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9. MULTIPLE PHOTON IR LASER PHOTOCHEMISTRY

The previous chapters 7 and 8 were concerned with the application
of IR MP photochemical methods to unimolecular dissociation and
isotope separation. Successful studies in these fields have formed a
basis for the applications of IR MP processes in chemistry considered
in this chapter.

9.1. Methods of IR laser photochemistry

Resonant multiple-photon excitation of molecular vibrations in an
intense IR field can be used for several different approaches to laser
chemistry based on the strong vibrational excitation of molecules.

9.1.1. Degree of vibrational nonequilibrium

All the applications of IR MP vibrational excitation for laser-induced
chemical reactions can be classified in a simplified way according to
the relation between the characteristic times of the vibrational energy
relaxation in the excited mode of the molecule interacting with the
IR field:

" (9.1)"/’VV,<< "/’W,<< "I’vT

where imz w, is the time of intramolecular transfer of vibrational energy
between various vibrational modes of excited molecule, Zw, is the
time of intermolecular transfer of vibrational energy between different
molecules in a mixture (for example, different isotopic molecules), zvr
is the time of molecular vibrational energy relaxation to translational
degrees of freedom and is the time required for lull thermal equilibra-
tion in a molecular mixture. The first process is intramolecular and
can take place even without collisions; the last two processes occur
with the participation of collisions, and rw, and Zv-r thus depend on
specific conditions of experimentmthe types and the pressures of the
molecular components of the mixture and the buffer gas.
The rate of vibrational excitation of a molecule of MP absorption
W depends on laser intensity and vibrational transition cross-sections.
From the inequality (9.1) it is possible, in principle, to establish four
different relations between the MP excitation rate W and the energy
relaxation rate of excited vibrational mode, and respectively four quite
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diiterent approaches in IR MP laser photochemistry depending on
the degree of vibrational excitation nonequilibrium in a molecule and
its mixture. They are considered below.

l. Under the condition
,m (9.2)W >> /’rw,

it is possible to realize mode (bond)selective excitation of molecules
without equilibrium even ofthe molecule that interacts with the intense
IR field. In this case a certain mode or functional group of a polyatomic
molecule has a higher vibrational temperature than the rest of the
modes or functional groups. In this situation mode (bond)selective
IR photochemistry can be achieved. Success, however, can be attained
apparently with the use of ultrashort (picosecond) laser pulses and
with a proper choice of targets (for example, big molecules with
spatially separated functional groups (see Chapter 6, Section 6.1.2).
This is confirmed in particular by successful experiments on selective
excitation ofchromophore with ultrashort UV pulses.’ Unfortunately,
the development of mode (or bond)--selective IR photochemistry is
still inhibited because of the absence of suitable technique for gener-
ation of ultrashort IR laser pulses.

2. Under a more moderate condition for MP vibrational excitation
rate

’’ (9.3)1/’r vv, >> W>> 1/’r vv,

it is possible to achieve excitation selective with respect to molecules
of different sorts when there is no vibrational equilibrium between
the molecules in the mixture but the molecules interacting with the
IR field have intramolecular vibrational equilibrium. In this case the
molecules in resonance with the IR field acquire a higher vibrational
temperature than the rest of the molecules but the translational tem-
perature of all the molecules in the mixture remains unchanged from
the initial. This type of molecule-selective IR photochemistry is the
most extensively developed field of IR MP photochemistry started in
1974 in experiments on laser isotope separation. Almost all the experi-
ments described here relates to this case.

3. Under a much more moderate condition

/ -w, >> W >> ’vr (9.4)

vibrational equilibrium is established between all the components in
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the mixture (molecules, radicals) but the vibrational excitation has not
relaxed to heat yet. This is possible only if there is no molecular
component with very fast vibrational-translational relaxation in the
mixture. The ditterence between the vibrational and translational
temperatures in the mixture permits nonselective vibrational chemistry
during the time <z with the reactions with the least energy barrier
taking place. This is the case, in particular, with the use of sensitizers
for indirect activation of molecules through the transfer of vibrational
energy from the chemically passive sensitizer molecule that absorbs
laser radiation well. This method is applied with success in studies of
the kinetics ofbimolecular reactions as well as in laser-radical chemical
synthesis (see Section 9.3).

4 Finally, under the last condition

W<< / Zv-r (9.5)

there is equilibrium thermal excitation of all the molecules in the
volume of the reactor when there is no heat transfer to the reactor’s
walls. In this case the vibrational and translational temperatures of
all the molecules in the mixture are equal or approximately equal due
to relaxation of vibrational excitation by collisions to heat and one
can speak of pulsed thermal homogeneous heating of molecular gas.
However this approach ofIR thermal chemistry is ofparticular interest,
for example, when it is necessary to heat quickly the bulk of a reactor’s
contents without heating of its walls. (see Section 9.5).

9.1.2 Types of nonequilibrium IR photochemical reactions

Let us consider the possible types of chemical reactions taking place
in the process of IR MP initiation. The IR photochemical process is
schematically shown in Figure 9.1. The details of the photochemical

FIGURE 9.1 Simplified scheme of photochemical process initiated by high-power
pulsed IR laser radiation.
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process, of course, will greatly depend both on the degree of nonequi-
librium attained in IR MP excitation of molecules and on the composi-
tion of initial products. For example, the mechanism of secondary
reactions and the composition of final products must in many respects
depend on the presence of other chemically active compounds in the
mixture with the MP excited molecules which would be able to react
with the primary products of IR MP dissociation. Let us restrict our
consideration to the types of IR photochemical reactions in one- and
two-component molecular gases. The number of components in this
case corresponds to the number of only chemically active compounds
in the gas mixture and does not include the buffer gas or the sensitizer
gas.

(a) One-component molecular gas. Reaction of unimolecular decay

ABC AB + C (9.6)

This primary photochemical process has been considered for many
molecules in Chapter 7 and so it is not discussed here.

2 Reaction of successive decay

ABC AB+C A+B+C (9.7)

This reaction brings about fragmentation of primary product and will
be considered in Sections 9.2.1 and 9.3.2.

3 Competition of decay channels

ABC AB + C
(9.8/nh A + BC

The effect of gas pressure and radiation parameters on the competitive
channels of some reactions are considered in Section 9.2.1.

4. Chemical reactions of primary IR MP dissociation products

ABC AB + C

AB +AB +M (AB)2 +M

C+C+M C2+M
AB +C +M ABC +M

(9.9a)

(9.9b)

(9.9c)
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These reactions proceed without a significant activation barrier and
are a nonthermal channel of secondary photochemical reactions
leading to final products (see Section 9.3).

5 Chemical reactions of radicals with the initial molecule:

ABC AB + C

AB +ABC -- products (9.10a)

C +ABC products (9.10b)

Reactions (9.10a) and (9.10b) have an activation barrier and are a
thermal channel of secondary photochemical reactions (see Section
9.2.1).

(b) Two-component molecular mixture
6. Directed reaction of the radical, i.e., product of selective IR MP

dissociation of the ABC molecule, with the scavenger X

ABC AB + C
(9.11)

AB +X ---, products

7. Chain reaction initiated by the process of IR MP dissociation

ABC AB +C

AB +D ABD (9.12)

ABD +D AB(D)2

Case (9.12) corresponds to the addition of a radical to a double-bond
molecule. Example of such a reaction yielding telomers will be con-
sidered in Section 9.3.2.

9.2. Photochemical reactions in one-component molecular gases

With thermal initiation of reactions of polyatomic molecules, as a
rule, the amount of various final products is often large and the yield
of the desirable product is small. This is caused by the great number
of different chemical reactions occurring in a molecular gas when
under thermodynamic equilibrium the initial, intermediate and final
products have one and the same enhanced temperature.

Quite a different situation occurs with IR MP initiation of radical
reactions. In this case free radicals are formed under extremely non-
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equilibrium and nonstationary conditions with the temperatures of
the initial, intermediate and final products are essentially different.
The products of laser-radical chemical reactions may thereby differ
greatly from the products of their corresponding thermal reactions
since under nonstationary conditions, besides thermodynamic factors,
temporal factors must also be essential.

9.2.1. Products at IR MP initiation of chemical reactions

In this section we shall consider reactions of types to 5 listed in
Section 9 1.2 using for example some specific IR radical reactions in
one-component molecular gases. Here we are interested mainly in the
difference in reaction mechanisms in cases of, highly nonequilibrium
(collisionless) and equilibrium (thermal) initiation, i.e., in eases 2, 3
and 4 considered in Section 9.1.1. Each ease (from 2 to 4 ) is
controlled by the rate of vibrational energy introduction into different
components (molecules, radicals) which is determined by the laser
pulse parameters and the rate of collisional relaxation of excitation.

(a) Influence of collisions
The study of the IR MP dissociation of tetrahydrofuran molecules

C4H8O3 illustrates clearly the difference in the branching ratio between
the reaction channels of a polyatomic molecule for cases of collision-
less and collisional (thermal) initiation.

