J. Chem. Phys. 1983, 79, 5991. "Lyman, J. L.; Rockwood, S. D. J. Appl. Phys. 1976, 47, 595. ®Kamioka, M.; Arai, S.; Ishikawa, Y.; Isomura,
S.; Takamiya, N. Chem. Phys. Lett. 1985, 119, 357. PLyman, J. L.; Jensen, R. J.; Rink, J.; Robinson, C. P.; Rockwood, S. D. Appl. Phys.
Lett, 1975, 27, 87. 9Philippoz, J.-M.; Zellweger, J.-M.; van den Bergh, H.; Monot, R. J. Phys. Chem. 1984, 88, 3936. Philippoz, J.-M.;
Calpini, B.; Monot, R.; van den Bergh, H. Ber. Bunsenges. Phys. Chem. 1985, 89, 291. "Baranov, V. Yu.; Velikhov, E. P.; Kazakov, S. A.;
Kolomiiskii, Yu. R.; Letokhov, V. S,; Pis’mennyi, V. D.; Ryabov, E. A; Starodubtsev, A. L. Sov. J. Quantum Electron (Engl. Transl.) 1979,
9, 486. *Fettweis, P.; Néve de Mévergnies, M. J. Appl. Phys. 1978, 49, 5699. ‘Freund, S. M.; Lyman, J. L. Chem. Phys. Lett. 1978, 55, 435.
“Tiee, J. J.; Wittig, C. J. Chem. Phys. 1978, 69, 4756. ' Ambartzumian, R. V.; Gorokhov, Yu. A.; Makarov, G. N.; Puretsky, A. A.; Furzikov,
N. P. Sov. J. Quantum Electron. (Engl. Transl.) 1977, 7, 904. Ambartzumian, R. V.; Furzikov, N. P.; Gorokhov, Yu. A.; Letokhov. V. S.;
Makarov, G. N.; Puretsky, A. A. Opt. Lett, 1977, 1, 22. *Miller, S. S.; DeFord, D. D.; Marks, T. J.; Weitz, E. J. Am. Chem. Soc. 1979, 101,
1036. Cuellar, E. A;; Miller, S. S.; Marks, T. J.; Weitz, E. J. Am. Chem. Soc. 1983, 105, 4580. *Horsley, J. A.; Cox, D. M.; Hall, R. B.; Kaldor,
A.; Maas, E. T, Jr,; Priestley, E. B.; Kramer, G. M. J. Chem. Phys. 1980, 73, 3660. » Rabinowitz, P.; Kaldor, A.; Gnauck, A.; Woodin, R. L,;
Gethrer, J. S. Opt. Lett. 1982, 7, 212. Rabinowitz, P.; Kaldor, A.; Gnauck, A. App. Phys. B 1982, 28, 187. ?Eberhardt, J. E.; Hoare, I. E.;
Johnson, D. A.; Knott, R. B.; Pryor, A. W.; Waugh, A. Chem. Phys. 1982, 72, 41. Eberhardt, J. E.; Knott, R. B.; Pryor, A, W. Chem. Phys.
1982, 72, 51. “*Moser, J.; Morand, P.; Duperrex, R.; van den Bergh, H. Chem. Phys. 1983, 79, 277. Duperrex, R. Dissertation, ETH
Lausanne, 1982. "*Néve de Méavergnies, M. Infrared Phys. 1985, 25, 175. °Herman, L. P.; Marling, J. B. J. Chem. Phys. 1980, 72, 5186.
94 Gauthier, M.; Nip, W. S.; Hackett, P. A.; Willis, C. Chem. Phys. Lett. 1980, 69, 372.

Chou and Grant!™ observed an interesting tempera-
ture dependence in the enrichment of carbon-13 by the
IR photolysis of CF,Cl,. When frequencies to the blue
of the vz absorption maximum at 922 cm™ were used
for irradiation, a 20-fold enhancement in isotope se-
lectivity was obtained by heating the isotopic mixture
to near 150 °C. The opposite effect was seen when
radiation at 1047 cm™ at the low wavenumber side of
the v, absorption was used; here elevated temperature
destroyed isotopic selectivity. Of course, such effects
have straightforward “in principle” explanations by
means of the detailed spectroscopic properties of the
molecules, which in practice are not fully known or
analyzed. Certainly, in this case a full understanding

of the observed phenomena needs and deserves further
study.

Sulfur isotope separation, usually using SFy as
feedstock, has been studied frequently, partly because
of the status of SFg as a “model system” for experi-
mental IR photochemistry. A market for isotopically
pure sulfur could exist, for example in the tracing of
sources of acid rain by the release of isotopically labeled
SO, in the vicinity of suspected culprits or in medical
applications. One example of sulfur separation is the
work of Baranov et al.,!"! in which selective dissociation
at a rate of 940 mg h™! was demonstrated. Recently,
Philippoz et al.!”? have developed an elegant scheme
combining selective condensation with infrared vibra-
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TABLE III. Observations of Visible and Ultraviolet Luminescence after IR Multiphoton Excitation

reactant comments ref
SiF, observation of SiF* a
C,H,, CH,CN observation of Cy*, CN*, CH*; also other molecules studied b
BC1, instantaneous luminescence seen, early evidence for collisionless IRMPD c
C,H,CN IR and UV luminescence at low pressures (down to 107 mbar) d
C,F.S, fluence dependent emission rise time e
COF, emission from COF,, early report of IER f
CrO,ClL, time-resolved fluorescence measured to 5 X 10~® mbar g n
CeFg luminescence of numerous small fragments, proposed observation of Cg*, pyrolysis effects possible h
S0, inverse electronic relaxation to produce SO,* i,0
tetramethyldioxetane observation of acetone in mixed T,/S, state ]
050, fluence-dependence sequence of emission from OsQ,* and excited products k
SiH,Cl, observation of SiCly* l
Ph,CO, PhCOMe, IR excitation of T, observation of emission from S, m

(CH4CO),, anthraquinone

¢Isenor, N. R; Richardson, M. L. Appl. Phys. Lett. 1971, 18 225. Isenor, N. R.; Merchant, U.; Halbworth, R. S.; Richardson, M. L. Can.
J. Phys. 1973, 51, 1281. ®Ambartzumian, R. V.; Chekalin, N. V.; Letokhov, V. S.; Ryabov, E. A, Chem. Phys. Lett. 1975, 36, 301.
¢ Ambartzumian, R. V.; Chekalin, N. V.; Doljikov, V. S.; Letokhov, V. S.; Ryabov, E. A. Chem. Phys. Lett. 1974, 25, 515. 9Yu, M. H.; Reisler,
H.; Mangir, M.; Wittig, C. Chem. Phys. Lett. 1979, 62, 439. ¢Plum, C. N.; Houston, P. L. Chem. Phys. Lett. 1980, 45, 159. fHudgens, J. W;
Durant, J. L., Jr.; Bogan, D. J.; Covaleskie, R. A. J. Chem. Phys. 1979, 70, 5906, £Karny, Z.; Gupta, A.; Zare, R. N,; Lin, S. T.; Nieman, J;
Ronn, A. M. Chem. Phys. 1979, 37, 15. "Duignan, M. T.; Grunwald, E.; Speiser, S. J. Phys. Chem. 1983, 87, 4387. ‘Simpson, T. B,;
Bloembergen, N. Chem. Phys. Lett. 1983, 100, 325. /Yahar, G.; Haas, Y. Chem. Phys. 1978, 35, 41. Haas, Y.; Ruhmann, S.; Greenblatt, O.
D.; Anner. O. J. Am. Chem. Soc. 1985, 107, 5068. *Makarov, A. A.; Makarov, G. N.; Puretzky, A. A;; Tyakht, V. V. Appl. Phys. 1980, 23, 391.
Kompa, K. L.; Lamprecht, H.; Schréder, H.; Puretzky, A. A,; Tyakht, V. V. J. Chem. Phys. 1986, 84, 2020. !Sausa, R. C.; Ronn, A. M. Chem.
Phys. 1985, 96, 183. ™Borisevich, N. A.; Zalesskaya, G. A. Spectrosc. Lett. 1986, 19, 113. "Tsao, J. Y.; Bloembergen, N.; Burak, I. J. Chem.

Phys. 1981, 75, 1. °Wolk, G. L.; Weston, R. E,; Flynn, G. W. J. Chem. Phys. 1980, 73, 1649.

tional predissociation in a molecular beam. A low-
power IR laser in the expansion region excites 32SF,
preventing cluster formation for this species and al-
lowing it for ®SF,. After condensation a second laser
excites SF, causing the clustered *SF; to predissociate
and recoil out of the beam. One may note that the
isotope selectivity of IRMPD can be used for mecha-
nistic and other studies in mixtures and natural or only
slightly enriched samples of reactive systems.!5%f

Numerous other elements have been shown to un-
dergo isotopically selective IRMPD, although in most
cases practical separation schemes have not been pro-
posed. An exception is tritium LIS,17317 which shows
high selectivity and which could be used for deconta-
mination of D,O from nuclear reactors. We list exam-
ples of other elements for which isotopically selective
URIMIR has been demonstrated in Table II. For more
detail and discussion, the reader is referred to ref 46 and
47,

Although LIS has not yet displaced conventional
schemes on a commercial level, several schemes for
moderately light isotopes show commercial promise. It
is in this realm that multiphoton laser chemistry is most
likely to achieve what was described by Cantrell in the
summation remarks!” of a conference on multiphoton
processes, as a crucial goal of the next few years: the
demonstration of a large-scale process based on mul-
tiphoton laser chemistry with a clear advantage over
conventional approaches.

One reason for the relatively slow progress in the
design of efficient separation schemes is the lack of
systematic theoretical investigations of isotope separa-
tion by IR multiphoton excitation. Some general rules
based on case B and C master equations have been put
forward in ref 13. However, for quantitative calcula-
tions more detailed quantum mechanical and quantum
statistical methods are required.!'® It is to be expected
that some definite results on simple systems will appear
in the near future and will speed the progress of this
particularly important application of IR photochemis-

try. Of course, in any technological application aspects
other than the photophysical and photochemical pri-
mary processes are important. A good example is the
case of deuterium isotope separation.33

3.2. Visible and UV Luminescence after
IR-Multiphoton Absorption

Visible and UV luminescence after IR excitation was
observed early in the history of IR-laser photochemistry.
For example, the IRMPD of SiF,2? produced emission
from electronically excited SiF, and luminescence from
excited C, was seen after the dissociation of C,H.1"®
Immediate luminescence after IR irradiation of BCl,!"
was taken to be early evidence for the collisionless na-
ture of IRMPD. In Table III we list observations of
luminescence following IR-multiphoton excitation, with
emphasis on recent results.

The observation of chemiluminescence after IRMPD
can clarify dissociation pathways and identify primary
products immediately after dissociation. Haas et al.l’®
have demonstrated that tetramethyldioxetane decom-
poses into two vibrationally excited acetone molecules,
one in a mixed singlet/triplet excited electronic state.
Sausa and Ronn!" have deduced from chemilumines-
cence that SiH.Cl, dissociates under IR-laser irradiation
to produce SiCl, in the !B, state.

Duignan et al.!® have observed broadband chemilu-
minescence in the IR-laser dissociation of C¢Fg. The
results were not simple, and it is not clear how much
of the chemistry was thermal.

Luminescence has also been observed from the
reactant species through inverse electronic relaxation
(IER) from a highly vibrationally excited ground state
to an excited electronic state. Simpson and Bloem-
bergen'® observed broadband UV-visible emission from
S0, which was interpreted as resulting from IER.
Kompa et al.1¥ have observed fluence-dependent se-
quences of luminescence after the IR excitation of OsO,.
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TABLE IV. Experimental Investigations of IR Multiphoton Chemistry of Ions

ion comments ref

CF;0- ICR, use of IRMPD to probe collisional relaxation a
CH,OHF- ICR, determination of k,, at 1072 and 939 cm™, activation and collision effects studied b
[(C,H;),0],H* ICR, pulsed and CW, determination of k,, ¢, d
C,F¢™ ICR, pulsed, k,; measured e
benzyl, anilidine, 2,4-hexadienyl, ICR, pulsed, study of electron photodetachment f

and 1,3-cyclopentadienyl anions
(C,Hj),OH* ICR, CW, laser, determination of k,, g
(ROH),H*, R = CHj,, etc. ICR, CW, identification of lowest energy decomposition pathways h
C.Hy ICR, CW, identification of structural isomers using electron detachment i
CF,I* ICR, CW and pulsed, only X2E, , state reacts significantly; k,, determined js0
CF,I*, CF3Br*, CF,C1* laser ion coaxial beam spectrometer 0
R(CH;),CO"R = ICR, pulsed laser, determination of branching ratios and isotope effects k

CF;, Ph, H
(i-C31-3170H)2H+ QUISTOR, dissociation with 20 W ¢cm™%, measurement of k,, I,m
(CHy),* ICR, FT mass spectrometry, dependence of product on precursor for ion n
SF;* mass-selected ion beam of SFs* p
CsH,,*, C¢Hyo*, C-H, " FT-MS, loss of C,H,, CW laser, linear intensity dependence q

