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Excitation of molecular wvibrations in a strong infrared field allows
different agproaches to non linear laser chemigtry which can be
classified using the different times required for relaxation of the
vibrational energy stored in the molecule:

iN

w time required for the intramolecular tranefer of vibrational

energy te the different vibrational modes of the same molecule.

T'/V = time required for intermolecular transfer of vibraticnal energy
between different molecules of the mixture.

IYU"F = time of relaxation of the vibrational energy to rotational and
translational degrees of freedom, i.e, the time required te reach

tirermal equilibrium in the system.

one has: T;: & TVVA’. Ty‘-.

A simplified classification can be based on a comparison of these times
with the multiphoton excitation rate “exc' On this basis one can

visualize four different approaches to non linear laser chemiatry.
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Mode (or bond) selective excitation is poskible in this caae; a given
mode or functional group in a polyatomic molecule has a higher
vibrational "temperature" then thes other modes and no vibrational

equilibrium is therefore established even inside the molecule. is



in the range of 10-13.
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Selective vibrational excitation of different specles in a mixture is
possible and there is no overall equilibrium in the system.

Molecules interacting with the ir field do possens internal vibrational
equilibrium but are characterized by a vibrational "Temperature" higher
than the other species in the system, while translational and rotational
temperatures remain unchanged for all molecules.

Selective molecular ir photochemistry under these conditions is the best
developed field in non linear laser chemistry, Laser isotope separation
falls into this class. depends on pressure and are in the

range of 107% torr.
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Vibrational equilibrium is established i.e. all molecules reach the same
vibrational temperature but vibrational excitation does not yet relax to
heat (Tv TR,T)' Photochemical reactions are essentially non-selective
and those with sufficiently small activation energy will take place in

times are in the range 10™°s torr.
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Thermal equilibrium is present and TV-TR-TT. Experiments under these
conditions are of interest when special requirements are to be met e.g.
rapid and/or localized heating, no interaction with the walls.

Examples under condition I) are treated eleaewhere in this meeting.
Examples under conditions 1), I1I) and IV} have been considered in
other invited talks concerned with various problems some of which are

also relevant to developments of new tecnologies.

Additional examples of non linear laser chemistry falling under

conditions 1), I111) nd 1V) will be considered in thi& talk:

.Hr

1} Laser induced reactions under collisionless conditions.

—

2} Radical reactions induced by ir multiphoton dissociation.
3) Photosensitized organic reactions induced by ir multiphoton

excitation,

1) Laser-induced reactions under collisionless conditions.

Infrared laser chemistry under collisionless conditiops is restricted to
unimolecular processes of dissociation or isomerisation. Yet this fleld
is one of the most intensively pursued in non linear laser chemistry. In
fact new and rapidly developing techniques are providing rather
formidable tools to one of the strategic goals of m.dern chemist;y:
understanding chemical reactivity from first principles. Thege
techniques parallel the theoretical progress and provide more and more
stringent tests. Lectures in this meeting have competently delt with
these problems. Collisions play the important role of e¢xpanding the
domain of non linear laser chemistry and some of the possibilities of ir
multiphoton excitation in a collisional regime will be examined in this
talk. Laser-induced collisionless reactions are however 8o important
that a rapid overview is necessary.,

Some ‘of the questions that may be sddresged experimentally are:

Do the product-states from unimolecular reactions reflect a statistical
redistribution of energy In the excited parent molecule? Do either the
product-state distributions or the unimolecular decay rates show any
mode or site specificity? Time end state resolved experimentas are
necessary to answer the questions which explore the details of the decay
dynamics.

Let us start from a crossed ir laser and molecular beam study of the ir



multiphoton dissociation of 62F5C1.(1, This molecule dissociates
according to two different channels: Cl atom elemination at 347 kJ/mol
and C-C bond rupture at 405 kJ/mol, According to RKKM theory rate
constants for dissociation into these channsls can be calcula;ed as
shown in figure 1.1. Figure 1.2. sunlﬁrizes the experimental resulta. In
molecular beam experiments the angular and velocity distribution of the
products can be measured and compared with theoretical distriﬁutions of
product translational energy. The statisticai RKKM theory eppears to be
an acceptable one for this dissociation process.