In accordance with Ref. 4, the thermal decay of tetrahydrofuran
(THF) with T 550C and p 200 Torr occurs according to the follow-
ing scheme"

H2 t----x H2 ... C2H4 +CHaCO"C/ C CH4 +CO (9.13)

H2CCH2
O C3H6 + H:,CO

+CO (9.14)

In the final products in this case the concentration ratio
[CEH4]/[CaH6] 3.75:1, that is, channel (9.13) is dominant. In the IR
MP dissociation ofTHF the ratio [CEH4]/[CaH6] depends on pressure.
As PTHF increases from 0.3 to 12 Torr, the value of [CEH4]/[CaH6] rises
from to 3.75, that is, to a value corresponding to that of thermal
initiation.
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According to Ref. 3, the dissociation of THF to C3H6 and H2CO is
preceded by an intermediate sequence of reactions with participation
of radicals, that is, the products of primary dissociation of THF. At
the same time the formation of C2H4 and CH3CHO is preceded by
reactions taking place as biradicals collide with heated initial
molecules of THF. Thus, according to Refs. 3 and 4, channel (9.13)
is purely thermal.
The pressure variation at IR MP dissociation of THF causes the

ratio [CH4]/[CEH4] to change, too, which reflects the change of the
role of successive dissociation in channel (9.13). As PTHF varies from
2 to l0 Torr, the value of [CH4]/[CEH4] increases from 3 x l0-2 to 0.6.
The increase in THF pressure from 0.1 to l0 Torr corresponds to the
change-over from highly non-equilibrium to thermal (collisional) initi-
ation of reaction. Indeed, at low pressures, according to Ref. 3, the
composition of final products is close to that observed in UV photolysis
of THF. At the same time, at sufficiently high pressures it is close to
the thermal one.

Let us consider the second casemthe IR MP dissociation of CF3I
molecules. As the CO2 laser energy fluence increases, the MP dissoci-
ation yield/3 increases at first and then, with > 4 J/cm2, it becomes
saturated (Figure 9.2). The value of saturation level in this case depends
on the pressure of CFaI.
At sufficiently a low pressure, PCF3I 0.2 Torr, the maximum primary

dissociation yield of CFaI prim._ l, that is, with > 4 J/cm2 in the
region under irradiation 100% CF3I molecules dissociate during one
pulse (see also Refs. 6-8). According to Ref. 9, the reaction scheme
looks thus

CF3I + nhfl CF3. + I.

CF3" +CF3. + M C2F6 +M

I.+I.+M I2+M

CF3" +I. +M CF3I +M

(9.15)

(9.16)

(9.17)

(9.18)

The final products are C2F6 (9.16), 12 (9.17) and CF3I (9.18). The
presence of a recombination channel (9.18) according to Ref. 9 is
responsible for the reduction of dissociation yield rb =0.7./"

At a higher gas pressure, PcFi=4.4Torr, the dissociation yield
b 2 (see Figure 9.2). According to Ref. 5 this result can be



MULTIPLE PHOTON IR LASER PHYSICS. CHEMISTRY V 61

2.0

1.0

O.5

CF I

Q2 0.4 06 0.81

II

2 4 68t0, J//cm2

FIGURE 9.2 Dependence of the dissociation yield of the molecule CFal on laser
energy fluence: 1. p 0.2 Torr" 2. p 4.4 Tort (from Ref. 5).

explained in the following way. At a high gas pressure, when the IR
MP dissociation of CFaI occurs under highly collisional conditions,
the CF3 radical formed by reaction (9.15) quickly derives a consider-
able energy in its collisions with the vibrationally excited CFaI
molecules. This suppresses the formation of the final products because
of reaction (9.16) and makes the following thermal reaction channel
more probable.

CF3. +CF3I C2F6 + I. (9.19)

The reaction (9.19) can provide the value tmax/’qbs 2.5
The interesting and illustrative case is the IR MP dissociation of

cyclobutyl acetate. l The pyrolysis of this molecule occurs according
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to the following scheme

O
II Eo’47 keal/mole

CH3CO CH3CO2H + [ (9.20)

EQ 32 kcal/mole

The rate of the second reaction in (9.20) with T 100 K is 104 times
higher than that of the first one. This means that in the pyrolysis of
cyclobutyl acetate the formation of such an intermediate thermally
unstable compound as cyclobutene is impossible. Quite a different
situation takes place in the IR MP dissociation of cyclobutyl acetate.
If at pressures p > 2 Torr the cyclobutene yield is negligible, its yield
begins rising and becomes considerable as the gas pressure is reduced.
In this case the cyclobutene yield is favourably affected by the buffer
gas pressure (Figure 9.3). For example, when Torr of CF4 pressure
is added, the relative yield of cyclobutene is increased by four times,
the total dissociation yield/3 varying little in this case. Such a favour-

0.6

0.4

-" C>o

FIGURE 9.3 Dependence of the ratio of reaction yields (9.20) through the different
channels on the pressure of buffer gas CF, (from Ref. 11).
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able effect of buffer gas can be explained by cooling the reacting
mixture and eliminating thermal reactions producing the 1,3-
butadiene.

So, as the above experiments show, the initiation of a reaction under
near-collisionless conditions makes it possible to suppress materially
thermal reaction channels, to change the ratio of competitive channels
and to supress to a considerable extent the successive reaction channels
which lead to molecular fragmentation.

(b) Influence of laser pulse parameters
We will next consider the influence of laser pulse parameters on

the type of IR photochemical reactions. The reactions, the successive
dissociation of such molecules as SF6,12 SFsCI, 13 CFaCI,4 CFaBr,5
CFCI3,16 C2H417 are the simplest examples.

In the case of CFaCI, for example, the successive IR MP dissociation
occurs thus

CFaCI CF..+C1. (D=86 kcal/mole) (9.21a)

CFE.F. (/)=88 kcal/mole) (9.12b)

The diagnostics of the Cl and F atoms was carried out in Ref. 14 by
observing the IR chemiluminescence signals of the HCI and HF
molecules formed in the reactor with a small amount of HBr added

CI./HBr HC1 + Br. (9.22)

F. +HBr HF + Br. (9.23)
The rate constants of reactions (9.22) and (9.23) are well known which
allows reliable measurements of the concentrations of Cl and F atoms.
The measurements of IR chemiluminescence intensities show, that
with = l0 to 100 J/cm2 the yield ratio of F and Cl atoms in reaction
(9.21) is l" 3.5.
Such a relatively high yield of F atoms and its slow dependence on
are surprising at first sight. But it should be taken into account here

that the exciting IR radiation frequency fl 1090.03 cm-l used Ref.
14 is considerably detuned relative to the absorption band maximum
of CFaCI (,= l05 cm-) and at the same time it is close to the
absorption band maximum of the radical CF3 (1,= 1087 cm-). This
factor explains a high relative yield of F atom in reaction (9.21b).
Indeed, in the IR MP dissociation of such similar molecules as CFaBr5
and CF3I5 excited near their absorption band maxima the relative
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yield of F atoms is negligible. So, by choosing the laser pulse frequency
one can essentially affect the process of molecular fragmentation.
The influence of the excitation degree and the radiation frequency

on the character of fragmentation manifests itself rather distinctly in
the case of big molecules. Therefore we are going to consider here
the IR MP dissociation of the poylatomic molecular ion (C2Hs)3N+. 18

It is much simpler to study the reaction channels for molecular ions
than for neutral molecules since, first, the diagnostics of fragments
can be done with a mass-spectrometer and, secondly, it is easy to
provide observation under collisionless excitation. 18’9 The application
of multi-photon ionization by visible or UV laser radiation allows
preparation ofthe wanted concentration of molecular ions of a definite
sort.5,2

The ion (CH5)3N+ has been formedl in the process of three-photon
ionization of triethylamine by dye laser radiation with =452 nm.
The fragments of IR MP dissociation were detected with a quadrupole
mass-filter.

According to Ref. 18 the successive dissociation of(CHs)3N+ comes
about thus

(m/e= 101) (m/e=86)
(C2H5)3N+ -CH3 (C2Hs)2N CH

(re (re
-C2H4 CHsNH CH -C2H4 CH NH (9.24)

With an increase of the relative yield of smaller fragments increases,
too. The fragment distribution in this case depends not only on laser
energy fluence but also on its frequency. At the same energy fluences

and at similar dissociation yields (determined by the relative
decrease of mass peak me 101) the fragment distributions for two
frequencies (12 1079.85 cm- and 12 940.55 cm-t) differ essentially.
It is just this factor (9.18) that is responsible for the different absorption
of laser radiation at ditierent frequencies by IR MR dissociation
fragments.
The ratio of parallel competitive reaction channels can be varied

by changing the laser energy fluence and intensity. Indeed, as the
molecular excitation rate is increased, it causes the degree of molecular
excitation over the dissociation limit to be increased (see below (Ref.
29)). So, if a molecule has two unimolecular dissociation channels
similar in energy, the variation of its excitation rate can change its
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dissociation rate through two different channels and hence change the
ratio of the final products.
The IR MP dissociation of the CF2Br2 and CF2C12 is a very striking

example of such a situation21 (Figure 9.4). For the CF2Cl2 molecules,
for example, the unimolecular dissociation is possible through the one
of two competitive channels

CF2CI’ +CI.
CF2CI:

CF: + C12

AH=80 kcal/mole (9.25)

AH 71 kcal/mole (9.26)

The use ofthe radical scavenger Br2 made it possible (9.2 l) to determine
the ratio of channels (9.25) and (9.26). To see this, in the case of
channel (9.25) the molecule CFECIBr and in the case of (9.26) CFEBr2
are formed. Br2 is thereby taken in excess to bind all the resultant
radicals CF2CI and CF2. Besides the scavenger method, the radical
CF2 was directly detected22 by the resonant fluorescence technique.
As seen from Figure 9.4, the relative fraction of CF2 radicals for the
CF2C12 and CFEBr2, that is the relative reaction yield through the
channel with detachment of a molecule (Cl2 or Br2), depends on the
total dissociation yield /3. Even though channel (9.26) for CFEC12 is

0.40

u. O. 30

o

-. 0.20

,t- O.lO
ooOooo... o""

CFCl
\

o-, 6’

FIGURE 9.4 Dependence of the relative yield of the CF radical on/3 in the IR MP
dissociation of the molecules CF2Br and CF2CI (from Ref. 21).
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less endothermic than channel (9.25), there is an activation barrier for
the reaction reverse to (9.26) that equals 10 kcal/mol. Therefore the
activation barriers for unimolecular dissociation reactions (9.25) and
(9.26) are very close, and this results in a competition of these two
channels.