¢ Jasinski, J. M.; Brauman, J. I. J. Chem. Phys. 1980, 73, 6191. ®Rosenfeld, R. N.; Jasinski, J. M.; Brauman, J. L.; Chem. Phys. Lett. 1980,
71, 408. °Rosenfeld, R. N.; Jasinski, J. M.; Brauman, J. L. J. Am. Chem. Soc. 1982, 104, 858. ¢ Woodin, R. L.; Bomse, D. S.; Beauchamp, J.
L. J. Am. Chem. Soc. 1978, 100, 3248. ¢Jasinski, J. M.; Rosenfeld, R. N.; Meyer, F. K.; Brauman, J. I. J. Am. Chem. Soc. 1982, 104, 652.
fMeyer, F. K.; Jasinski, J. M.; Rosenfeld, R. N.; Brauman, J. . J. Am. Chem. Soc. 1982, 104, 663. # Bomse, D. S.; Woodin, R. L.; Beauchamp,
J. L. J. Am. Chem. Soc. 1979, 101, 5503, "Bomse, D. S.; Beauchamp, J. L. J. Am. Chem. Soc. 1981, 103, 3292.  Wright, C. A.; Beauchamp,
J. L. J. Am. Chem. Soc. 1981, 103, 6499. /Thorne, L. R.; Beauchamp, J. L. J. Chem. Phys. 1981, 74, 5100. *Tumas, W.; Foster, R. F.;
Brauman, J. 1. Isr. J. Chem. 1984, 24, 223. 'Hughes, R. J.; March, R. E.; Young, A. B. Can. J. Chem. 1983, 61, 824, 834. ™Young, A. B,;
March, R. E.; Hughes, R. J. Can. J. Chem. 1985, 63, 2332. "Baykut, G.; Watson, C. H.; Weller, R. R.; Eyler, J. R. J. Am. Chem. Soc. 1985,
107, 8036. °Coggiola, M. J.; Cosby, P. C.; Peterson, J. R. J. Chem. Phys. 1980, 72, 6507. Pvon Hellfeld, A.; Feldmann, D.; Welge, K. H.;
Fournier, A. P. Opt. Commun. 1979, 30, 193. 9Bensimon, M.; Rapin, J.; Gdumann, T. Int. J. Mass Spectrom. lon Phys. in press. Adv. Mass
Spectrom., Harris, Frank, Ed. Wiley: London, 1986; Vol 10. Tino Gaumann, private communication.

Part of the luminescence is believed to be due to elec-
tronically excited OsQ,, and successive sequences are
interpreted as emission from primary and secondary
products.!

IR-multiphoton excitation has recently been used to
induce reverse intersystem crossing. Luminescence
after IR-laser irradiation of carbonyl compounds in the
triplet state was interpreted by Borisevich and Zales-
skaya!8? as evidence for T; — S, crossing.

3.3. IR Photochemistry of Ions

Because ions are usually studied in a very low-pres-
sure (1078-1075 mbar) environment, the application of
IR photochemistry to these species is a natural and
particularly successful idea.

In 1978, Woodin, Bomse, and Beauchamp!® reported
the dissociation of [(C,Hy),O1H* over a period of mil-
liseconds using a CW CQ, laser as the photolysis source
for ions in an ICR spectrometer. They were able to
determine the rate coefficient for dissociation by
measuring reactant depletion in real time. Rosenfeld
et al.!® studied the same ion in an ICR spectrometer
under pulsed CO, laser irradiation. Beauchamp et
al.1%187 and Brauman et al.!1%-1% have studied the IR
photochemistry of several other ions in ICR spectrom-
eters using pulsed and CW CO, lasers. These studies
are listed in Table IV, along with other investigations
of interest.

IR multiphoton excitation has been used as a tool to
probe other processes in ions. Jasinski and Brauman!3®
investigated collisional effects at very low pressures by
monitoring the pulsed CO,-laser-induced dissociation
of CF30™. Meyer et al.!® probed IR-induced electron
photodetachment in the benzyl anion and several other
anions.

Because the low collision frequency in ICR spec-
trometers allows very slow IR pumping to the lowest

dissociation channel, COy-laser photolysis has been used
to determine lowest energy reaction pathways for ions
of the form (ROH),H*.18 CO,-laser photolysis has also
been used to identify structural isomers of C;H, *” and
to investigate branching ratios and kinetic isotope ef-
fects in more complex dissociation processes in ions of
the form R(CH,)CO~.1%

Hughes et al.!?V1%2 have developed an alternative
technique to ICR, using a QUISTOR to trap ions at low
pressure for IR-laser chemistry. They have observed
IR photodecomposition at ~20 W cm™2 for a series of
alcohol-related dimers!®! and measured k(st) as a
function of pressure and temperature for the URIMIR
of (CH;0H),H* and [(CH4),CHOH],H*.192

In conclusion, the use of low-pressure ICR and
QUISTOR techniques to study IR photochemistry has
enriched the field by allowing the observation of UR-
IMIR at low intensities and long times with relatively
little interference from collisions. On the other hand,
the technique of IRMPD has proven to be useful for
the investigation of ion structures and chemistry.

3.4. IR Photochemical Production of Radicals

IR photochemistry has become a useful means of
generating radicals in gas phase reaction kinetics. Using
IR-laser photolysis one can produce the desired radicals
in the ground state under mild conditions at room or
other ambient temperatures, which is often difficult
with other methods. The time scale of radical prepa-
ration is short, allowing measurements of rapid reac-
tions in real time. When wall effects are troublesome,
it is possible to generate radical species and investigate
kinetics away from walls. Table V lists a number of
radical species which have been created and studied
using IR photochemistry.

Rossi et al.1% used the very low-pressure photolysis
(VLP &) technique to study reactions of CF; with sev-
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TABLE V. Production of Radicals through IR Laser Photodissociation

radical source comments ref
CF, CF,HCL recombination kinetics studied with mass spectrometry a
C;H; C;H;Br kinetics of reactions with NO, and Br,, photoionization mass spectrometry b
CH; C¢F;OCHj,4 kinetics of reaction with NO,, photoionization mass spectrometry c
CF,C], CH;CO CF,Cl; and C,F;C1 production of Cl with IRMPD, reaction of Cl with acetaldehyde to produce d
via C1 CH,CO; kinetics of reactions with NO, studied
CHF CH,F, LIF detection of CHF, kinetics of reactions with O, N, NO, and NO,

VLP®, mass spectrometry, kinetics of reactions with Bry, CINO, Oy, and NO,
VLP®, mass spectrometry, absolute rate of recombination to C,F¢ determined
observation with LIF, clarification of photochemical dissocition pathway for RSiH; j, k&

e
f
LIF detection, reactions with NO and O, g
h
{

NCO Ce¢H;NCO LIF detection, kinetics of reactions with NO
Cq CH,
CF; CF,l
CF, CF,l
SiH, RSiH; (R = n-C,H,,
CeHs, CZHs)
OH CH;OH

photofragment spectroscopy l

¢ Martinez, R. I.; Huie, R. E.; Herron, J. T.; Braun, W. J. Phys. Chem. 1980, 84, 2344. °Slagle, I. R.; Yamada, F.; Gutman, D. J. Am.
Chem. Soc. 1980, 103, 149. ¢ Yamada, F.; Slagle, L. R.; Gutman, D. Chem. Phys. Lett. 1981, 83, 409. “Slagle, I. R.; Gutman, D. J. Am. Chem.
Soc. 1982, 104, 4741. ©¢Hancock, G.; Ketley, G. W.; MacRobert, A. J. J. Phys. Chem. 1984, 88, 2104. /Cookson, J. L.; Hancock, G.;
McKendrick, K. G. Ber. Bunsenges. Phys. Chem. 1985, 89, 335, £Lesiecki, M. L.; Hicks, K. W.; Orenstein, A.; Guillory, W. A. Chem. Phys.
Lett. 1980, 71, 72. *Rossi, M. J.; Barker, J. R.; Golden, D. M. J. Chem. Phys. 1979, 71, 3722. ‘Selamoglu, N. L.; Rossi, M. J.; Golden, D. M.
Chem. Phys. Lett. 1986, 124, 68, /Thomas, J. W., Jr.; Steinfeld, J. . Chem. Phys. Lett. 1986, 124, 35. *Rayner, D. M,; Steer, R. P.; Hackett,
P. A,; Wilson, C. L.; John, P. Chem. Phys. Lett. 1986, 123, 449. 'Schmiedl, R.; Meier, U.; Welge, K. H. Chem. Phys. Lett. 1981, 80, 495.

eral radical scavengers. CF;I underwent IRMPD in the
presence of scavengers at low pressure in a Knudsen cell
connected to a mass spectrometer. When reactant flow
rate was varied and products were monitored the rate
constants for the reactions were determined. Recently
this method was extended to obtain an absolute value
for the recombination rate constant for the formation
of C,Fy from CF3.1% Martinez et al.!® also used IR
photolysis with quadrupole mass spectrometry to study
the kinetics of recombination of CF, radicals produced
by the IRMPD or CHCIF,.

Gutman and co-workers!*19 have combined the IR-
photochemical generation of radicals with sensitive and
selective detection of reactants and products via pho-
toionization mass spectrometry in the reaction of rad-
icals with NO, and Br,. They have also used a strategy
of reacting IR-generated Cl atoms with radical pre-
cursors!®® to avoid secondary IR photolysis of radicals
which react under infrared-laser irradiation.

A fast, selective, and sensitive detection scheme which
has been useful in kinetic studies of IR multiphoton-
generated radicals is laser-induced fluorescence.??!
Hancock et al.1?® have combined IRMPD with LIF to
determine the rate constants for reaction of CHF and
NCO radicals with several collision partners. Lesiecki
et al.2% studied reactions of electronically excited C,
with NO and O, by dissociating CsH, in the presence
of these species and following the concentration of C,
via LIF.

The combination of URIMIR and LIF can also be
used to elucidate dissociation pathways from IR pho-
tolysis which are not clear from bulk measurements due
to further reactions. Two recent examples of this are
the independent observations via LIF of SiH, resulting
from the photolysis of alkylsilanes, reported recently
by Thomas and Steinfeld?®! and by Rayner et al.?%

IR photochemistry has been shown in numerous in-
vestigations to be a useful generator of free radicals. We
may expect it in the future to contribute further to our
understanding of radical processes. Of course, often
there are competing dominant molecular elimination
channels, such as in the dissociation of propynal, which
was found to yield only C,H, and C0O.2*> Whenever a
reaction proceeds cleanly as a molecular process, it is
particularly suited for quantitative studies.

3.5. The Chromophore Principle and
Mode-Selective IR Photochemistry

IR-multiphoton excitation is highly frequency selec-
tive and thus IR photochemistry shows high intermo-
lecular selectivity. An example is the selection of an
isotopomer out of a mixture, but in principle also of any
kind of chemical impurity in a mixture. This selectivity,
discussed in part in section 3.1., is not subject to any
doubt and has substantial potential for future practical
applications (Scheme I).

The second kind of selectivity has, however, created
heated debates, as it is required that laser excitation
somehow allows at least partly localized, selective ex-
citation within a molecule, thus intramolecular selec-
tivity (Scheme II). The main, obvious difference in
Scheme II compared to Scheme I is that the two exci-
tation and reaction sites are now linked by chemical
bonds, which presumably allow efficient transfer of
possibly localized excitation energy at either end. It is
also clear that there are special, intermediate situations
between the two cases, for instance, if in Scheme II the
connecting link is a van der Waals bond. We shall in
this section address only the cases with true, ordinary
chemical bonds. We may mention to begin with that
IR photochemistry with intramolecular selectivity has
a parallel in chemical activation experiments with
site-selective activation.3295208 The general conclusion
from this work has been that intramolecular redistri-
bution of energy occurs within picoseconds or less. One
might mention that the total amount of actual evidence
is limited, indeed, both qualitatively and quantitatively.
Recent more detailed spectroscopic investigations have
provided evidence that redistribution can be extremely
fast (in less than 0.1 ps) but also quite slow, depending
on circumstances.!®!1® We shall address here only the
work related to laser excitation. Depending on whether
or not one assumes redistribution to be fast, i.e., before
reaction occurs, which defines the time scale in IR
photochemistry to be nanoseconds, ordinarily, one can
derive three limiting principles for IR photochemistry,
all of which are useful, when applicable:

(i) The chromophore principle®® of IR photochem-
istry states that reaction channels 1 and 2 (and 3 and
so on) will be populated independent of the chromo-
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SCHEME I. Intermolecular Selectivity
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SCHEME II. Intramolecular Selectivity
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phore (1, 2, etc.) selected by the laser frequency. More
precisely, the relative IR-photochemical yield depends
upon two separate parts. One concerns the energy (and
angular momentum etc.) distributions created during
laser excitation. This part does depend upon the
spectral properties of the chromophore and can thus be
different for different chromophores. The second part
depends only upon the reactive properties of the highly
excited states created by excitation. It is assumed that
these are the same for a given set of good quantum
numbers (E, J, etc.). The chromophore principle im-
plies that there are no relevant coherences between
these excited states, creating localized excitations, but
rather that excitation is global.!'® In a simple kinetic
language it implies that the rate of intramolecular re-
distribution is fast compared to the rate of reaction. An
example for the consequences of the chromophore
principle is the reaction

S
N nhy
CFz CF, —= 2CF;S (3.7)
\S/

This reaction can be induced either by exciting the
CF,-chromophore near 1080 cm™, »;4,% or the ring
chromophore, v,4, closely related to the reaction coor-
dinate.’!! Because of the chromophore principle the
more intense CF, chromophore gives the same reaction
as the ring chromophore and even more efficiently,
because it is more intense. A small residual effect in
favor of the ring chromophore was interpreted to be
insignificant within the relatively large experimental
and secondary theoretical uncertainties and would need
a more detailed investigation. The present evidence is
consistent with fast redistribution. This example is, to
our knowledge, the only one where the reactive prop-
erties in one channel have been studied quantitatively
with two chromophores. The opposite situation, i.e.,
branching in two reaction channels with one chromo-
phore has been the subject of many studies. These have
been reviewed extensively,?26% and we shall not du-
plicate these discussions. Clearly, in this situation the
chromophore principle leads to the following expression
for the branching ratio, as a function of time:

v oSS S PESOMET.) d

=5 = (3.8)

R, J;"’ J; J‘J J‘ P(EJ..t)ky(EJ..) dt
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SCHEME III
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The distributions P(E,J...t) are independent of the
channel (they do depend upon the chromophore and
radiation properties). The rate constants £, and &, to
the different channels depend only upon good quantum
numbers E J... etc. in the framework of statistical the-
ories. The evaluation of branching in different physical
channels will be discussed in section 4.1. Most authors
have obtained consistency with both the chromophore
principle and RRKM theory, but the subject has been
very controversial®! (see below). We may note that a
number of simple limiting expressions and an ultra-
simple quantum model for branching were presented
quite early.!?