The situation is however different in the case of CH NHE‘ The most

3
favourable channel for dissociation of this molecule is:

CH3NH2—=*CH2NH + Hz (AH = 134 kJ/mol)
HCN + H2 (8 H= 25ki/mol)

The CHZNH radical also absorbs laser radiation and has a very small
dissociation energy into HCN and Hz. A different channel is poesible,
l::'.‘.:‘,N!'Iz---LCH3 + NH2 (4K = 343 kl/mol}, but requires almost three t.mes
more energy than the first one. The infrared multiphoton dissociation
under collisionless conditions (pressures in the range of 10"2 torr) has
been independently investigated in two laboratories(2 2,.b) using a
laser induced fluorescence (LIF) technique to monitor the NH2 radical
formed,

The results are very similar and show that the main reaction channel ig
the more energetic one. HCN hae only been observed at much higher
pressures. One appreciates that a straightforvard application of RKKM
theory to this case would lead to opposite conclusins,

A more stringent comparison between experimental results and the
predictions of statiatical theories of the dynsmics of dissociation
processes has besn attelpted‘ai based on the analyais of the snergy
distribution in the oN (¥x*) fragment formed in the IRMPD of CF CN.
Rotational and wibrational distributions of this radical have :een

measured by LIF, The rotational distribution is Boltzmann with
Trot = 1200 K and vibrational distributions correspond to a vibrational
temperature T . = 2400 K. Phase Space theory and the statistical

vib
adiabatic channel theory have been utilized to calculate the internal
energy distributions of CN. RKKM theory does not explicitely consider
the ways into which the available energy is partitioned amongst the
degrees of freedom of the dissociation fragments. This analysis has
shown that the adiabatic channel theory is able to reproduce the
observed temperatures while phase space theory inevitably leads to
Tvib= Trot' The experimental data are also consistent with a simple
model wiich assumes  that fragment rotational and translatiopal
excitations derive from parent R,T motions combined with the kinetic
energies of the vibrations of tie parent molecules which are converted
to product R,T excitations.
IRMPD of CHZCHCN yields 02 and CN radicals which can both be monitored
by LIF. The time dependence of their concentration and of their
rotational temperatures have been detemined“j (figure 1.3) and shows
the presence of laser inteneity effects, in the final stages of ir
pumping, reflecting the competition between dissociation inte these
fragments and up-pumping of the parent molecule.
Closely related to IRMPE is the newly developed technique of vibrational
overtone excitation: the pump laser is a tupable dye laser which
¢xplores the one-photon excitation spectrum of an overtone vibration or
of a combination band, By this technique a precise energy increment can
b2 introduced into a single vibrational mode of the molecule.
The unimolecular decay can then be followed by LIF analysis of the
fragments, which can be both time and state resolved, or by conventional
product analysis. Figure 1.4 illustyate the method in its application to
H2102 decomposition.(S) Figure 1.5 shows an overtone = vibrational
excitation spectrum, a~d figure 1.8 typical rotational state
distributions of product OH radical as obtained from LIF analysis at low

preasure (10-1 terr).



Vibrational overtone excitation using a cw dye laser at higher {1560
torr) pressures, i.e. in & collisional regime, has been utilized in

referencgpko investigate the isomerisation reactions reported in figure

7.
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The photoisomerisation kinetics can be described by A_:;I]A H
: i