In Refs. 23-25 consideration is given to the case of IR MP dissoci-
ation of a more complex molecule, ethylvinyl ether. Figure 9.5a pres-

(a)

00 _,C,",, /CH 99

90
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0

e 60
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64

13

FIGURE 9.5 (a) Some possible dissociation channels for the molecule of ethylvinyl
ether (from Ref. 24).
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ents some potential dissociation channels of this molecule calculated
on the basis ofthe thermochemical results.24 The pyrolysis ofethylvinyl
ether with T 400-600 K produces mainly acetaldehyde and ethylene"

CH3CH2OCHCH CHaCHO+C2H4 (9.27)

At the same time, in the process of IR MP dissociation of ethylvinyl
ether one can also observe a higher-energy radical channel

CHaCH2OCHCH CH2CHO" +C2Hs" (9.28)

In this case23-25 the ratio of channels (9.27) and (9.28) depends
materially on laser pulse parameters. As the exciting IR pulse duration
-p is decreased23 (the intensity I is increased) at a fixed energy fluence

the dissociation reaction of ethylvinyl ether shifts to channel (9.28).
If with zp 2/xs (p 0.5 Torr, 0.56-0.91 J/cm2) the final products
completely correspond to channel (9.27), with ’p 0.2/xs it is channel
(9.28) that is dominant.

For more correct measurement of the ratio of unimolecular dissoci-
ation channels (9.27) and (9.28) it is necessary to get rid of secondary
reactions. The ratio of channels (9.27) and (9.28) has been found
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using24 a time-of-flight mass-spectrometer and the technique of inter-
crossing laser and molecular beams (see Chapter 7). The accurate
measurements performed2’ for dissociation channels (9.27) and (9.28)
have shown that the relative yield of unimolecular dissociation of
ethylvinyl ether through channel (9.28) rises with an increase of ,
and with =0.7, 1.8 and 12J/cm2 it equals respectively 14%, 31%
and 43%.
The fact that the relative yield of channel (9.28) rises with an increase

of is related to the increase of the degree of molecular excitation.
Indeed, channel (9.28) has a preexponential factor A 105, whereas
for the low-energy channel it will be A 10 . So at sufficiently high
levels of excitation over both dissociation limits the rate of dissociation
through channel (9.28) may exceed the rate of dissociation through
channel (9.27). The dissociation rates calculated with the use of the
RRKM theory (Figure 9.5b) confirm these qualitative considerations.

So, the products of IR MP molecular dissociation strongly depend
on the conditions of their excitation. If at thermal initiation the
channels of chemical reaction and the final products are fully deter-
mined by thermodynamics, at nonequilibrium IR MP initiation it is
possible, as shown above (and other work,26-33) to control the channels
of chemical reactions and make the unusual channels studied under
equilibrium conditions more competitive by changing the laser pulse
parameters. In this respect the method of IR MP initiation (IR photo-
lysis) is much more effective than the conventional pyrolysis of
molecules.

9.2.2. Nonstationary vibrational overexcitation and new channels of
chemical reactions

All the states of a molecule with vibrational energy E exceeding the
lowest dissociation limit are, in principle, chemically unstable. There-
fore, the molecule absorbing by IR MP excitation the vibrational
energy E > Do is able to dissociate. For molecules with a comparatively
small number of atoms N < 6-8 the theory of unimolecular dissoci-
ation predicts a very fast increase of the dissociation rate with the
increasing value (E Do). For such molecules the maximum excitation
over the dissociation limit is relatively small (Emax- Do)<< Do (see
Section 2.4) in agreement with the results of direct experiments (see
Chapter 7). At the same time for sufficiently big molecules with
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N > 10-12, according to the theory of unimolecular dissociation, the
rate of dissociation Km(E) is not high compared to the MP excitation
rate even at considerable excitation over the dissociation limit.

In a semiclassical approximation of the RRKM theory (Emax >> Eo,
where Eo is the energy ofzero-point molecular vibrations) the following
estimation can be obtained34 for the maximal deposition of energy to
vibrations Emax:

(Ere"x- Do)/Do Eo/Do- (9.29)

where W is the rate of vibrational molecular MP excitation, S is the
number of vibrational degrees of freedom, t is the frequency factor
(see Chapter 2, Section 2.4, expression (2.86)). The frequency factor
by order of magnitude is equal to the molecular vibration frequency

1013-1014 s-1. IR MP excitation easily provides the excitation rate
W l09 s-1. Then, according to (9.29), with s >>ln (t/W)the vibra-
tional excitation of molecule over the dissociation limit Do may be as
much as twice ((Emax- Do)/D 1).
Above in Chapters 5 and 6, we have already discussed such charac-

teristic features of IR MP excitation of big molecules as a small role
of the effect of "rotational bottle neck" as well as a much smaller
reduction in MP absorption cross-section with increasing energy
fluence . Here we are going to discuss the MP excitation of big
molecules in the real continuum of vibrational states and the effects
related to their high vibrational overexcitation.

(a) Strong IR MP absorption
Let us consider the dependence of the average absorbed energy f

on radiation energy fluence for two molecules: a small onemCFaI
(S =9) and a big onem(CF3)3CI (S 36)35 (Figure 9.6). The value f
for the molecule CFaI is saturated with > 4 J/cm2 and equals max
D. At the same time, for the molecule (CF3)3CI the value g increases
linearly with an increase in and exceeds considerably the value of
Do.
The given examples of IR MP absorption in CF3I and (CF3)3CI are

two qualitatively different situations. In the case of CF3I, when the
molecule acquires the energy E 20 000 cm-1, the process of IR radi-
ation absorption actually stops. This is explained36, first, by the effec-
tive dissociation of CF3I during the laser pulse and, secondly, by the
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/." CFI

FIGURE 9.6 Dependence of absorbed energy f on laser energy fluence in the IR
MP excitation and dissociation of the molecules CFal and (CFa)aCI (from Ref. 35).

small cross-section of absorption by CF radicals on laser frequency
(1/= 1079.4 cm-).
On the contrary, in the IR MP excitation of such a big molecule as

(CF3)3CI its dissociation during a radiation pulse (zp l0-7 s) takes
place only under sufficient overexcitation. The molecule (CF3)3CI can
derive35 the energy g =(1.7-2) D in 10-6S and only then begins to
dissociate. Furthermore, the radicals (CF3)3C formed in the primary
dissociation of (CF3)3CI have a considerable excess of energy which
enables their further IR MP excitation. Indeed, as it has been shown,25

with an increase of above 1.5-2 J/cm2 the yield of CF radicals (and
their recombination product C2F6) rises rapidly. At a sufficiently high
value of the molecule (CFa)3CI successively dissociate to a number
of small fragments

(CF3)3CI (CF3)3C + ---- (CF3)2C +CF3 + (CF3)3C +2CF +

(9.30)

that explains such a high value of absorbed energy (Figure 9.6) with
> 3-4 J/cm2.
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Strong overexcitation and fragmentation have been studied for some
big molecules.37-39 The eitect of fragmentation is, as a rule, undesirable
for laser-radical synthesis. However, the effect of strong overexcitation
opens up such unusual dissociation channels of vibrationally excited
molecules as electronic predissociation and the formation of charged
particles which are discussed below.

(b) Electronic predissociation
The unimolecular dissociation of the molecule (CF3)3CI during the

laser pulse -p 10-6s takes place with the vibrational energy being
E 35 000-40 000 cm-I.35 This agrees well with the estimations made
with formula (9.29).
At such overexcitation the vibrational energy of molecule E exceeds

the energy limit of its first electron term (E*-27 000 cm-I) which is
repulsive (Figure 9.7a). It is natural to assume that in this case due
to a nondiabatic coupling between the electronic and vibrational
motions the IR MP overexcitation of the molecules (CF3)3CI can lead
to its electronic predissociation. It is well known that in UV photolysis
of many iodides, particularly (CF3)3CI a considerable fraction of
iodine atoms is formed in the excited state I*(2P/2).4 So, if the effect
of electronic predissociation of vibrationally overexcited molecules
(CF3)3CI actually takes place, the atoms I*(2P/2) luminescent at A
1.315 txm must be formed. At the same time, the dissociation of the
molecule within the ground electronic state produces iodine atoms in
the ground state I(2p3/2).
The observation4 of IR luminescence of atomic iodine at the transi-

tion 2pI/2 -- 2p3/2 (A 1.315 Im), as (CF3)3CI molecules are irradi-
ated by CO2 laser pulse with the duration ’p xs and the frequency
f 949.48 cm- is direct experimental proof of the etiect of electronic
predissociation of vibrationally overexcited molecules. The depen-
dence of IR luminescence intensity on laser energy fluence with the
pressure of (CF3)3CI p Torr is illustrated in Figure 9.7b. The IR
luminescence signal was registered with a PbS photodetector. For
absolute calibration of the IR luminescence signal the intensity of
excited iodine atoms UV photolysis of (CF3)3CI molecules by excimer
XeCI laser radiation (A 308 nm) was carried out. The geometry of
irradiation and luminescent light collection were the same as in IR
MP photolysis. Then from the known value of quantum yield of I*
atoms (r/tJv) the absolute sensitivity of detection was measured. The
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FIGURE 9.7 (a) Unimolcular dissociation channels of the molecules CF.I and
(CF3)3CI (from Ref. 41 ); (b) Dependence of lurhinescence intensity (A 1.315 Ixm) on
laser energy fluence in the IR MP excitation of the (CF)CI molecule (from Ref. 41).