(i) The principle of state selective reaction control
is based upon the observation that individual energy
eigenstates (or strictly scattering resonances) can be
excited by IR-multiphoton absorption, under certain
circumstances.!#?1%337 Each scattering resonance is
expected to have different partial widths for decay into
different chemical and physical channels, and may thus
be used to control the reaction. In practice, it will be
difficult to do such an experiment and no attempts are
known.

(iii) The principle of mode selection for reaction
control makes use of localized or otherwise specific
excitation modes, which are more or less coherent su-
perposition states. An excitation mode according to this
terminology could be a delocalized normal mode, a local
mode or more generally a localized group excitation in
the left or right hand part of Scheme II. In a simple
kinetic picture one has then a pumping rate, say, with
hv,, a reaction rate for reaction 1, a redistribution rate
for transfer of the excitation to other parts of the mo-
lecular system and finally reaction rate 2. Mode se-
lective reaction control will be possible if the redistri-
bution rate is small compared to pumping and reaction.
In the simplest case, the chromophore CH; and the
reaction center R; coincide in the same bond, thus
“bond selective chemistry”, but obviously more general
situations are easily envisaged, and in practice presum-
ably more relevant. Mode-selective reaction control has
been claimed repeatedly in IR photochemistry and has
been refuted on the basis of substantial arguments in
all cases known to us. We refer, in particular, to five
reviews covering the last 7 years.?1:2226:306036 We men-
tion here only the historical example of CFCl;,2* which
has been definitely refuted®43% and several further
claims, discussed by Ashfold and Hancock.?® The typ-
ical experiment has considered a two-chemical channel
reaction (Scheme II) with one or two irradiation fre-
quencies. Examples are in Schemes III-V1.812-317 Qnly
in a few cases, several irradiation frequencies were used.
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SCHEME V. Cyclobutanone IR Photochemistry?2%3321
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SCHEME VI. Simple Two-Channel Reaction of
CF,C],214215229.322-324

CRCI + ClI
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CF, + Clg

In no case has the association of a given reaction
channel with a certain chromophore been obvious. We
do not think that in any specific example there has been
conclusive, compelling, or even moderately convincing
evidence that mode-selective reaction control has been
achieved. We do not want to present a discussion of
specific cases, but will mention a few considerations that
should help avoid misinterpretation (and misplanning)
of experiments (apart from very trivial problems that
occur, in fact, with many experiments).

(i) Branching into different chemical channels from
IR photochemistry which is not mode selective may be
very different indeed from thermal branching or
branching after chemical activation. This is simply due
to the different reactive populations P(E,J...) in eq 3.8.

(ii) Nonmode-selective branching can be controlled
by means of intensity, fluence, and frequency to a large
degree, which is not accessible by any thermal or other
means, again via the P(E J...).

(iii) In particular, the observation of different product
distributions from different excitation frequencies is no
proof whatsoever for mode selective reaction control.
Different excitation modes almost always will produce
different P(E,J...) and thus different branching without
mode selectivity (this control over branching can, of
course, still be useful!). It is thus necessary for proof
of mode slective reaction control that special precau-
tions are taken to avoid trivial effects on the P(E J...).

We thus conclude that the available evidence is in-
sufficient to provide any proof for mode selectivity in
IR photochemistry. As stated before,* this does not
imply that mode selectivity does not exist, but rather
that the right experiments have not yet been done.
From a theoretical point of view the prospects for mode
selectivity are rather favorable. With very short exci-
tation and reaction times and possibly also special
systems with delayed intramolecular energy flow, mode
selectivity should be abundant. More complex consid-
erations on coherence control and selectivity have been
presented as well.??! We shall conclude this section with
some more specific examples for future possibilities.

A recent example, which suggests the theoretical
possibility of mode selectivity even in very small mo-
lecular systems, is the dissociation of isotopically labeled
ozone.3?

1
160/ \wo — 080" 4 o'® (3.9
If irradiated with the 1000 cm™ manifold of the two
strongly coupled stretching vibrations one predicts easy
multiphoton excitation to the lowest threshold, con-
sisting in the loss of 60 only. It seems from spectro-
scopic evidence that the bending vibration is largely
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decoupled, although not enough is known at very high
energies. Anyway, the bending rovibrational manifold
should be accessible to multiphoton excitation by the
p-H,; Raman shifted CO, laser (see section 5). There
is at least a possibility that bending excitation induces
isomerization via the D, isomer of ozone

18, 18
0 0
- ~
189" g 07, (3.10)
1
o

subsequent dissociation would result in loss of both 20
and 0, which could then serve as a probe for mode
selectivity.’?® To be sure, at present the quantum
calculations have only predicted multiphoton excitation
to threshold in both the stretching and bending ma-
nifolds. The potential surface of ozone at high energies,
including the Dy, isomer, is still subject to debate,326-328
and the vibrational dynamics at very high excitation is
even less well understood. The example may, however,
be a good illustration of how to design and prove mode
selective reaction control following Scheme II, without
taking the geometrical representation of chromophores
and reaction centers too literally. Symbolically, Scheme
IT matches exactly the ozone case. It may be of interest
to note that laser excitation of ozone provides also a
model for the thermal ignition in this system.32

The second example which we want to present is an
experimental proof of the nonexistence of mode selec-
tivity in a system where great care was taken to avoid
the difficulties (i)—(iii) mentioned above?!? (see Scheme
VII).

This system is designed similarly to the fundamental
Doering-Rynbrandt/Rabinovitch ideas in chemical
activation systems.?%6-28 [nvestigation of the -CH,F
and -CHDF chromophores in our laboratory has indi-
cated the possibility of excitation at two sufficiently
different frequencies in the CO,-laser range.??® The
chromophores are otherwise relatively similar. The
reaction is probed by two channels, which differ only
by a secondary isotope effect. Therefore this system
should, indeed, be mainly sensitive to intramolecular
energy flow. However, within experimental uncertain-
ties no mode selectivity was found, which implies in-
tramolecular energy flow on time scales of about 1071
s or less, which is not unexpected. We should note that
intramolecular energy flow in the F-C—C—C ... chain was
expected to be fast on dynamical grounds and on the
basis of spectroscopic investigations.?® Although the
experiment did not reveal any mode selectivity, it is
significant perhaps just by this fact and because it
seems to be the only case, so far, in which all the ex-
perimental precautions have been taken to prove mode
selectivity, if there had been any.

We may mention still one experimental example of
possibly mode selective vibrational photochemistry,
although it was achieved with visible one-photon ex-
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SCHEME VIII
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citation®® (Scheme VIII). The two excitation modes
concern the overtones of the CH and OH stretch vi-
brations. The two reaction channels are the Cope ar-
rangement (2), with a subsequent tautomerization not
being shown, and collisional stabilization (1). It was
found that OH excitation gave only (1), and CH exci-
tation resulted also in (2). Of course, this can either
imply that collisional relaxation of the hydrogen bonded
OH in the liquid is fast or that intramolecular flow after
OH excitation is slow compared to CH excitation. Both
would somehow indicate mode selectivity and appeal
to intuition. The latter possibility is also consistent with
current spectroscopic knowledge about ultrafast redis-
tribution after overtone CH excitation.!%11% It may be
mentioned that Benmair and Yogev have also suggested
the method of stimulated emission relaxation - not
directly related to mode selectivity but useful for re-
action control in IR photochemistry.?*? It seems thus
possible, although difficult and so far not proven in
IR-multiphoton excitation, to achieve mode selection
for reaction control. It is in our opinion possible that
with a better understanding of the processes of intra-
molecular energy flow and with short-time (picosecond)
IR-multiphoton excitation, mode selectivity may be-
come a useful tool for special applications in chemistry
in the future. In this context the prediction of a viable,
although somewhat less efficient IR-multiphoton ex-
citation with overtone pumping in the near IR instead
of fundamental excitation seems to be of interest.®!

This idea has as yet not been pursued experimentally.

On the other hand, the chromophore principle, which
is based upon the assumption of fast intramolecular
energy flow and therefore nonlocal excitation, should
be eminently useful under typical current experimental
conditions. It implies that reaction at any reaction
center can be greatly facilitated by attaching a chro-
mophore at some distant place in the molecule, where
it neither affects the local structure nor the reaction
proceeding at the reaction center itself. This principle,
as opposed to mode selection, seems to have almost
universal validity under typical experimental condi-
tions, and can thus certainly be used in practice. It
further distinguishes IR photochemistry from UV-vis
photochemistry, where the chromophore principle is
clearly less applicable. On a more theoretical level
Brumer and Shapiro have most recently proposed a new
scheme for coherent radiative control in unimolecular
reactions.?

4. Quantitative IR Photochemistry

Quantitative, reproducible measurements in IR pho-
tochemistry are particularly important to the develop-
ment of our theoretical understanding of URIMIR and
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to its practical application. Several theoretical ap-
proaches can explain qualitatively the major features
of IR multiphoton absorption and IR photochemistry;
however, not all can predict and reproduce quantitative
experimental results. Detailed new experimental ob-
servations can lead as well to theoretical developments.
For the development of practical applications of URI-
MIR, it is crucial that experimental results be under-
stood quantitatively.

Unfortunately, despite the large number of papers
published on IR photochemistry, truly quantitative
investigations are still relatively uncommon. Often the
physically important quantities simply are not mea-
sured. Difficulties in obtaining well-defined spatial
fluence profiles and temporal pulse shapes, plus often
insufficiently characterized experimental conditions,
lead to results that may vary significantly from one
laboratory to another.

We discuss in this section progress in quantitative
investigations of IR photochemistry in three areas: the
measurement of product state distributions, the de-
termination of absolute rate coefficients for URIMIR,
and some aspects of collisional energy transfer. In ad-
dition, in section 4.3, we present semiempirical formulas
for the estimation of absolute rate coefficients in UR-
IMIR.

4.1. Determination of Relatlve Rates:
Translational Energy and Internal State
Distributions

Ideally a complete understanding of URIMIR for a
given system would require knowledge of the quanti-
tative fluence and intensity dependence of the time
evolution of detailed translational energy- and inter-
nal-state distributions of reactant and products.
Practically only a fraction of this information is ob-
tainable. Broadly one can distinguish two rather dif-
ferent sets of experiments providing information on
either of the following:

(i) The relative probability of finding product chan-
nels with a certain translational energy of the separating
products in the center of mass system. These product
translational energy distributions are provided mostly
by the molecular-beam—time-of-flight technique.5-213-220
A more averaged information concerning the mean
translational energy of the separating fragments is
provided by various experiments.

(ii) The relative probabilities of finding product
channels with a given internal quantum state for one
or both fragments. This is typically measured with the
laser-induced fluorescence techniques originally de-
veloped by Zare and co-workers.??! If a coincidence
experiment were carried out for both product molecules
of an IR-photochemical fragmentation this would also
define the translational energies, if the initial total en-
ergy were known.