a
A* ﬂﬂ B- and the steady-state rate constant for the forward reaction

is given by Kk = kak(z)/'[k(m . k‘[H]} — plotted agsinst [N], or
pressure, yields a atraight line (Stern-Volmer plot). The table in
figure 1.8 illustrate the results. The magnitude of the increase of k(E)
w.th frequency and the absolute magnitude of these constants are in
nearly quantitative agreement with RKKM predictions. The important
result is thet these constants are independent of the type of CH
overtone excited be it methylenic, olefinic, ets. Collisions are very
important in these experiments in that photoactivated moleculea are
quenched by collisions at a rate ksfn]. Pressure therefore controls the
collisional time scale, the shortest observed beeing 100 ps. The results
are consistent with the idea that energy randomization occurs on a 13
scale in large molscules at high excitation levele. There appear to be
exceptions, however, to this apparently general conclusion, One of them
comes from _the study of vibrational overtone decomposition of (CH_)

g
-CO—OHO(CH3)SCOH) pumped  to the 5-0,6-0 overtones of 0-H stretching.?7)

A classical, or purely statistical, kinetic scheme of this radical

reaction, again carried on under colllsiqnal conditions in the presence
of buffer gases (SFG. Ar), predicts linear Stern-Volmer plots. The
situation is however quite different (figure 1.9) with clear saturation
of the rate constant with pressure. A different kinetic scheme is
necessary to account for this behaviour which includes the poasibility
of non purely statistical behaviour. Calculations based on RKKM theory
in which one assumes partial localisation of excitation energy in a
"part molecule" could reproduce the experimental observation. The same
agreement can however be obtained on the assumption of disscciation from

a low-lying excited electronic state which can be reached thanks to the

relatively high level of vibrational excitation.

IRMPE and VOE are complementary methods of vibrational excitation in the
ground electronic state of the molecule. The main difference between
these two methods is that VOE prepares a rather narrow distribution of
excited moleculeg while IRMPE distributions can be fairly wide, Direct
comparisons of these excitation methods have recently been at&enpted!a)

We should finally mention a promising technique in the study of IRMPE.
(figure 1.10) The 118 um radiation from a VUV lager is used to
photoionize the molecules of a moleculsar beam at the focus of a pulsed
CO2 laser. These ions are mass-analysed by & quadrupole or a time of
fligth mass spectrometer. The optical chopper truncates the 002 laser
pulse at variable times thus providing a variable dose of ir photons to
the beam molecules. The evolution of the mass spectrum with chopper time
allows detailed informations to be collected on excitation and
dissociation pathways.tg)

These are but a few examples taken from a repidly growing body of
experimental information. We think they can provide a general impression
of the type and direction of experimental efforts in laser studies of

molecular dynamice in the ground electronic state of the molecule,

2) Radical reactions induced by ir multiphoton disuociation.(lo)

When a mixture of BCl3 and H2 Is heated to sufficiently high

temperatures a mixture of BZHG' higher boranes, HCl and & few percent of
BClzn is obtained. However, when the same mixture is laser irradimted in
the absorption region of 5013 only BCIZH and HC1 are formed. Again if a
mixture of CFSBr and I2 is heated, c?al is formed in small quantities
bacause the thermal stability of this compound is smaller then that of
Craﬂr. When crssr is laser frradiated in the presence of excess Iz cgai
is formed with almost 100% yield. Thess early examples of ir lamer

in#uced radical reactions emphasize some important features of these



processes: 1) non thermal character of the reaction 2) high yields of
desirable products i.e. high selectivity 3} high photochemical yields
4) possibilities for the synthesis of compounds less stable than the
initial ones. Synthetic routes to new compounda or with higher yields of
desirable products are therefore opened. Two cases will be examined
which illustrate in more detail the requirements for optimal, processes
of laser chemical synthesis.

Synthesis of (CFa)acI. This molecule was aynth;lized by irradiating a
mixture of (CFaiacBr and 12 with TEA 002 laser pulses. The primary act
is: (CF3)3CBr + nlh — (CFa)ac- + Br followed by (CFa)ac- +
12—-¥ (CF3)3CI + L.