IR MP dissociation yield of (CF3)3CI molecules (/3) was determined
independently. The measurements performed41 show that with (I)=

5 J/cm2 the yield/3 1. In this case no less than 10% iodine atoms
are formed in the state 2pI/2. Thus, the quantum yield of I* atoms in
the process of IR MP overexcitation of (CF3)3CI by CO2 laser pulses
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with I’ 5 J/cm2 equals r/’-0.1. For comparison, in UV photolysis
of these molecules at ; 308 nm r/tv= 0.3 40

Besides detecting I* atoms with IR luminescence, they were detec-
ted4 with visible luminescence of electronically excited iodine
molecules at , 580 nm formed by the secondary chemical reaction

+ I* ----, I2" (9.31)

The measurements ofthe temporal characteristics of this luminescence
show that they are quite identical to the corresponding characteristics
in UV photolysis.

Similar experiments performed4 for the CFaI molecule showed that
there is no luminescence signal at A 1.315 m and at A 580 nm
with p Torr (see Ref. 8). This is in agreement with the absence of
strong overexcitation in CFaI. Thus it can be concluded41 that the
electronic predissociation of the (CF3)3CI molecule results directly
from its strong vibrational overexcitation because it is a molecule with
a sufficiently big number of atoms and furthermore is possible due to
a low rate of unimolecular decay in the ground electronic state.

(c) Formation of charged particles
According to (9.29), the value E rises with an increase in the

number of degrees of freedom S. As a test,34 strong IR MP overexcita-
tion of a polyatomic molecule-anthracene (C4Ho) for which S=
66- was performed. As an estimation (9.29) for this molecule Ernax

4Do- 19 eV. With such considerable values of vibrational energy, due
to a nonadiabatic coupling of electronic and vibrational motions, it
seems quite possible to excite high lying electronic states which, among
other things, would cause the molecule to be ionized.
A time-of-flight mass-spectrometer was used34 to observe the

charged particles formed by IR MP excitation of the molecules. The
experiments were carried out with IR laser pulses of two different
durations: "short" pulse with ’p 70 ns, "long" pulse with -p is.
The mass-spectrometer was calibrated against the molecular ion
CI4Ho+ formed by two-photon ionization of anthracene vapour by
excimer KrF laser radiation (A 249 nm, -p 20 ns) (see Figure 9.8c).
Figure 9.8a shows a characteristic mass-spectrum of positive particles
formed as the anthracene molecules are irradiated with p=
4.10-6 Torr by "a short" pulse of CO2 laser radiation with the energy
fluence 55 J/cm2. The heaviest ion observed in this mass-spectrum



74 V. N. BAGRATASHVILI et al.

C

pO .o tm t/e zoo

FIGURE 9.8 Mass-spectrum of positive ions formed by irradiating anthracene
molecules with: (a) "short" CO2 laser pulses, -p -70 ns; (b) "short" CO2 laser pulses
when some part of radiation is reflected on the surface of the copper electrode in the
mass-spectrometer; (c) KrF laser (from Ref. 34).

/is C4Ho and the lightest one is the hydrogen ion H+. The threshold
of ion formation in the case of "short" IR pulse corresponds to the
value 35 J/cm2. In irradiating anthracene vapour with "long"
pulses up to q 80 J/cm2 no34 ions were observed.
To clear up the potential role of ion formation on the surface of

mass-spectrometer elements under the action of IR radiation, a check
experiment34 was performed in which the laser pulse after the chamber
was directed onto the surface of the electrode located right under the
ionization region. The mass-spectrum in this case showed additional
peaks formed which correspond to the ions Na/ and K+ (Figure 9.8b)
desorbed from the brass electrode surface as a result of its heating by
the IR radiation pulse. In the case of a similar check experiment with
"a long" IR pulse one can observe just the ions Na/ and K/.
These experiments have shown that in the case of collisionless IR

MP excitation of anthracene molecules one can observe their ioniz-
ation and proton detachment. The fact that the internal energy of
molecules exceeds the energy of corresponding reaction channels is
a necessary condition for the existence of these processes. Figure 9.9



MULTIPLE PHOTON IR LASER PHYSICS. CHEMISTRY V 75

FIGURE 9.9 Thresholds of some possible reactions of the anthracene molecule (from
Ref. 34).

shows an energy diagram where one can see thresholds of some
potential dissociation reactions of anthracene molecules. The ioniz-
ation threshold equals 7.4 eV; the thresholds of proton formation in
the reactions given in Figure 9.9 equal 16.3 and 18.4 eV. Thus, the
observation of proton and electron detachment, as the anthracene
molecule is under IR irradiation, points directly to its strong vibrational
excitation over the dissociation limit in the ground electronic state.
The observed levels of molecular over-excitation as well as the leading
role of radiation intensity (and hence the role of excitation rate W)
confirm the possibility of vibrational overexcitation of big molecules.
Thus for molecules with a comparatively small number of atoms,

for example SF6, BCI3 and others, at typical pulse durations "rp
107-10-6S in accordance with the predictions of the RRKM theory
and the results of direct observations (see Chapter 7) the maximal
vibrational excitation over the dissociation limit is small. In this case
the IR MP ionization of small molecules by IR radiation is improbable.
The formation of charged particles in vibrational excitation on

neutral molecules is one of the manifestations of a nonadiabatic
coupling of electronic and vibrational motions in highly excited
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molecules along with the processes of inverse electronic relaxation,42

electron detachment from a negative ion4 and the above-discussed
electronic predissociation. The strong IR MP overexcitation of
molecules provides a new possibility of effective preparation of highly
excited vibrational molecular states.

9.3. Photochemical reactions in two-component gas media

Pulsed selective production of high concentrations of definite free
radicals in a mixture with a specially chosen reagent enables
bimolecular reactions aimed at obtaining the wanted product. This
interesting possibility is used at present in chemical kinetics to deter-
mine bimolecular reaction rates as well as in chemical technology for
highly effective directed synthesis of molecular compounds.

9.3.1. Study of bimolecular reactions

The method of pulsed IR photolysis in combination with mass-spec-
trometric and spectroscopic diagnostics allows the measurement of
absolute rates of chemical reactions under controllable conditions.
The method of IR excitation is particularly valuable in measuring the
rates offast gas-phase radical reactions. IR photolysis makes it possible
to produce relatively cold radicals and to study the reactions under
conditions not possible in thermal generation of radicals (pyrolysis).
The universality of the method of IR photolysis permits studying

reactions of various radicals. Contemporary methods of spectroscopic
diagnostics make it possible to investigate the reactions of radicals in
different quantum states and to determine the quantum state distribu-
tion of reaction products.
Below are several specific examples of the application of IR MP

excitation and dissociation for studying bimolecular reactions.

(a) Reactions of C2 radicals.
There was very little information on the reactions of the C2 radical

in a gas phase before the method of IR photolysis because of the
absence of suitable methods of C2 radical generation under control-
lable conditions and quantum states. At the same time, the reactions
of C2 with different molecules, for example with Q2, play a significant
part in the processes of burning, airborne pollution, atmospheric
chemistry and some other important processes. Therefore, it is
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necessary to know the absolute reaction rates of C2 to model these
processes.

In pulsed IR photolysis of C2H4 and CEHaCN molecules C2 radicals
are formed both in the ground (X )and in the electronically excited
metastable state (a 2Hu).44’45 The reaction rates of C2 in these states
can be measured directly using laser-induced fluorescence.46’47 This
method is very handy to investigate the reaction kinetics of radicals
from a definite electronically-vibrationally-rotational state since it
features a high sensitivity and high spectral and time resolutions.
Another method which allows measuring radical reaction rates

consists in measurement of chemiluminescence kinetics4s arising in
the exothermic reaction of the C2 radical with a molecule, an atom,
or a radical.

Table 9.1 shows the results of measurements of the rate constants
for some reactions of the C2 radical carried out by the methods of
laser-induced fluorescence and chemiluminescence. As shown by
measurements, these reactions are very fast. The reactions of C2 with
NO, C2N3CN and C2H4, for example, occur actually during every
gas-kinetic collision which shows that there is no geometric barrier
for these reactions.
Now consider the distribution of one of the products CN over

electronic, vibrational and rotational states for the reaction

C2(S 31-Iu) + NO CN +CO (9.32)

In reaction (9.32) the molecule CN can be formed45 in one of the three
electronic states (X 2E+), (B 2+) or (A El-I). The formation of CN in
the excited state (B 2+) (the lifetime is 6-7 Ixs) is followed by "violet"
chemiluminescence (the transition B 2/ _..} X 2/), in the excited state

TABLE 9.1
Rate constants for some reactions of the C2 radical

Reaction
Rate constant of reaction

(cm mol- -1) Reference

C2(x [) +02
C2(a lIu) +0

C2(a 3rIu) + NO
C2(a 3rIu) +CEH3CN
C2(a 31-Iu) +CEH4

3.0+0.2" 10-12 44
3.0+0.2" 10-12 44

3.4" 10-12 49
7.5+0.3" l0-! 45
1.2+0.2. 10-10 45
1.7 +0.2 l0-I 45
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(A 211) (the lifetime is 60 ns) by "red" chemiluminescence (the transi-
tion A :II X :II).