Two further kinds of investigation may be mentioned:

(iii) The measurement of the reactant internal-state
distributions created by IR-multiphoton excitation and

- competition with reaction at high energies and

(iv) The measurement of relative yield in chemically
different channels. There is little information on the
latter two and some of this will be discussed in sections
4.2 and 4.3 (see also 3.5).
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TABLE VI. Product Translational Energies from URIMIR

(Er)/
molecule products kJ mol™? comments ref
SFg SF;, F <7 TOF mass spectrometry, molecular beam (MB); center of mass energy a
CHCIF, CF,, HC1 35 TOF mass spec, MB; CF, from observation of CF*; transient migration LIF b, e q
results in agreement
CH;CCly CH,CCl,, HC1 35 TOF mass spec, MB b
CH,CCIF, CH,F,, HCI 53 TOF mass spec, MB b
CHCICF, C,F,, HC] 4 TOF mass spec, MB; (Er) possibly slightly higher for Cl channel b
C,HF,, Cl
CCIF, CF,, Cl 4.8 TOF mass spec, MB d
CBrF, CF,, Br 5.1 TOF mass spec, MB d
CF;l CF,, 1 4.6 TOF mass spec, MB d
CCLF, CCIF,, Cl 8.4 TOF mass spec, MB; Cl, elimination ~10% of product; transient migration LIF d, e
CF,, Cl, 20 in agreement
CBr,F, CBrF,, Br 6.7 TOF mass spec, MB; transient migration LIF in agreement ¢, d
CCLF CCIF,, Cl 5.1 TOF mass spec, MB; disproved claims of dominant Cl, elimination d
NoF, NF, 1.7 TOF mass spec, MB d
CH,CH,0CHCH, CHyCHO, C,H, 130 TOF mass spec, MB, fraction of radical path higher at high fluence f
CH,CHO, C,H; 22
CDCl,4 CCl,, DC1 11.8 TOF mass spec, MB g
(C.H,),0 C,H;0, C,H, 6.7 TOF mass spec, MB; found radical channel ~80% dominant h
C,H:OH, C,H, 101
C,F;Cl C,F;, Cl 9 (17) TOF mass spec, MB; value in parentheses is for nominal fluence of, 10 J cm™}, i
CF,, CF,C1 10 (17) without for F >~ 0.6 J em™!

C,FsBr C,Fs, Br 7 (13) TOF mass spec, MB; parentheses as above i
CH;NO, CH;, NO, 4 TOF mass spec, MB; positive identification of radical channel; earlier MPI J k
CH,;0, NO 17 measurements reported 39 kJ mol™}, did not see second channel
CF,l CF,y, 1 4.2 MPI of iodine, transient migration q
CCLF, CF,, CL, 6.3 LIF, low pressure bulk; (Er) based on assumption of Boltzmann distribution l

and loss of product from probe region
CF,, Cl, 16 (3.8) LIF, transient migration, first value extrapolated for direct channel, second q,r
presumed from secondary photolysis
CBr,F, CF,, Br, 7.1 LIF, low pressure bulk, assumption of Boltzmann distribution l
CHCIF, CF,, HC1 29 LIF, low pressure bulk, assumption of Boltzmann distribution l
CF,CCIF CFC), CF, 1.7 (CF3)  LIF, low pressure bulk; (E) based on MB distributions for CHCIF, m
1.2 (CFC)y
CH;0ONO CH;0, NO ~9 LIF, MB; value of (E1) depends on product state of NO n
C,F; CF,, CF, 17 LIF, transient migration, C,F5 from photolysis of CyF;I s
CH3NH, CH;, NH, 10 LIF Doppler spectroscopy of NH,, MB; (Er) for NH, fragment only 0
CH,0H CH,, OH 10 LIF Doppler spectroscopy of OH, MB P
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In the determination of product translational energy
and internal-state distributions there has been consid-
erable progress. A detailed discussion of advances to
about 1981 has been given in the review by King,?®
however, with little attention to the theoretical analysis.
Two earlier reviews are also particularly relevant.?2
In this section we discuss the primary methods used to
determine energy and state distributions and sum-
marise some important results, particularly advances
since 1981.

Several methods have been used to determine frag-
ment recoil translational energies in URIMIR. In Table
VI we list reports in which the translational energy
distributions or average translational energies were
determined for one or both fragments.

Lee et al.5213-220 have made a number of measure-
ments of translational energy distributions using an-
gle-resolved time-of-flight (TOF) mass spectrometry to
detect fragments from IRMPD in supersonic beams.

Early results for SF¢52!% were interpreted as evidence
for rapid energy randomization and statistical behavior
in URIMIR. Direct observation of primary products
from IRMPD of CCl;F?4 proved that the only signifi-
cant reaction channel was the energetically favored Cl
elimination, contrary to earlier assertions.??* Recently
Wodtke et al.??* have postulated a previously unknown
reaction channel in the URIMIR of CH;NO,. The
general observation of the TOF mass spectrometry
molecular beam studies has been that simple bond
rupture reactions produce fragments with low kinetic
energy, while molecular elimination products tend to
recoil with kinetic energies determined by the activation
barrier for the reverse reaction.

Optical methods have also been used to probe
translational energies, primarily via laser induced
fluorescence (LIF). Stephenson et al.?22-2% have re-
ported average product translational energies based on
the time required for the products to translate out of
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TABLE VII. Product Internal State Distributions from URIMIR
product
observed reactant reported distribution comments ref
CN (X2z*) CH,CN Tg #=0) =730 K LIF, bulk; lowest possible pressure results quoted; Ty from a
TR (v=1)=809 K ratio of (v = 1) to (v = 0)
Ty =793 K
CN (X2z*) C,H,CN Tgr = 970 K at 160 ns LIF, bulk b
Tg = 435 at 3 us
Tgr = 682 K at 560 ns LIF, MB; C,.CN proposed as direct precursor; high Ty at c
Tg = 435 K at 2.85 us long time with plasma shutter
Tgr(max) = 740 K
Tg = 780 mode locked LIF, bulk d
Tg = 570 K single mode
CN (X2z*) CF,.N Tgr = 1200 £ 100 K LIF, bulk; consistent results from two laboratories e
Ty = 2400 £ 200 K
CF, (X'A,) CF.(Cl, Tr =550 £ 50 K LIF, bulk; Ty independent of vibrational state f g
Ty = 1050 £ 100 K :
CF, (X'A,) CF.Br, Tg =450 = 25 K LIF, bulk f, 8
Ty =790+ 70 K
CF, (X!A;) CHCIF, Tr ~ 2000 K LIF, bulk; Ty measured as function of intensity with g h
Ty = 1400-2000 K square-wave pulses; lower value for ~ 55 MW cm2,
higher ~ 3.3 GW c¢m™
CF, (X'A,) CF,CCIF Tg = 1550 £ 150 K LIF, bulk; Ty measured as function of I with square-wave h, i
Ty (vv3) ~ 1100 K pulses; lower value for I ~ 55 MW cm™!, higher 3.3 GW
Ty (vo) = 900-1400 K cm’!
CFCl (X!'A;) CF,CCIF Ty >> 400 K LIF, bulk i
TV (VI!VS) ~ 900 K
Tv (vo) = 1550 £ 300 K
NO(M, 55/2) CH,ONO Ty (*II;9) = 400 £ 10 K LIF, MB, square-wave pulses (50 ns); multiplicity preference J
Tg (*[y5) = 530 + 100 K disappears for J > 24.5
2H1/2:2H3/2 =271
NH, (X%B;) CH;NH, Tgr ~ 500 K LIF, MB k
NO (X21) NO, Tg ~ 300 K LIF, MB; UV-IR double resonance: NO, excited at 435.7 l
TV <240 K nm
OH (X21) CH,0H Tg = 1250 K (100 ns) LIF, bulk m
Tg = 400 K (1.6 ps)
Tr =630+ 30 K LIF, MB n
CH (X%m) CH,CN Tp =622 £113K LIF, bulk; lowest pressure result for (v = 0) a
C, (a®II,) C,H,CN Tgr =700 £ 200 K LIF, bulk, C, presumed to arise from secondary photolysis o
of C,CN
Tgr (v = 0) = 400-600 K LIF, bulk; higher value from intense part of CO, pulse, ¢
lower at ~8 us delay
C, (a®II,) C,H, Tg = 1006 + 150 K LIF, bulk; lowest pressure measurement reported P

Ty =1181 £ 150 K

CH, CH;3NO, Tgr < 1100 K MPI, MB; NO; also warm rotationally, but no Ty reported ¢
HF CHF,CH; (#=1D)>@r=2)>@wr=3)>@w=4) IR fluorescence, bulk r
Tg = 1000 K neat
Tgr = 450 K in He
C,H,F =D>=2)>wr=3)>@=4) IR fluorescence, He as buffer gas r
Tg = 500 K
C,HF =D>0=2)>wE=3)>@F=4) IR fluorescence, bulk, He as buffer gas r
Ty = 450 K
CF,CH, =D>w=2)>@p=3)>w=4 IR fluorescence, bulk, He as buffer gas r
C,H;F (v=1)>(»r=2) > (y = 3) at low pressure IR fluorescence, bulk; reports population inversion at higher s
pressures
CHF,CH,F populated tov =3 IR fluorescence, bulk; emission from C-H stretch of t

reactant also seen

¢ Lesiecki, M. L.; Guillory, W. A. J. Chem. Phys. 1978, 69, 4572. ®Ashfold, M. N. R.; Hancock, G.; Hardaker, M. L. J. Photochem. 1980,
14, 85. °Miller, C. M.,; Zare, R. N. Chem. Phys. Lett. 1980, 71, 376. Miller, C. M.; McKillop, J. S.; Zare, R. N. J. Chem. Phys. 1982, 76, 239.
McKillop, J. S.; Gordon, R. J.; Zare, R. N. J. Chem. Phys. 1982, 77, 2895. 4Renlund, A. M.; Reisler, H.; Wittig, C. Chem. Phys. Lett. 1981,
78, 40. °Beresford, J. R.; Hancock, G.; MacRobert, A. J.; Catanzarite, J.; Radhakrishnan, G.; Reisler, H.; Wittig, C. Faraday Disc. Chem.
Soc. 1983, 75, 211. /King, D. S.; Stephenson, J. C. Chem. Phys. Lett. 1977, 51, 48. #Stephenson, J. C.; King, D. S. J. Chem. Phys. 1978, 69,
1485. *Stephenson, J. C.; King, D. S. J. Chem. Phys. 1983, 78, 1867. Stephenson, J. C.; Bialkowski, S. E.; King, D. S. J. Chem. Phys. 1980,
72, 1161. /King, D. S.; Stephenson, J. C. J. Chem. Phys. 1985, 82, 2236. *Schmied], R.; Boettner, R.; Zacharias, H.; Meier, U.; Welge, K. H.
J. Mol. Struct. 1980, 61, 271. ‘Feldman, D.; Zacharias, H.; Welge, K. H. Chem. Phys. Lett. 1980, 69, 466. ™Hicks, K. W.; Lesiecki, M. L.;
Guillory, W. A. J. Phys. Chem. 1979, 83, 1936. "Schmied], R.; Meier, U.; Welge, K. H. Chem. Phys. Lett. 1981, 80, 495. °Yu, M. H,; Levy,
M. R,; Wittig, C. J. Chem. Phys. 1980, 72, 3789. PHall, J. H., Jr.; Lesiecki, M. L.; Guillory, W. A. J. Chem. Phys. 1978, 68, 2247. 9Rockney,
B. H.; Grant, E. R. J. Chem. Phys. 1983, 79, 708. "Quick, C. R., Jr.; Wittig, C. J. Chem. Phys. 1980, 72, 1694. *Ishikawa, Y.; Arai, S. Reza
Kagaku Kenkyu 1982, 4, 84; Chem. Abstr. 1983, 98, 135127r. ‘Zellweger, J.-M.; Brown, T. C.; Barker, J. R. J. Chem. Phys. 1985, 83, 6261.
Brown, T. C.; King, K. D.; Zellweger, J.-M.; Barker, J. R. Ber. Bunsenges. Phys. Chem. 1985, 89, 301.

the LIF probe region. This technique does not allow
the measurement of a distribution, which must be as-
sumed to obtain the average translational energy (Er). cases??>?3 (see, however, the discussion of possible
Average translational energies from LIF are thus in pitfalls of the transient migration method by LIF in ref
general less reliable than those obtained from the TOF 225). ’

mass spec MB technique, although good agreement
between the two methods has been reported in some



202 Chemical Reviews, 1987, Vol. 87, No. 1

LIF has the advantage of being able to probe a small
part of the IR irradiation region of relatively constant
energy density. It is also possible to investigate si-
multaneously translational and internal energy distri-
butions. King and Stephenson?** demonstrated in a
study of the IRMPD of CH;0NO in a molecular beam
that the fragment translational energy depends on the
internal state of the NO fragment, as would be ex-
pected.

A refinement of the optical technique to determine
translational energies was reported by Welge et al., who
have deconvoluted the Doppler profile of LIF excitation
spectra to obtain recoil energies.???*” Rockney and
Grant??® have reported the measurement of product
translational energy for the IRMPD of CH;NO, via
multiphoton ionization of product NO, in a molecular
beam. Their results are, however, in disagreement with
the determination of Wodtke et al.??

The primary application of optical probing tech-
niques has been the determination of product internal
state distributions, which are listed in Table VII. LIF
has been the most popular technique to date. Up to
now all results seem to be consistent with a statistical
approach to URIMIR, although more sophisticated
approaches than RRKM theory would really be nec-
essary (see the discussion below). We shall not discuss
each example in detail; however, some effects are par-
ticularly interesting.

King and Stephenson??%223229.29 st died the internal
state distributions of CF, produced from IRMPD of a
variety of reactants. They found that the distribution
depends strongly on the precursor; for example, the
rotational temperature Ty varied from 450 K for CF,
produced from CF,Br, w ~2000 K for the same species
from the dissociation of CHCIF,. The case of CF,Br,
is a good example to demonstrate some of the com-
plications arising with LIF detection of products. The
primary channels for dissociation are CF,Br + Br and
perhaps CF, + Br,. However, CF, can also be produced
by secondary dissociation of the primary product
CF,Br. It is difficult to distinguish the two production
routes for CF,. Furthermore, LIF has extremely high
sensitivity for the detection of some products, such as
C,, which is detected in many systems, where it is al-
most certainly not a primary product, and sometimes
even with C,; halohydrocarbons, where it clearly must
arise from bimolecular reactions following IR photo-
chemistry. In this respect, TOF-molecular-beam de-
tection has a much more balanced sensitivity and thus
fewer problems.