The primary radical (CFa)ac- can undergo further decomposition in a
successive channel (CFalac- * nzh-——hCF- + (CFS)EC- While a possible

3

parallel channel is (CFa)acBr + nah --AJCF3)ZCBr + CFé . These two

channels produce the radical CF- which is undeaired because it recacts

3
to produce the secondary product CF31. The disscciation yieldd/e and the
relative yield of desired product_jgdiye have been inveatigated as a
function of fluence, wavelength and pulse duration and the results  are
reported in figures 2.1, 2.2, 2.3. The contribution of the parallel
channel is probably small because it involves the detachment of a er
radical and, according to RKKM theory, the probability of this process
is one order of magnitude smaller than the detachment of a Br atom in
the primary act. The main contribution to the formation of undesired
CF31 then comes from the successive channel. The observed decrease of

.fi%ﬁgL as a function of pulae duration 1a attributed to collisional
exergy transfer from the highly excited (CFa)acﬂr molecule to the
primary (cFajsc- radical which then begins to absorb energy from the
laser; the probability of its further decay in the succesaive channel
therefores increases with increasing pulse duration. In fact the increase
in pulse duration corresponds to a change toward a thermal regime where
the primary selectivity is loet. These results give clear indication of

the possibility of optimizing this radical synthesis by proper selection

of fluence, wavelength and pulse duration.

Synthesis with combined laser and thermal excitation.

It is not necessary that all the energy needed to dissociate a molecule
should be provided by multiphoton absorbtion. A considerable part of it
could be stored as thermsl energy. An example of combined thermal and
laser excitation is provided by the synthesis of CFSI from SFanr + 12.
This mixture can be prheated to different temperatures by exposture to
oW 002 lager radiation of variable intensity followed by pulsed ir MP
disaociation. The results are reported in figures 2.4 and 2.5. The
increase in dimsociation yields with increasing initial temperature is
quite evident. The dependence of the yield on laser frequency at 2000 K
is significant when compared to the linear absorption spectrum of CFSBr.
Such broadening and shift of the frequency dependence of‘/g at high
temperatures, related to vibrational anharmonicity, is of practical
interest; it allows ir MP dissociation of molecules whose absorption
bands are somewhat shifted from the spectral range of pulsed ir lasers.
A comparison of laser and thermal initiation of gas phase radical
reaction is illustrated in figure 2.6 which refers to a reaction

sequence

AMBC—2pAB 4+ C ; AB—mA + B with kl FZ4 kz.
k1 I(2
It should be mentioned that preparation of radicals by IRMPD of parent

molecuiee is preaently improoving the posaibilities of kinetic studies
(11

of reactions of these free radicals with stable molecules, ) When

IRMPD produces radicals with exceas internal energy one can also

determine the influence of vibrational excitation of the radicals on the

(12)
rates of their reactions.



3} Photosensitized organic ,eactions induced by ir _multiphoton

escitation.
Lo sarion.

Photosensitization represents a method for carrying.out a photochemical
process when a molecule can not be raised to the desired excited =atate
by direct absorption of light. Pulsed. ir laser-induced processes are
made possible, for molecules which do not acpreciably absorb in the
9-11 Mm region of the CO2 lager, by the addition of a mensitizer
(NH3, SiFASFé. CGFE, which, on the contrary, strongly absorbs in this
spectral region, The multiphoton excitation of the sensitizer ig
transferred, via collisional processes, to the degired molecule which
then reacts or dissociates. It will be shown that these sensitized
reactions fall under conditiens 1II or 1v depending on experimental
parameters. The unimolecular decomposition reactions reported in fig.
3.1 have been investigated in the presence of a large excess of SF  in
the pressure region 10-30 torr.(la) The decomposition of tyclohexene has

also been studied in the
(14)

presence of different

sensitizers: SiFd. SFG' CGFS.
The absorbed energy per mol of sensitizer 5, is a function of time
determined by the laser pulge shape and by the spectral characteristics
of 5. Sensitizer molecules with vibrational energy Es(t) transfer to the
rzactant R, via vibrational-vibrational processes, an amount of energy
per mol of R and per collision-iy =r1£Es(t). The general scheme for a

unimolecular decomposition is: R ;—E_.-"" R*--—" R+ -—k-—;-products

LA
with R energized molecule and R activated complex. Under conditions of
these experiments the process of energization R—mp™ 14 assumed to be
dominated by the v-v tranafer Process from excited S molecules, As a
consequence of this transfer of energy the vibrationl eNergy per mol of
R, ER(t) will increase with time and R wil] decompose to products at a

rate corresponding to its vibrational energy, according to RKKM theory.