First, the measurement of the integral intensities of these bands
allows determining the concentration ratio [CN(A)]/[CN(B)] of the
molecules CN formed in the states (A :II) and (B 2/). According to
Ref. 45, the value [CN(A)]/[CN(B)] 7. Analysis ofthese spectra yield
relative populations of vibrational levels and a rotational temperature
assuming Boltzmann distribution over rotational levels.
The vibrational temperature of CN(B :5:/) corresponding to this

distribution is Tvib 10500K. The vibrational temperature for
C:(A -II) measured in the same way is Tvib 13 000 K. Thus, a combi-
nation of pulsed IR photolysis with the technique of laser-induced
fluorescence or chemiluminescence gives important information about
the ways and rates of chemical radical reactions. This technique has
been used in studying the reactions for some free radicals: for example
BCI2,48 C3,45 CN.45

(b) Reactions offluorine atom
Atomic fluorine is chemically very active and many of its reactions

are very fast. Of great interest for chemical kinetics are reactions of
the fluorine atom with molecular hydrogen and deuterium

F + H2 -- HF+H (9.33a)

F + D2 DF +D (9.33b)

These reactions have been studied theoretically using both quantum-
mechanical and classical methods for calculating trajectories. Experi-
mental studies of these reactions’ rates and their reaction product
energy distributions have used the methods of IR chemiluminescence
and molecular beam scattering as well as the chemical HF and DF
lasers. However, despite extensive studies, there remained discrepan-
cies between reaction rates (9.33a) and (9.33b) at room temperature;
the Arrhenius parameters of these reactions are also not consistent.
The combination of IR photolysis of a fluorine-containing molecule
(for example SF6) in the presence of H2 or D2 with measurement of
the IR chemiluminescence kinetics of HF or DF gives another very
simple and informative method for determining the rate constants of
reactions (9.33a) and (9.33b). Table 9.2 presents the results of measure-
ments of the temperature dependences of these constants carried out
Refs. 50 and 51 in two temperature intervals. It can be seen that the
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results obtained by different research groups are in satisfactory agree-
ment. This method can be successfully applied to study some other
reactions, for example, the reactions of the fluorine atom with HCI,
HBr, DBr, HI,52 CF30.53

(c) Reactions offluoroorganic radicals
One of the experimental methods of chemical kinetics is molecular

pyrolysis in a Knudsen cell at low pressures (10-3 to 10-2 Torr) with
a subsequent study of reaction products with time-resolved mass-
spectrometry.4 IR photolysis55-7 has been substituted for the thermal
generation of radicals and the rate constants were measured for a
number of reactions of some fluororganic radicals: CF3, C2F5, C3F7

In Table 9.3 are given the rate constants of reactions of the CF3
radical with the molecules Br2, NOCI, 03, NO256 and those of the
radicals C2F5 and n-C3F7 with the molecule Br2.8 The fluororganic
radicals R =CF3, C2F5, n-C3F7 have been formed by IR photolysis of
molecules RI in a Knudsen cell at room temperature. The temperature
dependences of radical reaction rate constants can be determined in
this method by changing the temperature of the Knudsen cell’s walls.
The reactions59-6 of methyl, allyl, acetyl and chlorodifluormethyl

radical with the molecules Br2 and NO2 were studied with a photoioniz-
ation mass-spectrometer.

(d) Reactions of vibrationally excited molecules
Of considerable interest for chemical kinetics are not only the

radicals but also the vibrationally excited molecules produced by IR
photolysis. Under collisionless IR excitation only the vibrational
energy of molecule is increased, whereas the translational energies do

TABLE 9.3
Rate constants for some reactions of the radicals CF3,56 C2F and

n-C3F758
Rate constant

Reaction (cm mol- -)

CF + Br CFaBr + Br
CF + NOCI CFaCI +NO

CF +03 CF20 +02 + F
CF3 + NO CF20 + NO + F
C2F5 + Br C2FsBr + Br
C3F + Br C3F7Br + Br

(2.8+0.4)" 10-(1.3+0.2)" 10-(2+0.3)" 10-ll

(0.6 +0.1)" l0-(0.75+0.2)" l0-(1.1 +0.3)" 10-1
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not increase. This makes it possible to study the role of different types
of molecular energy in overcoming the activation barrier of chemical
reaction.62’63 The reaction of Na atoms with IR excited SF6 molecules
is an example of such a study. The rates of the reaction62

Na+SF6 NaF+SF5 (9.34)

have been compared at IR and thermal excitation of SF6, when the
vibrational, rotational and translational degrees of freedom have the
same temperature. The measurements carried out in the temperature
range T 380-440 K show that reaction (9.34) has an activation barrier
Ea 3.3 kcal/mol. In this case the rates of reaction (9.34) for two
different types of excitation will be equal at the same stores of vibra-
tional energy. This means that the main role in overcoming the activa-
tion barrier of reaction (9.34) is played by the vibrational temperature
of the SF6 molecule; the role of its translational and rotational energy
is insignificant.
The examples considered here show that the method of IR MP

excitation and dissociation of polyatomic molecules enables even now
the obtaining of important information on the rates and mechanisms
of the different types of gas-phase reactions. Due to its simplicity,
universality and informative ability this method combined with con-
temporary methods of diagnostics of intermediate species (such as
mass-spectroscopic methods, methods of kinetic spectroscopy and
particularly laser spectroscopy) is becoming a routine method of
chemical kinetics.

9.3.2. Laser radical chemical synthesis

IR MP dissociation of polyatomic molecules makes it possible in a
short time (10-6-10-9 s) to obtain high concentrations of various free
radicals (see Chapter 7). These radicals can be used not only for
research in chemical physics but also for directed synthesis of
molecular compounds in subsequent gas-phase radical chemical reac-
tions. Let us consider some examples of such an approach to chemical
synthesis.

(a) Synthesis of BCI2H
The chemical reaction of BCI with H2 irradiated by focused pulses

of a TEA CO2 laser has been studied47 in detail. Under thermal
conditions of reaction the compounds BEH6, highest boranes, chlor-
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boranes, HCI and BHC12 are formed with a yield of only several
percent BHCI2 in this mixture. Under laser action the nonthermal
reaction gives rise to only BHCI2 and HCI molecules

BCI3 + H2 ----* BHC12 + HCI (9.35)

The reaction brings about an equilibrium with 50% conversion of
the initial BCI3 and H2. Reaction (9.35) is endothermal by about
0.65 eV, i.e., by an energy of about 6 photons of CO2 laser. The
microscopic reaction, of course, is more complex and proceeds prob-
ably thus:

BCI3 + nhf BCI2. +CI"

CI" + HE HCI + H"
(9.36)

BCI2" +HE BC1EH +H"

H.+H.+M HE+M
This experiment was performed with the total pressure ofthe mixture

(1 l) from 40 to 100 torr. The maximum quantum efficiency of reaction
during the single laser pulse =0.3 was observed at a pressure of
80 Torr. This is rather a high quantum efficiency for a reaction control-
led by IR field. Under the conditions of the above experiment the
effects of collisionless MP excitation and dissociation are not the only
ones. This maximum quantum efficiency being at such pressure must
indicate that effects where collisions are combined with multiple-
photon absorprtion are manifested. In practice such a combination,
as said above, can be the most useful as far as the minimum of energy
consumption and the maximum efficiency of the process stimulated
by powerful IR radiation are concerned.
The reaction of BC13 and H2 initiated by laser radiation is a vivid

example of a system in which only one channel of reaction has a
high probability, the product yield is high and the absorbed photons
are fully used. The essential feature here is the appearance of the
free radicals BCI2 and CI in the molecular mixture whose concentration
is determined not by the temperature of the mixture only but by the
MP dissociation yield of BCI3 molecules also.

(b) Synthesis of SFsNF2
Here we are going to consider an instance of radical chemical

synthesis of SFsNF2 molecules as the mixture of the molecules S2Fo



MULTIPLE PHOTON IR LASER PHYSICS. CHEMISTRY V 83

and N2F4 are acted upon by powerful IR radiation pulses.65 The
conventional thermal chemical synthesis of SFsNF2 is elegantly known
rather well and so the aim65 was not to develop a new method of
synthesis of this compound but to prove the realizability of laser
radical-radical reactions as a new way of chemical synthesis.

In the conventional laboratory synthesis of SFsNF2 the mixture of
SEFio and N2F4 is heated at rather high pressures to a temperature of
425 K in a sealed reactor for l0 to 20 hours. With the use of the laser
method SFNF2 was photochemically synthesized at a low pressure,
room temperature, during a short time. Even one pulse of CO2 laser
with its duration rp 10-7 s produces a considerable amount of prod-
uct. The CO2 laser dissociates both of the initial $2F10 and N2F4 at
once, and the reaction proceeds as follows

$2F10 +nhl’ 2SF5"

NEF4 +mhfl 2NF2" (9.37)

SF" + NF2" +M SFsNF2 +M

Before these experiments it was believed that the S2Flo molecule at
thermal heating was an inefficient source of SF5 radicals but laser IR
MP dissociation of this molecule could easily provide high concentra-
tions of SF.. This opens up ways for IR laser photochemical synthesis
of such nonsynthesized compounds as SFsCOCI and SFsNO2.65 Since
IR MP dissociation can be isotopically selective, this makes it possible
to synthesize chemical compounds labelled with the wanted isotope.