The URIMIR of CF,CCIF produced CF, and CCIF
in which », could not be described by the same vibra-
tional temperature T, as v, and v;. The intensity de-
pendence of T,(v,) at constant fluence was studied with
square-wave laser pulses (see chapter 5). T,(v,) in-
creased as intensity was increased from ~55 MW cm™
to ~3.3 GW cm™. This is not surprising, in light of the
competition at higher intensities between excitation
beyond threshold and unimolecular reaction.’ Inten-
sity effects have also been observed in the product-state
distributions of OH?! and C,.252

The CN radical has been investigated after the
IRMPD of a number of precursors.?32% Intensity
effects have also been reported for this species.23%234255

IR fluorescence can also be used to probe state dis-
tributions of products which have simple IR emission
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spectra. In practice this has meant the observation of
luminescence from vibrationally excited HF 151,287,238
although this technique should also be possible with
other products. IR fluorescence does not have the high
resolution of LIF, nor can it probe small, uniformly
irradiated regions. One is, however, assured of the ab-
sence of artifacts arising from IR-visible or IR-UV
double excitation which may appear with LIF or
MPI.2° The role of collisions with addition of buffer
gas to CHF,CH,*" and the inducing of vibrational
population inversion in HF at higher pressures after the
IRMPD of C,H;F?® has been discussed. Of course, IR
chemiluminescence is particularly sensitive to the sec-
ondary effects from collisions, because of the long IR-
emission life times.

We conclude this section with a critical discussion of
what information can and what cannot be extracted
from the measurement of product internal and product
translational energy distributions. These distributions
depend firstly upon the reactant internal-state distri-
bution before dissociation and thus reflect the dynamics
of IR multiphoton excitation. They depend secondly
upon the probability that reaction has occurred from
a certain energy range of the reactant. By definition
and energy conservation this is the total product energy
distribution, i.e., the probability that the sum of internal
and COM translational energies of the products has a
certain value. This total product energy distribution
depends upon the competition between optical pumping
and the specific rates k(E,J...) for chemical reaction.
This distribution is time-dependent until steady state
is reached. Thirdly, one has the partial rate for pro-
ducing a certain product channel p from a given reac-
tant energy and angular momentum state

ky(EJ...)

R(EJ...) “41)

PyEJ..) =

It is clear that the measured effects depend in a
complicated way upon quite different physical phe-
nomena. The usual procedure has been to compare the
experimental results with a simulation making some
model assumptions. Agreement between experimental
results and the model calculation has then been taken
as evidence in favor of the fundamental model as-
sumptions. The most systematic study among many
others of this kind has certainly been carried out over
the years in the laboratory of Y. T. Lee.26213-220 The
conclusions were briefly that (a) a linear rate equation
model used in the simulation, (b) the 2(E) from RRKM
theory, and (c) the detailed product formation rates
based upon complete internal randomization on the
experimental time scale as assumed by RRKM theory
were correct because they were in agreement with ex-
perimental observations. Some caution is necessary
when accepting these conclusions. Firstly, the reactant
internal state distribution may be governed by a highly
nonlinear case C master equation'®® in contrast to the
usual linear rate equation®! at low energies and still give
the same distributions at high energies relevant for
product energy distributions. Secondly, as pointed out
in ref 143, the product translational energy distribu-
tions are strikingly insensitive to the reactant internal
state and total product energy distributions as dem-
onstrated in Figure 6 for the case of CF,Br, dissociation
to CF,Br + Br. Thus, the product translational energy
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Figure 6. Energy distributions in the IR-photochemical reaction
CF,Br, — CF,Br + Br (from ref 143). (a) Steady-state distribution
for the reactant at a given intensity (full line). The lines with
the symbols give total product energy distributions for different
intensities, the open circles for the same intensity as the steady
state distribution, the diamonds for a factor of ten lower intensity,
and the points for a factor of ten higher intensity. (b) Product
translational (E,) and product internal (E;) energy distributions.
The full lines correspond to the proper P(E) from (a) and with
a 300 K thermal distribution for P(J), which is an adequate
approximation to simulate the angular momentum effects. The
dashed lines are obtained by replacing these distributions P(E)
and P(J) by their most probable values (i.e., delta functions).

distributions depend mainly on the mean product en-
ergy and very little upon distributions created by IR
excitation. Thirdly, even the assumption of full or
partial internal energy randomization before product
formation leaves little definite signature in the calcu-
lated results. Although at a given total energy or mean
total energy there are clearly visible changes in the
product energy distributions depending upon the as-
sumptions on the number of coupled degrees of free-
dom, these can be easily compensated for by changing
the assumed mean total energy, which is unknown as
discussed above. This is illustrated in Figure 7. Thus,
although the extensive molecular beam investigations
do contain some indications concerning “statistical”
behavior, they do not contain definite proof. In fact,
some conclusions and some statements in the experi-
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Figure 7. Product translational energy distribution for a 9 and
18 coupled oscillator model of the same reaction C,F5I — C,F;
+ I (from ref 143). The distributions are calculated for the same
internal energy distributions in the reactant. The dashed line
is for a § function at the average energy, a simplification which
has little effect on P(E,) (see also Figure 6).

mental literature show, how available theoretical
knowledge is overlooked, such as in the most recent
paper on CH;NO, where one finds?? that “statistical
theory predicts that for simple bond rupture reactions,
where no exit barrier exists, the product translational
energy distribution of P(Er) should be a monotonically
decreasing function of translational energy peaking
toward zero.” As is shown in Figures 6 and 7, which
show statistical adiabatic channel model calculations
for simple bond fission reactions,'*® such statements
have been known to be wrong for more than a dec-
ade,126-128 although some popular formulations of
RRKM models without proper angular momentum
conservation indeed produce such artifacts.?>?9 If ex-
perimental results are in agreement with these incorrect
RRKM calculations, this is probably due to uncertain-
ties in the measurement on P(ET) at very low Er.

In ref 143 it was concluded that product internal
state distributions should be more sensitive to details
of the dynamics, and also sometimes more useful to test
theory. An extremely revealing study in this respect
has been published recently on the reaction®®

CF4CN + nhv — CF3 + CN(v.j) (4.2)

Due to the usual limitations of the laser-induced
fluorescence probing used in this study, only the
quantum state (v,j) of the CN fragment could be
probed. The experimental distributions could be ap-
proximated by Boltzmann distributions with nonuni-
form temperatures for the various degrees of freedom.
Table VIII summarizes the results for these
“temperatures” from different experiments and from
two theoretical approaches for the calculation of prod-
uct energy distributions: phase space theory?*¢ (PST)
and the adiabatic channel model'?¢1® (ACM). It is seen
that phase space theory is unable to reproduce the
relatively large difference in vibrational and rotational
temperatures found in the experiments. On the other
hand, the adiabatic channel model with a reasonable
hindered rotation potential parameter « = 0.5 A1 comes
very close in predicting the experimental findings. We
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TABLE VIII. Product Energy Distributions for CN in
CF;CN — CF; + CN Characterized by Vibrational (T,) and
Rotational Temperatures (T',)?¢

rule T,/K T,/K
experiment with multi mode 2400 = 200 1200 + 100
pulse at 1052 cm™!
single mode pulse at 944 cm™! 1900 + 300 1240 % 100
PST 2300 2600
ACM (« = 05 &Y 2200 1200

should point out that neither theory, strictly speaking,
produces Boltzmann distributions for vibration and
rotation, but the non-Boltzmann behavior is too small
to be detected in the experiments, presumably because
of the partitioning between two fragments, only one of
which is detected.

Figure 8 shows an example for non-Boltzmann be-
havior in product internal-state distributions for the
model of Figure 7, where only one fragment carries
internal energy. It is to be hoped that in the future
more experiments are carried out using more quanti-
tatively refined techniques and the more adequate
theoretical simulations with the adiabatic channel
model or in simple cases perhaps even quantum dy-
namical calculations. One may mention in this context
also the recent work on product-state distributions in
the one-photon vibrational photochemistry of H,O, by
Diibal and Crim.24

4.2. Determination of Absolute Yields and Rate
Coefficients for IR Photochemistry

From the point of view of quantitative IR photo-
chemical kinetics the determination of absolute rate
parameters is central. Several classes of experiments
may be distinguished

(i) In an ideal experiment, one could measure the
time dependent concentration of reactants and products
as a function of time during or directly after irradiation
with laser light of an intensity which is uniform in space
and constant in time. This would allow us to measure
the rate coefficient

d In Fy _ d In [c(t) /c(0)]

R(FI) = i i

4.3)

This rate coefficient may depend in a nontrivial manner
upon the radiation intensity and upon time—with
constant intensity fluence is proportional to time. In
practice, no such experiment has been reported yet,
although recent advances in pulse shaping would seem
to make such experiments feasible.?41-243 Experiments
with CW lasers sometimes may belong to this class, but
have also certain problems.!8418°

(i) The next best experiment would be to measure
concentrations at a place of well defined fluence in
space and time during or directly after irradiation. Very
recently, one such experiment has been reported.?*
These experiments provide an important quantitative
check upon the less ambitious but more abundant ex-
periments of class iii. As shown inl1145 gnd discussed
here in section 2, the class ii experiment can be evalu-
ated in terms of the steady-state rate coefficient if the
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Figure 8. Product internal energy distributions for the models
of Figure 7 (from ref 143). The several maxima for the 18-oscillator
model result from the laser energy steps in the reactant internal
energy distribution; the dashed line indicates the contribution
from one such step. A thermal 1100 K distribution for the 18-
oscillator model is given as well for comparison. Reproduced with
permission from Intramolecular Dynamics Jortner, J., Pullmann,
B., Ed.; Reidel: Dordrecht, 1982; p 371. Copyright 1982 Reidel.

optical pumping is linear in intensity (case B) and if
falloff effects are negligible, by means of the relation

kilst) = /I = lim| — 2L 4
1(st) = R/ = lim| ——+ (4.4)

It can be shown!!1? that equivalently one could also
measure the remaining reactant fraction Fp* long after
the irradiation, which then includes all post pulse dis-
sociation, in the absence of collisional effects:

) d In Fg ) d In Fyp*
ki(st) = 11.'1_I.n - 4F = }}m - d—F (4.5)

t—eo

This perhaps surprising point has been first proven in
ref 145 and is illustrated by Figure 9, which is the log-
arithmic reactant fluence plot corresponding to eq 4.4
and 4.5.

(iii) The third type of experiment measures Fp* (or
the corresponding concentrations of reactants and
products) as a function of irradiation with pulses of
different energy and well-defined, smooth spatial flu-
ence distribution (for instance a Gaussian beam or
something similarly well-defined). With this method
some evaluation procedure must be used to take the
spatial fluence profile into account. Several such pro-
cedures have been proposed and one of them allows
directly the evaluation of k(st).2*

(iv) The fourth type of experiment provides yields
Fg* calculated for a nominal irradiated volume and
fluence which is calculated from an approximate laser
beam cross section with parallel irradiation but other-
wise ill defined fluence distribution. Many experiments
with multimode lasers and the familiar “square hat”
fluence profile are of this kind, because the fluence
distribution in this square of a multimode laser output
contains uncontrolled fluence variations. Still, these
experiments can be evaluated at least approximately,
if the average radiation parameters are properly re-
ported. Sometimes, they seem to provide relatively
reasonable rate parameters, even without taking details
of the fluence profile into account (see Table IX).
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Figure 9. Logarithmic reactant fluence plot for a theoretical
model reaction illustrating the two-yield functions —In F and -In
Fg*, which differ by the after pulse reaction (see the detailed
discussion in the text and eq 4.4 and 4.5.

(v) The final and last class of experiments either re-
ports no quantitative radiation parameters or uses ill-
defined focused geometries, giving apparent yields as
a function of “pulse energy” or related properties of the
laser. These experiments cannot even approximately
be evaluated in terms of absolute yields or rate param-
eters. It may be noted that most of the experiments
providing relative rate parameters discussed in section
4.1 are of this kind.

Table IX summarizes rate constants evaluated from
literature data falling into class ii to iv experiments. We
have avoided providing a detailed classification for each
experiment. But in summary we note that there is just
one of class ii, there are about five of class iii, and the
rest belong to class iv—sometimes with a tendency to-
wards class v experiments. From this summary it is
clear that this table should not create the impression
that the individual numbers are definite rate parame-
ters. Rather, we wish to indicate that at least some start
has been made towards quantitative IR photochemistry
and that there is hope that the situation will improve
in the future. We shall now give a brief discussion of
the problems of data evaluation and then discuss one
example in more detail, for which there is a relatively
large amount of data (CFl).