10

The instantaneous energy balance for one mole of R is:
: - 3.1)
AEp(er/at = nx uf & (01 B te) [k o kz]

with Z cm3 mol-ls-l. n cm_a, and xs m.le fraction of § : k1 = ki(t) =
Aiexp(-Ei/ R T[Eﬂttﬂ ) is the time dependent rate constant ag given by
the Arrhenius equation and where T[ER(t)] is  the temperature
corresponding to the reactant vibrational energy ER(t) which can be
calculated actording to standard methods.

Calculation of k_(t} during the laser pulse is therefore reduced to the
evaluation of ER?t}' This can be done by proper integration of equation
3.1 Figure 3.2 reports the logarithmic plota of the average rate
constant Ei multiplied by the pulse duration tp(l.S‘}Js) as a function
of the inverse total energy absorbed during the pulse EA(tp). Fitting of
the integrated form of eq. 3.1 to these data yields the lines of figure
3.2. This allows the evaluation of the v-v transfer quantity and of
kz, the rate of collisional deactivation of R.

When multiphoton absorption takes place at sufficiently high pressures
deexcitation of the sensitizer by v-t processes becomes important and a
fraction of the energy absorbed by S is lost to the thermal bath whose
temperature will incresse with time. In the presence of collisional w-t
deactivation the vibrational energy of the sensitizer Es(t) is
characterized by a pressure dependent maximum occurring at a pressure
& t . From these considerations and from the

x P
experimental pressure dependence of Eitp(figure 3.2) it is possible to

dependent time tma

evaluate both the temperature at the end of the pulse and the v-t
R

tranefer parameter dT' Values of o v ’ﬂ,’ and .Jlm (as derived from

kz) for typical conditions are reported in figure 3.3, The average

vibrational energy transferred {per collision ard per mole of R) .

from S to the vibrational manifold of R is larger by at least a factor.

of five than the corresponding vibrational energy lost by'S to the

translational and rotational degrees of freedom of the molecules, Citr

11



This accounts for the fact that transfer of vibrational energy between
the excited sensitizer and the reactant is sufficiently fast to cause
appreciable decomposition during the laaer pulse while the gas
temperature remains sufficiently low to prevent any thermal contribution
to the reaction. As a matter of fact a large contribution to 238 heating
comes from the collisional deactivation of R, as indicated by the large
values of :_\'; 2074, . (400 K ¢ Ty ¢ 1000K)
These sensitized reactions d: therefore appear to occur  under
non-equilibrium conditions corresponding to case II1 above.

Sensitized reactions which would fall under conditions IV have however
also been reported.(ls)

Conditions for a thermal regime of the reaction are different. In this
case there should be no appreciable decomposition of the reactants
before extensive thermalization of the absorbed lager energy has
occurred and the system should be allowed to remain at a sufficiently
high temperature for a sufficiently long time. ( 10 _bs).

Theae conditions can be attained but require proper selection of
pressure, composition and s:ecific heat of the &8s mixture. E._g. in
ref( " )mixtures SF5 /Ri at 7 torr were irradiated in the presence of
2 100 torr COZ'

This laser powered homogeneous pyrolysis has proven extremely valuable
in the determination of kinetic parameters by the comparative rate
method for reactions where the traditional heating by a hot walled
vessel is inappropriate because of surface sensitivity and where the use
of shock-tube techniques is made difficult by low volatility of the

reactant.,
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