(c) Synthesis ofCFaI. Combined (thermal + laser IR MP) excitation
Selective IR MP dissociation of CF3Br molecules in the presence

of the I2 scavenger is another example of effective IR photochemical
synthesis.66 This synthesis is a part of the chemical cycle of laser
separation of carbon isotopes on a practical scale (see Chapter 8). It
has been shown66 that there is a possibility of highly effective photo-
chemical conversion of CF3Br molecules mixed with I2 to the molecule
CF3I with the pressure of I2 P2 10 Torr. The photochemical reaction
in this case proceeds according to the scheme

CF3Br + nhfl CF3" + Br.
(9.38)

CF3" + I2 "-----* CF3I + I"

With the CO-laser energy fluence > 7-8 J/cm2 the dissociation yield
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of CF3Br may be as high as 100%. In this case the consumption of
laser energy to synthesize one molecule of CF3I just slightly exceeds
the dissociation energy of CF3Br DC-Br-- 2.5 eV.
The efficiency of IR laser-radical synthesis in many cases can be

increased using the method of combined (thermal-Ir MP) excitation.67

Indeed, it is not necessary at all that all the energy essential to dissociate
a molecule should be deposited into it by the IR MP excitation. A
considerable part of this energy can be deposited into the molecule
through thermal excitation and then the heated molecule can be
subjected to IR MP excitation. The conditions of heating and IR MP
excitation chosen properly, it is possible to keep the process of
molecular dissociation nonequilibrium and selective and thereby
increase the wanted product yield.

Preliminary heating of gas may be by the usual means, i.e., by
heating the reactor’s walls as well as by laser (infrared, for example)
radiation or an electric discharge.
The combined type of excitation and synthesis was used67 for CF3I.

When CF3Br is used as an initial compound, preliminary homogeneous
heating of the gas can easily be by irradiating the mixture CF3Br + 12
with CW CO2 laser radiation absorbed well by the CF3Br molecule.
For example, when CF3Br is heated to T 800 K, the yield of IR MP
dissociation by pulsed CO2 laser increases from/3 0.04 to/3 (see
Figure 9.10). With PCF3Br Torr and pI2 10 Torr almost full conver-
sion of CF3Br to CF3I occurs.
When CF3C1 is used as an initial compound, it is difficult to both

direct IR MP excitation of CF3CI by pulsed CO2 laser radiation and
its heating by CW CO2 laser radiation since the absorption band of
CF3CI (’ 1105 cm-l) lies at the short-wave side relative to the CO2

laser spectrum. However, the absorption spectrum of molecules under
heating is usually shifted to the long-wavelength side due to vibration
anharmonicity. So in the case of CFaCI for its effective IR MP dissoci-
ation the molecule should be heated to such temperatures when the
anharmonic shift exceeds the frequency detuning of laser radiation
and absorption band.
Homogeneous heating of the mixture CFaCI + I2 can be realized by

adding into it a molecular gas which absorbs well CO2 laser radiation,
SF6 for example. The absorption of CW Ir radiation by SF6 molecules
leads to heating of the whole mixture, followed by a shift of the
absorption band of CFaCI and thereby allows effective IR MP dissoci-
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ation of CFaCI (see Table 9.4). In this case there cannot be observed
any considerable IR MP dissociation of the SF6 molecule. Thus, the
SF6 molecule acts as a sensitizer that permits a deposition of laser
radiation energy to the molecular system but does not participate in
photochemical transformations. This fact points to a selectivity of the
process of IR MP dissociation even at sufficiently high temperatures.

So, the experiments show that the use of the combined method of
excitation makes it possible, first, to increase the IR MP dissociation
yield and, second, to widen the class of initial compounds for effective
laser-radical chemical synthesis.

(d) Directed effective synthesis of (CFa)aCI
An optimal situation for highly effective laser-radical chemical

synthesis is when the MP dissociation of the initial molecule takes
place yielding only wanted radicals and there is no laser energy
consumption to form undesirable radicals. In the above-considered
cases of relatively simple molecules BCI3 and CFaBr this actually takes
place which is connected with two factors. First, the radicals resulting
from the MP dissociation of these molecules have not intense absorp-
tion bands coinciding with the excited bands of initial molecules.
Second, the resultant radicals are relatively simple which also prevents
their further MP excitation and dissociation.

According to the experiments on MP dissociation of a large number
of molecules, however, in many cases (see Chapter 7 and Section 9.2)
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TABLE 9.4
Sensitized IR MP dissociation yield for CF3C1 molecule

(from Ref. 69)

CF3CI + SF6 + 12 (1 Torr +0.6 Torr + 10 Torr)

T 290 K /3 0.005

T 1000 K /3 0.8

several different radicals are formed by dissociation. First of all, this
is possible only when the radical formed by the primary MP dissoci-
ation is also able to absorb the laser radiation which excites the initial
molecules. In many cases, particularly with complex molecules, this
causes their further fragmentation. Furthermore, when the dissociation
energies of different channels for a molecule are close, the rates of its
dissociation through these channels become comparable. This leads
to a competition of different dissociation channels and the formation
of a different fragments (see Section 9.2). It is quite clear that these
processes are undesirable in laser-radical chemical synthesis. There-
fore, it is necessary to choose such conditions of MP excitation which
would allow them to be eliminated.
We shall consider the case of synthesis of a 14-atom molecule,

(CF3)3CI in the MP dissociation of the (CF3)3CBr molecule mixed
with 12. In this case68 the desired radical (CF3)3C and the additional
radical CF3 are formed. Figure 9.11 presents some dependences of
the dissociation yield/3 of (CF3)3CBr on the energy fluence of laser
pulse and of the fraction of dissociated molecules fld/fl which leads
to the desired radical (CF3)3C on (I). As t increases, the value fl
increases rapidly and d/ drops. As follows from the frequency
dependences presented in Figure 9.12, the maximum values of/3 and
fld/fl are attained as the lb.ser frequency is displaced to the long-
wavelength side relative to the line absorption bands presented in
Figure 9.12. The detachment of the bromine atom is the product of
the primary MP dissociation of (CF3)3CBr

(CF3)3CBr + n hf (CF3)3C. + Br. (9.39)

As shown in (9.68), the additional radical CF3 is formed by successive
MP dissociation of the (CF3)3C radical

(CF3)3C. +n2hfl (CF3)2C: +CF3. (9.40)
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FIGURE 9.11 Dependence of the dissociation yield of the molecule (CF3)3CBr fl
(curve l) and the relative yield of the desired product fld/fl (curve 2) on laser energy
fluence (from Ref. 68).

This, in particular, follows from the analysis of the frequency depen-
dences of/3 and fld/fl (Figure 9.12). Indeed, at the shortwavelength
edge of spectrum the conditions for the formation of additional
radicals are much better than at the long-wavelength edge. This can
be explained by the frequency dependence of dissociation of the
desired radical (CF3)3C which must be shifted to the short wavelength
region relatively to the analogical dependence for the molecule
(CFa)aCBr.
The conclusion on a small contribution of the parallel channel is

also supported by the values of molecular dissociation rates estimated
by the RRKM theory. The probability of detachment of the Br atom
from (CFa)aCBr (O 24 000 cm-) is more than an order higher than
the probability of detachment of CF from (CFa)aCBr (D=
30 000 cm- 1).
The dependence of fld/fl on the IR laser pulse duration Zp (Figure

9.13) supports (9.68) the mechanism of successive dissociation. The
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FIGURE 9.12 Dependence of the dissociation yield of the molecule (CF3)3Cbr
(curve 1) and the relative yield of the desired product d/B (curve 2)on laser frequency.
Curves 3 are the linear absorption spectrum of (CF3)3CBr (from Ref. 68).

increase of zp from 800 ns to 4 s at a fixed laser energy fluence
3 J/cm2 causes the value/3 to be reduced from 0.7 to 0.3. This

may be explained by an increase of the fraction of (CF3)3C radicals
formed throughout a laser pulse and being capable of further MP
absorption. Thus, when the frequency, duration and energy fluence
of laser pulse are chosen properly, this allows setting up conditions
under which it is possible to obtain sufficiently a high yield of desired
(CF3)3C radicals and, at the same time, a low yield of additional
radicals which is important for highly effective laser-radical synthesis
of (CF3)3CI.

(e) Synthesis offluor-organic telomers in chain reactions
In the above-described experiments one atom in a molecule was

substituted by another one. Here is a more complex case where big
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FIGURE 9.13 Dependence of the values fl and fld/ for the molecule (CFa)3CBr
on laser pulse duration ’p curves 1. 3.0 J/cm2; curves 2. 5.5 J/cm (from Ref. 68).

polyatomic molecules are synthesized by IR MP dissociation of a
simple five-atom molecule. Let us consider the IR MP dissociation of
the CFaBr molecule mixed with C2F4.69 In this case one can observe
the following chain of chemical reactions

CFaBr + nhl CF3’ + Br.

CF3. +C2F4 CFa(CFE-CF2).

CFa(CFE-CFE).+C2F4 CF3(CFE-CF2)2.

CFa(CFE-CFE)n_ +C2F4 CFa(CFE-CF2), (9.41)

CFa(CF2- CF2),/ + R +M CF3(CF2- CFE)mR +M

R CF3; Br

The average chain length r changes with the excitation condition and
gas mixture parameters. For example, telomers with an average chain
length r 10 are formed under the following conditions: 6 J/cm2;
rp 100 ns; PcFa Torr; PC:F) 50 Torr.
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So, the above examples illustrate several approaches to gas-phase
synthesis of molecular compounds in laser-radical reactions stimulated
by the IR MP excitation and dissociation of polyatomic molecules. It
must be emphasized that the high degree of directivity of these pro-
cesses is their essential feature. Below, in Section 9.3.3, there is a
simple model presented to explain the high directivity of gas-phase
radical reactions stimulated by IR MP laser excitation.