The first task in quantitative IR photochemistry is
to provide well-defined radiation parameters in terms
of a smooth, reproducible beam profile. Experimentally
this is achieved easily by either restricting the output
coupler of a stable resonator to a small circle, such that

Chemical Reviews, 1987, Vol. 87, No. 1 205

T T T 7 T 1T 71

0.0 g Xy EX l PP | s et l)l‘ll“
0 5 10 15 20 25
X/ mm

Figure 10. Typical experimental fluence beam profile measured
along a line across a laser beam from a CQO, laser with unstable
resonator optics. The wings can be diffracted out by apertures,
if necessary, resulting in essentially Gaussian beams (see the full
line). The second full line with large wings is from another
Bessel-type theoretical function. Reproduced with permission
from J. Chem. Phys. 1982, 76, 955. Copyright 1982 American
Institute of Physics.

only oscillation on TEMy, is possible**? or by use of

unstable resonator optics, which has a high transverse
mode discrimination combined with an efficient use of
the active laser volume.?*® Figure 10 shows a typical
experimental beam cross section together with the
theoretical Gaussian and Bessel type functions. In the
evaluation one has to take the fluence distribution into
account.?251 QOne can distinguish broadly three dif-
ferent approaches:

(a) One uses an analytical closed-form expression for
deconvolution with special beam profiles. Kolodner et
al.® have used such a method for Gaussian beams with
a fluence distribution

F = F, exp[-2r?/ W2 (4.6)

with the distance, r, from the beam center, the nominal
beam width W, and the nominal fluence F,. One can
relate any measured function G(Fy) to the true function

G /(1;') '246,247
‘ dG(Fy)
G’ =F 4.7
(F) ( dF, )Fo L, 4.7)

One thus needs accurate values for the derivative
dG/dF in the experimental function. In practice, this
is not available to sufficient accuracy and thus this
direct method turns out to be less useful, quite apart
from the restriction to Gaussian beams. One might,
however, combine it with either of the following.

(b) One may use a polynomial Taylor expansion for
the function to be evaluated and convolute this with the
beam profile, obtaining the expansion coefficients from
a least-squares fit. For instance, Francisco et al.?’! have
proposed this method and used

Mmax

GF) = Z_lanF” 4.8)

in a study of the IR photochemistry of C,H;C1?*? with
focused geometry. Unfortunately, they did not present
their end result for G(F) so that we could not evaluate
the rate parameters from their data. However, sys-
tematic tests with model functions indicate that with
typical experimental scatter the use of a polynomial for
fitting gives unreliable results because of the instability
of such a many parameter expansion.?4%307

(c) The third approach uses a theoretical function for
the fluence-dependent yield and fits the (few) param-
eters in this function of the experimental results, taking
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TABLE IX. Experimental Rate Coefficients for URIMIR

[R(st)/s™Y)/

reaction [I/MW cm™) conditions ref
SFs —~ SF; + F 1.0 X 10° bulk near 300 K (944 cm™) a
0.84 x 10° bulk 223 K (944 cm™) b
0.68 X 10° bulk 293 K (944 cm™!)
0.49 X 10° bulk 243 K (944 cm™)
(2+1)x10° beam 150 K (948 cm™) 4
(CF3),CO — products 3.3 X 10° bulk d
CFyl — CFy + 1 1.1 x 10° bulk (1075 cm™) e
4.0 X 10° VLP® (1076 cm™) f
7.8 X 10° bulk (1075 cm™) g
6.5 X 10° bulk (1075 cm™) h
3.3 x 10° bulk (1078 cm™) h
2.0 x 10° bulk (1075 cm™) cc
1.6 X 10° bulk (1075 cm™) i
1.3 X 10¢ Bulk, MPI (1075 em™) dd
CF3Br — CF; + Br 0.9 x 108 Bulk (1082 cm™) ee
C,FS, — 2CF,S 2.3 x 108 bulk (1076 cm™) j
3.2 X 108 bulk (1076 cm™) k
7.9 X 10° bulk (955 cm™)
¢-C,Fy — 2C,F, 2.0 X 108 bulk l
N.F, — 2NF, 1.0 X 108 butk m
UO4,(HFACAC),THF — UO,(HFACAC), + THF 1.5 X 107 bulk n
CCLF — CCLF + HCl 5.1 %X 10° bulk 0
C,HCLF; — C,CIF; + HCl 1.4 x 108 bulk p
CHCLF — CCIF + HCl 2.5 X 10° bulk q
CDCLF — CCIF + DCI 2.3 X 10° bulk (1075 cm™) q
2.1 X 10° bulk (944 cm™)
CoF7l — CiF; + 1 6.3 X 10° butk cc
i-CyF7l — C3F- + 1 6.4 X 10° bulk, MPI dd
n-CyF;l — C3F; + 1 6.0 X 10° bulk, !MMPI dd
CHDF(CH,),CHF — 2.3 X 10° bulk (978 and 933 cm™) r

(a) HF + CHDFCH,CH=CH,
(b) HF + CHD=CHCH,CH,F

CH,F(CH,),CH; — HF + CH,=~CCHCH,CH,F 1.7 X 10° bulk r
CHDF(CH,),CH; — HF + CHD=CHCH,CH, 1.4 X 10° bulk r
CH,F(CH,),CH, — HF + CH;—CHCH,CH, 1.0 X 10° bulk r
CH,(C0),CH,CH, — CH,CO,H + CH,—~CH, 6.2 X 10° bulk s
CH,F(C0),CH,CH, — CH,FCO,H + CH,—CH, 2.0 x 10° bulk s
CF3;CH,Cl — products 3.1 X 10° bulk t
CHF,CH,F — HF + C,H,F, 2.5 X 10° VLP& u
(CH;OH),H* — products 6.9 X 10° CW, QUISTOR, 321 K v
4.6 X 10° CW, QUISTOR, 293 K
[(CHy),CHOH],H* — (CH,;),CHOH* + H,0 6.9 X 10° CW, QUISTOR, 293 K v
CH,OHF- — CH,0OH + F- 5.2 x 10¢ ICR, pulsed, 1072 cm™! w
1.7 x 104 939 cm!
[(C,H;),0),0H" — (C,Hg);0H* + (C;H;);0 5.4 X 10° ICR, pulsed x
1.1 x 10° ICR, CW y
CyFg" — C,F,* + CF, 2.4 x 108 ICR, pulsed z
(C;Hy),0H* — C,H,0H,* + C,H, 5.3 X 104 ICR, CW aa
CFyl* — CF* + 1 8.0 X 10° ICR bb

¢ Campbell, J. D.; Hancock, G.; Welge, K. H. Chem. Phys. Lett. 1976, 43, 581. ®Duperrex, R.; van den Bergh, H. Chem. Phys. 1979, 40,
275. Duperrex, R.; van den Bergh, H. J. Chem. Phys. 1979, 70, 5672. °Brunner, F.; Proch, D. J. Chem. Phys. 1978, 68, 4936. See also:
Quack, M. Ber. Bunsenges. Phys. Chem. 1979, 83, 757. 9FuB, W.; Kompa, K. L.; Tablas, F. M. G. Faraday Discuss. Chem. Soc. 1979, 67,
180. See also: Luther, K.; Quack, M. Ibid. 1979, 67, 229. ¢Bittenson, S.; Houston, P. L. J. Chem. Phys. 1977, 67, 4819. /Golden, D. M,;
Rossi, M. J.; Baldwin, A. C.; Barker, J. R. Acc. Chem. Res. 1981, 14, 56. ¢Bagratashvili, V. N.; Doljikov, V. S.; Letokhov, V. S.; Ryabov, E.
A. Laser Induced Processes in Molecules; Kompa, K. L.; Smith, S. D., Eds.; Springer Verlag: Berlin, 1979; p 179. "Bagratashvili, V. N,;
Ionov, S. I; Kuzmin, M. F.; Mishakov, G. V. Chem. Phys. Lett. 1985, 115, 149. ‘Quack, M.; Seyfang, G. J. Chem. Phys. 1982, 76, 955. / Plum,
C. N.; Houston, P. L. Chem. Phys. 1980, 45, 159. *Quack, M.; Seyfang, G. Chem. Phys. Lett. 1981, 84, 541. 'Quack, M.; Seyfang, G. Ber.
Bunsenges. Phys. Chem. 1982, 86, 504. ™ Kleinermanns, C.; Wagner, H. G. Z. Phys. Chem. (Munich) 1979, 118, 1. "Kaldor, A.; Hall, R. B;;
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the spatial fluence profile into account quantitatively.
This approach is certainly preferable, but has the ob-
vious drawback that systematic errors may be intro-

duced if the theoretical function is not really adequate..

A function which results from an irreducible case B

master equation is of the following type:1%12

Fg* = §¢k* exp(xF) (4.9)

This function has been used in practice with one or two
terms of the sum. For a reducible case B situation,%11
eq 4.9 has to be replaced by a weighted sum of such
terms for each irreducible subset. In case C, fluence is
not sufficient to characterize the yield function, which
also depends upon intensity. Another equation that has
been used results from the two parameter activation
equation for the rate coefficient:!112

F
Fpx = exp{—kl(st)j; exp[—(¢/x)?] dx{ (4.10)

Both of these equations can be directly evaluated in
terms of the steady-state rate coefficient and the results
should, in principle, be good for substantial yields (Fp*
=1 - Fp* > 1073, at least for eq 4.10 and larger for eq
4.9 with at least two terms). Figure 11 illustrates the
procedure with a theoretical model calculation.?%5
Both equations should also be satisfactory for mea-
surements in the nonlinear régime, if the intensity of
the pulses is constant. However, no experimental
evaluations of this kind have been reported. Another
equation for the product yield is Barker’s log normal
distribution:4¢

x=InF 1
Fp*(InF) = ‘}Q expi—(x — w?/(206%)} dx
x=—0 O \/5‘7—1'
(4.11)

This function is reasonably successful for a case B
master equation and small values of Fp*, far from
steady state. At steady state it gives the wrong limit
(k(t = =) = 0 for the log normal distribution). It can
also be shown that it provides a poor representation for
case C master equations.!®3” This does not invalidate
applications of this equation te case B and situations
with small or intermediate yields. It must be pointed
out that in practice also the theoretically more satis-
factory equations 4.9 and 4.10 may have problems, such
as instabilities in the fitting procedures due to the
generally large experimental scatter. Also the rate
coefficients from the two equations tend to be often
systematically different, although they should not be
different in the rigorous limit. From our experience,
even with good data, rate coefficients can be evaluated
absolutely only to within a factor of two.?#> Most of the
data in Table IX are even much less reliable. A prac-
tically interesting observation is the fact that for small
molecules relatively high inert gas pressures introduce
case B behavior and still allow one to evaluate the
“collisionless” k(st).?*® Some of the data in Table IX
have been obtained in this way. However, the detailed
theoretical justification for the empirical observation
has not yet been given, and the general applicability of
the method remains uncertain. One should thus take
these results only as a first estimate and accept as
definite only those results where the absence of ap-
preciable nonlinear intensity effects and collisional
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Figure 11. Theoretical simulation of the procedure for obtaining
the steady state rate coefficient and the real yield function -ln Fg*
from a measured apparent yield P,lpp as a function of nominal
fluence. (a) Apparent yield. The points are the exact results for
a theoretical model of CF3I IR photolysis. The crosses are the
model results with “experimental scatter” added from a random
number table. (b) Yield function —In Fg* derived from the exact
model results (points) and various approximations in the evalu-
ation of the apparent yield. The full line is for just one exponential
term in eq 4.9 and the dashed line for two exponential terms in
eq 4.9. One sees that both evaluations are good approximations
to the “truth” (points) even though they are obtained from fits
to realistically scattered “experimental” data points. The e™! and
e”? functions are from Py, = F,* with fluence calculated formally
for a rectangular beam shape with e™! and e? cut off, which are
often used but both poor approximations. Reproduced with
permission from Chimia 1981, 35, 463. Copyright 1981 Chimia-
Abodienst.

effects has been proven by experiments.#5254308 The
above discussion renders the necessity of more direct,
absolute measurements of types i and ii obvious, which
can be used as a check for the indirect measurements
of type iii with convolution or deconvolution. We shall
conclude this section with the example of the IR pho-
tochemical reaction

CF,l + nhy — CF; + 1 (4.12)

For this example, more or less quantitative data are
particularly abundant in Table IX. The rate coeffi-
cients range over more than a factor of ten and these
discrepancies are not in the first place due to, say, the
obvious frequency dependence, although several dif-
ferent laser lines near the maximum efficiency have
been used. Rather, the difficulty with most data is that
either the chemistry was not fully controlled (i.e., the
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TABLE X. Summary of Parameter Values for
Approximate Expressions for the Case B Steady-State
Limit of the Rate Cofficient (k(st)/s™1)/(I'G'Av'™!), Where I'
= I/MW cm™2, G'= G/pm?, A¥' = Ap/1000 cm™!° (for simple
bond fission reactions)

(4.16)
eq no. (4.15) i) (ii) (iii)

« 6.44 X 106 4.15 x 108 3.37 x 10° 6.34 x 10°
a 1.69 1.36 1.03 1.63

b 2.19 2.10 2.05 2.18

c 2.89 2.57 2.32 2.85

A 0.49 - -

A, 0.19

2The threshold and zero point energies and excitation quantum
were given in the reduced forms E' = E;/hcl000 cm’™!, E;' =
E7/hc1000 cm™), and #, = »,/1000 cm™.

yields reported were not really close to primary pho-
tochemical yields) or the radiation parameters intensity
and fluence were not controlled. In one study, both
effects and in addition the effect of collisions were in-
vestigated. This study gave the highest value reported
in Table IX. Checks on the intrinsic intensity depen-
dence with near resonance pumping indicated a suffi-
ciently small nonlinearity in intensity to validate the
case B evaluation of rate coefficients,?>?%* although off
resonance there was a marked nonlinearity. Most re-
cent direct, time resolved measurements of the iodine
atom yield for reaction 4.12 give results in excellent
agreement with the indirect method.?** Furthermore,
it could be shown that indeed the yield is only fluence
dependent at high pulse intensities, whereas a nonlinear
intensity dependence becomes important at low inten-
sities, in very good qualitative agreement with the
theoretical expectation for the transition from case B
to case C at low intensities. So it appears that for this
convenient model system real progress (although not
a “final” result?**) has been achieved over the years,
excluding one most recent paper, which gave a low value
for yields and rate coefficients.?”®> The origin of the
discrepancies is difficult to trace as the authors of this
paper did not discuss them and did not compare their
results to previous, careful studies.