9.3.3. Directivity ofMP IR laser-induced radical reactions

Let us consider the simple model7’7 of successive dissociation of a
polyatomic molecule

ABC -- AB + C (9.42a)

AB -- a +B (9.42b)

The kinetics of this reaction depends on the ratio between the rates
of the first (9.42a) and second (9.42b) dissociations and, first of all,
on the corresponding bond energies D,Bc and D,B. In the case

k2 << k(DABc < D,B) there is actually a successive dissociation when
with increasing absorbed energy just the first dissociation (9.42a) takes
place, and then, when the yield approximates 100%, the second
dissociation (9.42b) begins to play a role.
The situation is quite different in the reverse case when the inter-

mediate radical AB is unstable: k << k2 (DABC > DAB). Such a situation
is rather typical of polyatomic molecules. Polyatomic radicals are
thermally, as a rule, less stable than their initial stable molculear
compounds. As the reaction is thermally initiated, the temperatures
of all the components are equal (for example, TABC TAB), and this
condition means that it is impossible to produce considerable con-
centrations of A/. The reactions under collisionless conditions,
however, occur in the absence of equilibrium (TAB < TABC) which
makes it possible to carry out effective synthesis ofthe unstable radicals
AB (see Section 9.3.2).
Below the cases of thermal and IR MP initiation of reactions (9.42a)

and (9.42b) are considered.

(a) Thermal initiation
The kinetic equations of successive dissociation reactions (9.42a)

and (9.42b) for the thermal case have the form
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dfl/dt= k(1- fl)

dflAa/ dt k(1 fl)- kEflAa
(9.43)

where fl and flAa are respectively the primary yield of dissociation
reaction (9.42a) and the yield ofthe wanted product AB in the presence
of reaction (9.42b).
The solution of system (9.43) can be presented, as the dependence

of the relative yield of wanted product flA/fl on the total yield of
reaction ft. The value flAa/fl can be used to measure the reaction
directivity. The solution of (9.43) with k k2 is determined by the
expression (9.71):

flAa/fl 1/kE/k- 1(1-fl)/fl[l-(1--) k2/kl-I] (9.44)

With k2/kl >> a high relative yield of wanted product is possible only
at low yields ft. At the same time at considerable values of fl the value
of flAa/fl is very small. In particular, with fl 1/2 and kE/k >>

(AB/[3)l/2-- 1/kE/k- << 1. (9.45)

Thus, at thermal initiation of reactions (9.42a) and (9.42b) provided
that k2 >> kl it is impossible to reach simultaneously a high reaction
yield and a high degree of directivity.

(b) IR MP initiation of reaction
Now let these reactions (9.42) be initiated by an IR laser pulse

where the highly selective production of AB (AB/ 1) with a high
efficiency of synthesis are possible (i.e., fl- 1).7

The calculation of flAa and fl at IR MP excitation is much more
complicated than in the case of thermal reaction since in this case the
shape of vibrational distribution function is not known a priori. To
find it one should solve the system of kinetic equations which is a
rather difficult problem usually solved by a computer. But to explain
a high directivity of laser-induced reaction it is more convenient to
use a simplified model that allows obtaining sufficiently clear results.7

Moreover, the conclusions drawn on its basis are confirmed by the
results of numerical calculations based on a more complete
description.TM

Below there are formulated the basic assumptions of this model,
which are not principal, but simplify the calculation in large degree"

(l) Collisions are not essential during a laser pulse. This, however,
does not exclude their influence after the irradiation is over.
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(2) The IR radiation absorption cross-section does not depend on
energy. The inclusion of the cross-section reduction usually taking
place with an increase of’ vibrational energy will cause only the reaction
directivity to increase.

(3) The reaction products AB and A absorb radiation with the
same cross-section as the initial molecule ABC.

(4) The molecules ABC, AB and A are polyatomic that allows
taking into account only their vibrational energy and neglecting both
the translational-rotational and vibrational energies of the B and C
molecules.
Assumptions (1) to (4) fulfilled, the reaction product ratio can be

calculated with the use of a simple model7 based on the joint distribu-
tion function (JDF)f(E). JDF describes simultaneously all the com-
ponents in the mixture

f(E) fAsc(E) +fAa(E DAtC) +fA(E DAtC DAt) (9.46)

Here f(E) (i ABC, AB, A) are the vibrational distribution functions
of "active" (i.e., absorbing IR radiation) molecules: DASC, Das are
the energies of the bonds AB-C and A-B respectively. Thus f(E)
depends on the "total" energy of molecules which, apart from vibra-
tional energy, includes the energy of broken bonds, too. Introduction
of JDF is convenient since the processes of unimolecular dissociation
do not affect f(E)" indeed, a decrease in fac(E) in the dssociation
of ABC is precisely compensated for by increasing fAa(E- DAaC).
The f(E) varies only under the action of laser radiation, and by

virtue of (2 and (3 ) it looks very simple" the distribution maximum
E shifts upwards monotonically as the absorbed energy increases.
The joint distribution function f(E) provides a simple method for

calculating the absorbed energy but makes it impossible to find
directly the reaction yield fl and the product ratio Aa/. For their
approximated calculation the following additional assumption can
be used:

(5) The unimolecular dissociation rate increases very rapidly, as
the energy is increased, and so it is possible to determine such threshold
energy values EASC and E’s that with vibrational energy E < E’ABC
the dissociation rate is still small and with E > Et2ac it exceeds the
excitation rate and therefore all the ABC molecules with E > EABC

dissociate to AB and C. Similarly to this, EAS is a limit at which the
dissociation AB -- A + B occurs.
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Figure 9.14 describes the successive dissociation (9.42) by means of
f(E). Value EBc DABC and EB DABC + DAB for relatively small
polyatomic molecules which have a very high rate of unimolecular
dissociation even when the dissociation limit is exceeded by 2 or 3
vibrational quanta. Thus, according to (5), to determine the dissoci-
ation yield fl it is necessary to take a fraction of molecules with their
total energy higher than E AOBC and for AB with E’Bc < E < EB.

fl ..f(E) dE (9.47)

I EABflABC
J e$8.f(E) dE (9.48)

The results of calculation of the dependence flAB/fl on fl presented
in Figure 9.15 show a principal difference of IR MP excitation from
thermal one. Indeed, in the case when the degree of dissociation of
the initial molecules ABC is equal to 50% (fl 1/2) the wanted
product AB at thermal initiation has a very low concentration (its
yield equals only (AB/[)I/2 3" 10-3). At the same time in a laser-
induced reaction with the molecules ABC can be dissociated with
high yield (fl 1/2) and converted to the wanted product almost
without losses (flABC/fl)/2 0.998.

FIGURE 9.14 Vibrational energy distribution function at: (a) thermal initiation of
reaction (9.42); (b) IR MP initiation of reaction (9.42) (from Ref. 71).
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FIGURE 9.15 Dependence of the value fld/fl on fl in the case of thermal initiation
of reaction (9.42) (curve l) and in the case of IR MP initiation of reaction (9.42)
(curve 2) (from Ref. 7 l).

(C) Comparison of thermal and IR MP initiation
The considered simple model of successive dissociation of molecule

demonstrates the increase of reaction directivity as the equilibrium
(thermal) initiation is changed by the nonequilibrium IR MP one.
To explain such an enhancement of directivity, let us consider the

vibrational energy distributions for the molecules ABC, AB and A
formed in these reactions (Figure 9.14). The average energy of the AB
molecules at IR MP initiation is much less than at thermal initiation.
Indeed, AB molecules are formed by the collisionless dissociation
with their energy (EAnc--DAnc). Under the conditions of thermal
collisional reaction the radicals AB has equilibrium energy due to
collisions with hot initial molecules. This occurs with a rate higher
than the dissociation rate, and so right after the dissociation of ABC
the product AB is "ready" for further thermal dissociation. The
vibrational temperatures of all the components in this case are equal
TAnC TAB--- TA"
At the same time, in the case of collisionless IR MP dissociation

the AB molecules remain cold enough. In this case there will not be
further dissociation of AB if the IR MP excitation does not go on up
to the value E,’n. If, nevertheless, some small part dissociates, the
average energy of the resulting A product is lower than for the AB
molecules. Thus, at IR MP initiation the relation Tanc > TAn > TA
holds true.

Thus, one of the characteristic features of the process of IR MP
dissociation of polyatomic molecules is that it is possible to suppress
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the successive stages of reaction which at thermal dissociation lead
to fragmentation. Such reduction in the number of reaction channels,
i.e., an increase in the degree of dissociation directivity is very promis-
ing property of IR MP initiated reactions.

9.4. Nonselective IR photochemistry

Under condition (9.4) and, what is more, (9.5) one cannot hope for
selective photoprocesses in molecular mixtures. Nevertheless, in these
cases, too, the MP excitation of any molecular component in the
mixture, despite a fast transfer of vibrational energy to the rest of the
molecules, is of particular practical interest. Figure 9.16 illustrates in
a simple way some processes in the molecular mixture under conditions
(9.4) and (9.5). Let the sensitizer with a high dissociation energy absorb
by MP process the IR radiation and transfer the excitation to other
molecules which have a lower dissociation energy and do not interact

IR MP
EXCITATION

v-v

/

\ I

DISSOC IATIOII

EXCITED DISSOCIATED
OLECULES BOLECgLES

FIGURE 9.16 Processes of V-V’ exchange, V-T relaxation and dissociation in
molecular mixtures with different dissociation energies in the case of IR MP excitation
of the molecule with highest dissociation limit.
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with the IR field. The process of V-T relaxation is always present,
of course, but at condition "rv_r >> "rv_v for some time there may be a
vibrationally excited molecular mixture in which photochemical reac-
tions will take place, particularly a dissociation of the molecules with
the lowest energy barrier.

9.4.1. Pulsed pyrolysis of molecules

This method, in particular, allows homogeneous laser-induced pulsed
pyrolysis of many molecules not having suitable absorption bands for
direct IR MP dissociation. For example, pulsed pyrolysis72-76 of UF6,
XeO4, 1,2-dichlorpropane and some other molecules has been achieved
with the thermally stable molecules SF6 and SiF4 used as sensitizers.
The pyrolysis73 of UF6 molecules mixed with SF6 was performed
through IR MP excitation of SF6 by TEA CO2 laser radiation. The
dissociation energy of UF6 (D 68 + 3 kcal/mol) is much lower than
that of SF6 (D=92+3kcal/mol). Besides, the mode v4 of SF6
(615 cm-) if close to the mode v3 of UF6 (625 cm-1) which provides
rapid exchange of vibrational energy between SF6 and UF6. So, when
the UF6 molecules collide with highly excited SF6 molecules, there
may be effective vibrational excitation and pyrolysis of UF6. Figure
9.17 presents the dependence of the dissociation yield/3 of UF6 on
the pressure of SF6 at a fixed total pressure PtF6 +PsF =0.8 Torr and
at a fixed pressure of hydrogen Pr2 0.8 Torr used as a scavenger of
atomic fluoride. The rapid increase of/3t6 observed can be related
to the rise of the excitation level of UF6 as Psi6 increases. Indeed, it
may be assumed that the average energy obtained by the UF6 molecules
in their collisions with SF6, after vibrational equilibrium is achieved
in the system UF6-SF6, is described by the expression

PSF6 (9.49)EUF ISFi
PSF6 +PUF6

where gSF, is the average IR radiation energy absorbed by the SF6
molecules. So the dependence of/3tF on tF6 is actually reflected in
Figure 9.17.

It is apparent that the rate of vibrational energy transfer in collisions
must depend on the frequency detuning of the IR active modes of
colliding molecules. This manifests itself especially vividly in experi-
ments on isotopic selectivity of the dissociation of SF3CI and CF3I
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FIGURE 9.17 Dependence of the dissociation yield of UF6 on the pressure of SF6
with PSF6 +PUF6 =0"8 Tort (from Ref. 73).

molecules sensitized with SF6.74 Indeed, an isotopical shift of vibra-
tional frequency causes the additional frequency detuning collisional
V-V’ exchange which results in some dissociation selectivity. For
example the isotopic selectivity of sensitized dissociationTM was
observed for SFsCI (O33/32 1.57) and for CF3I (t13/l 2 1.23).

In most cases in mixtures of complex molecules there is a channel
of V-T relaxation with a high rate and the heating of the whole
mixture takes place inevitably including the translational degrees of
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freedom. In every case of molecular mixtures it is necessary to study
rather complicated pathways of vibrational-vibrational and vibra-
tional-translational energy relaxation (see review Ref. 77). Therefore,
authors of experimental works often speculate the difference between
the vibrational and translational temperatures of molecules in experi-
ments at high pressures when it is not known to what extent condition
(9.5) is fulfilled.

Measurements ofthe isotopic selectivity of dissociation as a function
of pressure give unambiguous information on the extent with which
condition (9.4) is fulfilled in a specific experiment. If the excitation
rate is high enough, it is possible to irreversibly phototransform
molecules in a very short time (less than 10-9 S) and hence to use
comparatively high pressures (about atm78). Similarly, it is experi-
ments in which one can observe the dissociation yield of molecules
at high pressures and compare it with the yield under thermal heating
that can give information on the extent with which condition (9.5) is
fulfilled.
Such an experiment has been carried out79 where the dissociation

of CF2HCI molecules was studied under collisional conditions (at a
pressure of 60 Torr) under the action of CO2 laser pulses with power
1.5 MW!cm2 and duration zp 200 ns at the 9.2 m wavelength. The
photodissociation yield with time resolution was measured from the
formation of CF2 radicals in the ground state. The concentration of
CF2 radicals was measured by the method of UV absorption at A
249 nm and concentration of HCI molecules in the vibrational state
u with their concentration was measured by the method of IR
fluorescence at A 3.6 txm. In Figure 9.18 the experimental and calcu-
lated yield of CF2 radicals are compared in the case of full thermal
equilibrium. Even at a pressure of 60 Torr, when hundreds of collisions
occur during the laser pulse, the vibrational temperature differs from
the ambient temperature in the course of the photodissociation reac-
tion. Thus, in this experiment condition (9.5) was not fulfilled yet and
the reaction was not only thermal but also photochemical by character.

But, even though the chemical reaction is purely thermal, its photo-
initiation in a gas mixture by IR radiation is of practical interest. MP
absorption in SF6 has been used8 to ignite fuel-oxygen mixtures.81

The CO2 laser pulse has been used to initiate the thermal explosive
isomerization 8 of CH3NC in CH3CN and to ignite82 an SF6/CH4/O2
mixture again due to MP absorption in SF6.
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FIGURE 9.18 Comparison of the measured and calculated values of CF2 radical
yield in the IR MP dissociation of the molecule CF2HC1 with PCV2HC, =60 Torr (the
calculation is done in the model of thermal excitation (solid curve)) (from Ref. 79).

9.4.2. Study of unimolecular reactions

The method of IR MP excitation can be also applied to determine
the parameters of unimolecular reactions under equilibrium condi-
tions,sa-ss Pulsed IR pyrolysis has quite a number of advantages over
the method of shock tubes. They are a high rate of heating, the
elimination of the role of walls and heterogeneous reactions, and the
ability of studying the reactions of hard-volatile compounds. For
precise measurements of thermal reaction parameters by the method
of IR MP excitation it is necessary, of course, to get rid of all kinds
of non-equilibrium in the reaction molecular system. The simplest way
of doing it is to activate the molecules not through their direct IR MP
excitation but due to transfer of energy to them from a chemically
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passive sensitizer that absorbs IR radiation well and also to perform
the reaction in presence of few-atom molecular buffer gas acting as a
thermostat.84

The essence of the method used to determine the Arrhenius param-
eters of reactions consists in the following.85 The gas is heated quickly
in a cell by the collisions with the sensitizer under IR MP excitation
and then the products and the yield of the reaction are determined
with a gas chromatograph. The basic difficulty here is that the tem-
perature in the cell depends on time and coordinate r, T T(t, r).
This is due to the fact that the laser beam in the cell is nonuniform
and the exposed gas is cooled by mixing with the cold unexposed gas.

This problem can be solved. An "internal chemical standard", i.e.,
a reagent with well-known kinetics and dependence of the reaction
rate constant on temperature k(T), is introduced into the gas. In this
case it is sufficient just to estimate roughly the time and space profile
of temperature T(t, r) in the cell to determine the required parameters.
This can be done using a simple gas-kinetic model.84’85 It is .also
possible to use "an internal physical standard", i.e., to measure the
IR fluorescence intensity of a heated molecular gas varying with time,
which allows a more precise determination of the temperature profile
T(t, r) in the gas chamber.
The method of pulsed laser pyrolysis has been used to define the

channels and temperature dependences of dissociation ofthe molecule
CCI2HCH:CI.85 The molecule CH3CCI3 was used as "an internal
chemical standard". The molecule SiF4 was used as a sensitizer and
"an internal physical standard". It was excited by pulsed CO: laser
radiation at the frequency = 1027.4 cm- and the IR fluorescence
was detected at A 5.0 Ixm which corresponded to the transition
, 2 , =0 in the excited mode of SiF4. The studies carried out
(9.85) show that the molecule CHCI2CH2CI has the following dissoci-
ation channels

cis-C2HzCl + HCI (9.50a)

trans-C2H2Cl2 + HCI (9.50b)

CHCI2CHECIccIECH2- + HCI (9.50c)
\.
CHCICH2 (9.50d)

Table 9.5 presents the Arrhenius parameters for reactions (9.50a)-
(9.50c) as well as the parameters for the dissociation reaction of the
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"internal chemical standard" CH3CCI3

CHCC13 CH2CCI2 + HCI (9.51)

As seen from Table 9.5, the method of pulsed laser pyrolysis provides
a very good accuracy in determining the activation energy EA and the
preexponential factor.

Besides the above reactions, the Arrhenius parameters84 for a num-
ber of molecules such as isobutyl bromide, isopropyl acetate, ethyl
acetate, 2,2’-azoisopropane, has been measured with a high accuracy
using this method. In this case the parameters measured for 2,2’-
azoisopropane disagree materially with the results published before,
whereas for the first three molecules they are in good agreement. What
is more, the results obtained84 give conclusive evidence of the fact
that the unimolecular dissociation of 2,2’-azoisopropane occurs
through the channel of synchronous detachment of both alkyl groups,
which is quite new for the classical problem of azoalkanes dissociation.

In conclusion let us emphasize that the IR MP processes have many
potential applications in chemistry. Among them is IR photolysis for
electron diffraction study of the structure of free radicals,86 selective
purification of compounds88, and etching of surfaces with the chemi-
cally active products of IR MP dissociation.87 The universality of the
MP molecular processes induced by high-power IR radiation gives
hope for wide usage of IR laser photochemistry in fundamental
chemical studies and chemical technology.
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