4.3. Estimation of Absolute Rate Coefficlents

The obvious first questions of the practicing IR-laser
chemist are for a given reactant: (a) Qualitatively, what
will be the distribution over various reaction products?
(b) Quantitatively, how fast will the reaction be?

The common current answer to the first question is
that product distributions can be estimated ordinarily
by statistical unimolecular rate theory in its various
forms,?533% taking properly into account that the
reactant-state distributions created by IR-multiphoton
excitation are very different from thermal distribu-
tions.1>1% Of course, in special situations special effects
such as mode or group selectivity may have to be taken
into account.

The second question has, to our knowledge, been
addressed theoretically only in one series of papers.!®13
If one wishes to take into account nonlinearities,
spectral detail, etc., there is no simple answer to this
question. For the case B master equation with opti-
mum frequency selection, however, some strikingly
simple rules have been proposed.!> We shall in this
section summarize the results from some semiempirical
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extensions of these rules, concentrating on the steady
state rate coefficient. Other activation parameters are
important, as well, but we refer to the literature for a
discussion of these.1%13

For the reaction threshold bottleneck rate coefficient
in case B with a semiclassical approximation for the
density of states one derives!?

s(s — 1)7,?
(Er + Ep)?

Here, C is a universal constant (with appropriate di-
mensions); A?, a bandwidth parameter for the pumped
absorption band (A% < #,), with fundamental frequency
7. G is the integrated infrared absorption cross section
o for this fundamental, which is assumed to be isolated
or dominant in absorption

kRTB = CAT/_IGI (413)

(4.14)

I is the radiation intensity, s the number of vibrational
(including torsional or internal rotational) degrees of
freedom, E is the threshold energy for reaction, which
is usually close to the Arrhenius activation energy for
the high pressure limit of the thermal unimolecular
reaction, and Ej is the total zero point energy of the
reactant (= 0.53;hy; for harmonic oscillators). Equation
4.13 can be generalized in a practical, improved form12®!

k(st) = o’ (I'G'AV s 7 Y(E + E;) (4.15)

Here we have used the dimensionless variables such as
I'=I/MW em2, G’ = G/(pm)?, etc. Equation 4.15 has
four parameters, which are summarized in Table X.
They were adjusted to a series of exact solutions of the
case B master equation for a number of molecules.!%3%
When one notes that the dominant factor E1 + E; ar-
ises from the semiclassical approximation for the den-
sity of states, used in the derivation of eq 4.13 and 4.15,
one has two further improved representations by using
either the semiempirical Whitten—Rabinovitch?® or the
analytical Haarhoff correction for the density of
states: 27

k(st) = «’(I'G’AV Vs 2(E1’ + AEZ)™ (4.16)
A is either adjusted or calculated with the Whitten—

Rabinovitch equations. When one uses the Haarhoff
expressions, one has

(s-1)(s-2)
“1)(s-2)(s - 3)(s - 4 2
4= 86 36)0(382 -9 (50122 + = ) (4.18)
o, = o) (4.19)
("
ke = o« (IGAV Y% Pf(Ex + ) (4.20)

f(ET + E) {(ET/ + E7) X

peaf 2L Vo ZL Y W
\Er +E/ \ Ev +E/

(4.21)
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Again, A, can be either evaluated from the Haarhoff
equations or taken to be adjustable. More generally,
one can also correct the semiclassical density of states
by using a correction function in the second parenthesis
of eq 4.21, which is obtained with directly counted
densities of states.??®13!

The philosophy of the above expressions is to allow
a simple, quick estimate of the optimum case B rate
coefficient for IR photochemical reactions. With the
constants in Table X this calculation can be performed
on a pocket calculator in a few minutes. Particularly
for the simpler expressions only easily accessible mo-
lecular parameters are needed. Of course, exact solu-
tions of the master equation are not too difficult ei-
ther.!®!l We may mention also a further expression
derived and tested by Troe!®? on the basis of the results
given previously in ref 11 and 12. This expression in-
cludes intensity falloff

k(st) = «/(I'G'AV ) s
b 1

n : ) (4.22a)
o/I/G /AT/_I ( ET/ )3 (ET/ )
0018y — ) +s§{ —
158 151

In the linear limit this reduces to

1
0.01(Ey’ /9,")3 + s(EY' /7))
(4.22b)

We have tested these expressions, but even with opti-
mum adjustment, they provide a less satisfactory rep-
resentation than eq 4.15 and 4.186.

The approximate equations contain a number of pa-
rameters which have different significance and value
in the various equations, although we have used the
same symbols. The values have been specified in Table
X, with the exception of A7. Taking A7 = 7, should
provide a low estimate. In ref 29 it has been suggested
on the basis of the limited empirical evidence then
available, that 7,/ Av ~ 4 should provide a rough esti-
mate of the actual rate coefficient. More data are
needed to provide more experimental constraints upon
such crude estimates. The limitations and extensions
of the estimates are discussed in detail in ref 309.

k(st) = o/ (I'G'AVY)s

4.4. Radiative and Collislonal Energy Transfer
as Investigated by the Measurement of
Internal-State Distributions

The internal state distributions created by IR mul-
tiphoton excitation and evolving in the course of reac-
tion, possibly including collisions, are central for our
understanding of IR photochemistry. They are very
clearly also important for practical aspects of the pro-
cess. Nevertheless, it remains true, as stated in a review
5 years ago,® that only qualitative or incomplete results
on internal state distributions are available, very much
as in the early measurements by Sudbo et al.3*? Some
progress has been made, though, in recent years on
measurements of average energies after multiphoton
excitation and their evolution under collisional relaxa-
tion. Although no coherent picture has, as yet, emerged
out of these studies, we shall provide here a brief sum-
mary of the more recent work.
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Steinfeld et al.?®®-%6! have used IR spectroscopy to
study level populations and collisional energy transfer
in the lower vibrational states of SFg,%° CH,,%° and
CDF ;%! after IR-one- and multiphoton excitation. The
excitation intensities were in the kW cm™2 range and
thus a few orders of magnitude below the typical IR
photochemical intensities.

UV spectroscopy has been used to study highly ex-
cited levels in CF41.%62-%64 Pummer et al.?? observed
broadening of UV absorption when CF;l was irradiated
with 9.6 um CO,-laser radiation. Padrick et al.?®® and
Fuss®* used flash UV spectroscopy to probe the effects
of COy-laser excitation in CF3l. In this context the
attempt of Bagratashvili et al.?? to derive an average
absorption cross section for CF4I molecules near the
threshold for dissociation, by using a technique based
on ref 11, deserves mentioning. Attempts have been
made to use Raman spectroscopy to probe the highly
excited molecules SF;,%6%7 CF41,26 CHCLF, and
CBrF;.2° In none of these studies was it possible to
derive any definite results on internal state distribu-
tions.

The Raman probing experiment of Mazur et al.®’ was
interpreted in terms of a coupling in SFg, which mixes
Raman and IR-active modes of different symmetry,
which may seem surprising to some. One may note,
however, that the observation of such couplings has a
long history with the early discovery of the Fermi-res-
onance?® in the CO, symmetric stretching fundamental,
which makes the bending overtone Raman-allowed at
very low energies, indeed, and is also the basis of the
two vibrational transitions in the CO, laser. It must be
stressed, that rigorous spectroscopic selection rules refer
to rovibronic states and not to vibrational modes, which
are often coupled due to a variety of rovibronic cou-
plings. The spectrum of SFy is not yet understood to
a sufficient degree to allow for definite conclusions.
Mazur et al.?7 have proposed that their results are
evidence for a bimodal energy distribution. Such a
bimodal distribution is in agreement with the general
theory of ref 10-13, on which basis it was first predicted
in quantitative calculations. At present, the experi-
mental evidence in this context remains ambiguous. In
the context of internal state distributions one may also
mention the relationship to multiphoton absorption
without reaction, for which simple models have been
proposed,?”® which presumably need some revision, if
bimodal distributions become more firmly established.

The role of collisions in still truly IR photochemical
reactions has been recognized since the early work of
Fuss and Cotter,?*° Houston,? and of van den Bergh
and co-workers.?®* More recently, efforts have been
undertaken to determine collisional relaxation rates of
molecules after IR-laser excitation, to determine average
energies transfered per collision and even their energy
dependence. Kudriavtsev and Letokhov?™ and Herzog
et al.?’! have used transient UV absorption spectroscopy
to study energy transfer in highly excited molecules
after CQO, laser excitation. Kudriavtsev and Letokhov
studied vibrational energy transfer in excited CF4I by
monitoring the time dependence of absorption of light
from XeCl and N, lasers after a pulse from a CO, laser
and reported an energy-transfer rate coefficient of (2.0
+ 0.4) X 10% s Torr'l. Unfortunately, the dependence
of this rate on fluence, thus on level of excitation, was
not studied. Recently Herzog et al.?”! have studied the



210 Chemical Reviews, 1987, Vol. 87, No. 1

excitation fluence dependence of collisional deactivation
of fluoroethylcycloheptratriene with UV absorption
spectroscopy using a Xe—Hg arc lamp. They reported
the average energy transferred per collision with pro-
pane as (AE) = —(500 £+ 200) cm™!. They did not ob-
serve a dependence on excitation energy. We mention
here as well the work of Gordon et al.,?”2 who have used
the photoacoustic technique to study IR multiphoton
excitation of cis-3,4-dichlorobutene in Ar and vibra-
tional relaxation of several molecules in Ar.

An elegant investigation of vibrational deactivation
after multiphoton excitation has been reported by
Zellweger et al.2’®151 The average vibrational energy
content (E) of CHF,CH,F was determined from the
intensity of IR fluorescence from the C-H stretching
region.! From the fluence dependence of energy
transfer they reported a weakly (E)-dependent value
for (AE), the average energy lost per deactivating
collision (see ref 30 and 305 for relations between (AE)
and (AE),):

(AE)g/em™ =
(200 £ 20) + (0.005 %+ 0.002) (E)/cm™!

This work!®1?78 is particularly noteworthy also for
quantitative master equation simulations including
approximately both case C nonlinear pumping and
collisional effects.

Very recently, Barfknecht and Brauman?®™* have used
IR photochemistry to investigate collisional deactivation
of ions using IR—visible resonance enhanced dissocia-
tion. By varying the time between CO, and dye laser
pulses and measuring the CO, laser enhancement of the
dissociation as a function of delay time, they have de-
termined quenching rate constants and (AE) for col-
lisions of bromo-3-(trifluoromethyl)benzene cation with
parent neutral, pentane, butane, propane, and helium.

Of course, there is a vast body of work on collisional
energy transfer in highly excited molecules related to
thermal unimolecular reactions and chemical activation
systems. For details on these we refer to previous re-
views. 330532253 TR multiphoton excitation has been
used comparatively little, so far, in this context, but it
has the potential to contribute more substantially in the
future.

5. Special Experimental Advances in IR-Laser
Chemistry

The boundaries of our quantitative understanding of
URIMIR have been determined in part by experimental
limitations. Well-defined intensities have only recently
been obtained. High-energy densities with well-defined
fluence profiles are difficult to obtain due to optical
material damage thresholds. Finally, information has
generally only been provided at the discrete frequencies
of the TEA CQ, laser. In this chapter we mention some
advances in studies of IR multiphoton absorption and
URIMIR using picosecond pulses, shaped pulses, con-
tinuously tunable lasers, and bulk IR phtolysis with
high but still well-defined energy densities.

Kwok et al.?’6-?’® have used pulses between 30-300
ps generated via optical free induction decay in CO, to
study multiphoton absorption in SF¢?%28 and C,F;C1¥°
at time scales short compared to those of collisions and
unimolecular dissociation. From direct transmission
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measurements on picosecond CQO, laser absorption after
vibrational-rotational preheating with a standard laser
pulse, they have inferred a more than linear intensity
dependence for multiphoton absorption in SF¢.2’® Re-
cently, Mukherjee and Kwok?” have extended this
method. C,F;Cl was preheated at 982 cm™ by a
standard CO, laser pulse, then probed with picosecond
pulses at 930-950 cm™, where there is no significant
absorption in the ground-state molecule; thus relatively
highly excited molecules were preferentially observed.
In this case as well they observed an intensity- rather
than fluence-determined absorption, which is consistent
with the case C master equation treatment of URIMIR
and complementary to the fluence dependence of
product yield in case B.

Picosecond pulses have not yet to our knowledge been
used in studies of other aspects of IR photochemistry,
for example in the measurement of product yields.
Here it might be possible to observe experimentally an
interesting prediction of the statistical theory of URI-
MIR.1? Pulses in the 100-ps range have about 10° times |
higher intensity than conventional pulses of the same
nominal fluence. At such intensities it could be possible
to observe case D behavior, in which the higher inten-
sity pulse at a given fluence produces a lower yield. A
similar, smaller effect would be produced by case B
falloff.10

Picosecond pulses should also be of interest in isotope
separation. Excitation on a short time scale should
enhance efficient pumping for dilute isotopic species
at high gas pressures, at which competition between
excitation and collisional energy transfer can affect
yields and selectivity for standard pulses (see also ref
169g). It may be pointed out that pulses of about 1 ns
could, in principle, be cheaply produced from an at-
mospheric CO, laser and would allow efficient IR
photochemistry and isotope separation at about at-
mospheric pressure.

Recently, there have been further advances in CO,
laser technology which have produced even shorter
pulses. Corkum?®%2?8! has used optical semiconductor
switching of the output of a single-mode CO, laser,
followed by amplification and pulse compression in a
multiatmosphere CO, amplifier to produce 600-fs pulses
with fluences of up to 1.5 J cm™ within the resonator.
This corresponds to an average intensity of over 10!
W cm™ Research is underway on methods of coupling
such intense radiation out of the amplifier cavity
without damage to optical components. Since 600 fs
corresponds to a fairly small number of vibrational
periods, one might observe interesting effects from the
application of such pulses to URIMIR, including pos-
sibly true molecular ionization.

Temporal pulse shaping is an important technical
development for URIMIR. The use of approximately
square-wave temporal pulse forms has allowed the
quantitative study of intensity effects separated from
fluence effects. The application of pulse shaping to IR
photochemistry was reported by Ashfold, Atkins, and
Hancock?! in 1981. Approximately constant-intensity
slices of variable length were cut from the output of a
single mode CO, laser by fast switching of a GaAs
electrooptical crystal. After amplification these pulses
were used to excite luminescence from OsQ4 For a
given fluence substantially more luminescence was ob-
served for higher intensity excitation. Hancock et al.
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Figure 12. Spectral structures in the IR multiphoton absorption
spectrum of SiH,. The dashed line is the linear absorption
spectrum. Reproduced with permission from Chem. Phys. Lett.
1985, 122, 480. Copyright 1985 Elsevier.

have also used shaped pulses to investigate IR multi-
photon absorption in SF,?42243 where they reported
enhanced absorption at higher intensity. King and
Stephenson?® have reported enhanced yield and en-
hanced vibrational excitation in CF, product at higher
intensity for the IRMPD of CHCIF, and CF,CCIF using
the same approach. They have also studied product
translational energy and internal-state distributions
from the IR photolysis of CH;ONO with 50 ns
square-wave pulses,??! but have not explicitly studied
intensity dependence by varying the pulse length.
Further investigations with square-wave pulses in UR-
IMIR are desirable, because quantitative measurements
of intensity effects are crucial to a full understanding
of IR photochemistry (see also the work of McAlpine
and Evans®?), It is now generally accepted from nu-
merous qualitative experiments (e.g. ref 313, 277-280,
244, 254) that nonlinear and nontrivial intensity effects
do exist in IR-multiphoton pumping. However, quan-
titative measurements with shaped pulses remain a
major goal and are urgently needed. It should be noted
that the nonlinear intensity dependences are not due
to the direct or Goeppert-Mayer multiphoton excitation
mechanisms (section 2.5.). Indeed, an attempt to pump
metal carbonyls at half the absorption frequency was
unsuccessful to initiate any IRMPD even at high in-
tensity.29%

Line tunable CQ, lasers do not allow the observation
of fine spectral structure and resonances in URIMIR.
Multiatmosphere CO, lasers?%%% offer continuous
tunability within individual P and R branches of laser
transitions because of pressure broadening, and are now
commercially available. Alimpiev et al.2®® studied the
multiphoton absorption spectrum of SFg at two fluences
with a tuning step of 0.06 cm™ using a multiatmosphere
laser, and observed a rich spectral structure that had
not been observed by line-tunable laser studies. Bor-
sella et al.”®"28 have used the same approach to probe
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spectral structures in the multiphoton absorption of
CF,l, C,F;Cl, SiH,, and CF;Br. These molecules have
all exhibited detailed structure in the multiphoton ab-
sorption spectrum. An example of an optoacoustic
absorption spectrum of SiH, is shown in Figure 12. To
our knowledge, continuously tunable lasers have not yet
been used to search for structures in multiphoton dis-
sociation yield spectra, though this would be an inter-
esting undertaking. It has been discussed, whether
perhaps the structure arises through the properties of
the laser light (bandwidth and coherence) rather than
of the molecule, because in some experiments there are
interesting correlations between the spectral structures
and laser resonance lines.®%33% This seems, however,
not to be the case for the results shown in Figure 12.

Another experimental advance, which is not a de-
velopment in laser technology, is a new type of bulk
photolysis sample cell which allows irradiation of sam-
ples at high-energy densities with well-defined fluence
profiles and parallel irradiation geometries. Previously,
the maximum available fluence for IR photolysis with
controlled parallel irradiation was limited by the dam-
age threshold for salt entrance windows (NaCl, KBr,
KCl—NaCl being probably best), which is typically near
10-12 J cm™ nominal fluence at Brewster’s angle for
approximately 1-J total energy in a standard multimode
pulse with an approximately Gaussian beam profile.
Focusing the beam within the reaction cell increases the
maximum fluence but introduces additional uncer-
tainties in data analysis. We have reported an alter-
native high-fluence photolysis cell which uses an inverse
Galilean telescope to concentrate the beam.2? The
incoming, nearly parallel beam is partially focused by
a salt lens through a Brewster angle entrance window
onto a convex Cu or Mo mirror, which makes the beam
parallel. The concentrated beam is directed along the
length of the cell to a flat mirror and reflected back
along the same optical path and out of the cell. This
optical arrangement allows high fluences between the
two mirrors with a fluence at the entrance/exit window
of only ~10 J cm™. The high fluence cell has been used
to determine k(st) for CC1,F? and for several fluori-
nated butanes?? with nominal fluences of up to 22 J
cm™ It is in principle possible to obtain still higher
fluences with other ratios of lens and mirror focal
lengths. The maximal possible fluence is limited by the
damage threshold of the mirror material, which is much
higher than that of window materials, and at higher
pressures by the threshold for ionization near the sur-
face of the first mirror, where the energy density is
maximum. The high fluence cell has opened a new
range of molecules to IR photochemistry and k(st) de-
termination, which do not react sufficiently at low flu-
ences to allow quantitative analysis of data from con-
ventional cells.

Another experimental advance relating to quantita-
tive IR photochemistry results from time-resolved
studies of reactant and product formation. Early ex-
periments using UV absorption spectroscopy were
performed by several groups.?® Duperrex and van den
Bergh®! have improved upon the Kleinermanns tech-
nique by performing real time observation during and
after the pulse, which is of interest in relation to slow
after pulse dissociation in CF,HCL

These techniques have inherent sensitivity problems
when one tries to investigate small volumes with high
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fluence of irradiation. A new technique which may help
solve the sensitivity problem has been developed by
Rayner and Hackett.2?2 These authors have used vis-
ible-laser-induced multiphoton ionization of the iodine
product atom in iodide IR photochemistry. They have
thereby obtained high spatial resolution and high time
resolution. The same research group has also used
frequency doubled CO,-laser radiation for IR-laser
chemistry of cyclobutanone®? with pumping frequencies
between 2180 cm™ and 1750 cm™. We should mention
here as well the continuing developments of multifre-
quency irradiation with IR lasers.®4? These have been
proposed to be particularly relevant for laser isotope
separation.

Another laser advance is the development of high-
power laser radiation in the 16-um region using p-H,
Raman shifting. The use of stimulated Stokes Raman
shifting of CO, laser output to produce a 16-um laser
has been reported by Rabinowitz et al.?%2% and more
recently investigated by Bernardini et al.?’ Energies
of up to 1.6 J/pulse and energy conversion efficiencies
of up to 85% have been reported. Due to pulse com-
pression®® the intensity of the Raman shifted pulse can
actually be higher than the initial CO, laser intensity.?"
Recently,?® a Raman-shifted laser has been used to
study the IR-multiphoton-induced decomposition of
Fe(CO); under irradiation at 616.2 cm™.

Finally, a subject which is indirectly related to IR-
laser chemistry is the measurement of IR-multiphoton
absorption in cooled supersonic jets.?® Such data are
still not very abundant but the development has to be
followed because of its importance in the comparison
with full quantum theoretical calculations.!* Energy
transfer in supersonic beams has also been studied with
CW-CO,-laser pumping.3%!

6. Concluding Remarks and Outlook

The present review reflects the enormous progress
that has been made in the field of IR-laser photochem-
istry since the days of the first extensive discussions of
the subject, not even a decade ago. And this is true,
even though we have on purpose omitted a large body
of theoretical work on radiative processes closely related
to IR-multiphoton excitation, but dealing mainly with
questions concerning idealized model problems and
specialized techniques of interest to the mathematical
physicist. Rather than apologizing for this omission,
and for many inadvertent omissions of other relevant
work, we wish to stress here the emphasis of the present
article: The combination of theory and experiment in
one article and the stress on quantitative methods and
results. However incomplete and imperfect the ap-
proach to our goal may be, it certainly distinguishes this
synthesis from most previous reviews, which were either
mostly experimental or theoretical. There was good
reason for the present attempt of a synthesis of quan-
titative experimental and theoretical aspects. The fu-
ture of the field of IR-laser chemistry in terms of lab-
oratory experiments and specialized kinetics applica-
tions is not subject to any doubt. However, the pos-
sibility of large-scale technological applications is being
questioned,!™ and there has certainly been a period of
disenchantment in the area of isotope separation, where
there were great hopes initially. We believe that some

Lupo and Quack

of the failures in the development of IR-laser chemistry
for large scale technology are due to a too alchemical
early approach with inadequate theoretical under-
standing and methodology. Rather than providing ev-
idence for this point of view, we shall conclude with a
historical parable for the importance of the interaction
of fundamental theory and experiment in the evolution
of large scale applications of new physical-chemical
methods.?*® Our account will illustrate a less widely
known (in fact practically overlooked in popular ac-
counts) detail in the otherwise well-known and often
repeated history of ammonia synthesis,346:347

Toward the end of the 19th century nitrogen in the
form of nitrates or ammonia was used extensively as the
basis for fertilizers in agriculture and for explosives in
more or less peaceful circumstances. However, the
natural nitrate resources were known to be very limited
and the “artificial nitrogen” was expensive. Various
scenarios were worked out around 1900, which predicted
the end of the nitrogen resources and as a result major
famines by 1930. Already between 1879 and 1883 a war
had been fought between Chile, Peru, and Bolivia over
the control of the nitrate deposits in the Atacama de-
sert. Whereas this procedure seems to have been to the
politicians the natural method to obtain control over
essential resources, some physical chemists turned their
interest towards practical methods to convert atmos-
pheric nitrogen. By 1904 the direct synthesis was still
unknown:

N, + 3H, = 2NH, (6.1)

Fritz Haber then started investigations of this equilib-
rium at high temperatures and used van’t Hoff’s me-
thod to extrapolate the equilibrium constant,34%343,350
Haber concluded that the direct synthesis was im-
practical as a basis for large scale technology and gave
up by 1905. One notes that at this time there was no
method available that would have permitted him an
independent theoretical check of his measurements. In
1906 Nernst published the third law of thermodynam-
ics, a major theoretical advance, which allowed him to
compute absolute equilibrium constants without direct
measurement.35! Being very different from what would
nowadays be considered a specialized theoretical
chemist,?? he immediately applied his theory to recent
equilibrium measurements of interest and found dis-
agreement with Haber’s results for eq 6.1. This resulted
in an open controversy at the traditional spring meeting
of the Bunsengesellschaft fiir Physikalische Chemie in
Hamburg, 1907. Theory was right, in principle, and
mainly due to the impetus and confidence gained by the
new theoretical background Haber started his work
again, although the theoretical predictions were less
favorable for ammonia production under Haber'’s initial
experimental conditions. However, now improvements
could be planned and realized securely. By 1909 he
successfully produced fair amounts on a laboratory scale
(about 1 mmol s!). For reasons that have been well
documented in textbooks of general history, the direct
synthesis of ammonia produced in Germany about 10®
kg NH; per year by 1918 (i.e., about at a rate of 200 mol
s71). It may be noted that ammonia synthesis was by
no means the only source of “artificial nitrogen”, about
similar amounts due to all other methods together being
produced in 1918. Ammonia synthesis evolved as a



IR-Laser Photochemistry

large scale technology “just because it was much more
efficient.”

We leave it to the reader to establish analogies to the
present day situation of the evolution of applications
of IR-laser photochemistry. We hope that this time the
military aspects of the analogy can be avoided (the first
world war was fought largely with ammonia synthesis).
More useful and more beneficial applications are just
around the corner even with laser isotope separation—
for instance in the use of large quantities of stable
isotopes for medical investigations. Simple estimates
show that in this area IR-photochemical methods
should have a decisive advantage over classical methods.
And, of course, there are many applications beyond
isotope separation. We believe in a substantial future
of IR-laser chemistry also in terms of technical appli-
cations and hope that our article stimulates further
research in this direction.
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