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Irradiation of an equilibrium mixture of two or more isomers by a high power infrared laser can lead to
quantitative formation of a single component that is not necessarily the thermodynamically preferred one.
The case of a binary mixture in which only one isomer absorbs the laser light is quantitatively discussed. Light
absorption populates levels above the isomerization energy threshold followed by collisional cooling to either
reform the reactant or prepare the product. In the limit of weak collisions the branching ratio depends
essentially on the phase space available to each isomer at the reaction threshold energy. It is shown that the
entropic factor can be dominant under certain conditions and that excess foreign gas is essential for a

quantitative transformation.

. INTRODUCTION

An isolated molecule, irradiated by an intense laser
beam, can absorb a large number of photons. In the
case of infrared lasers this process of multiphoton ex-
citation (MPE) is widely used to induce selective
chemical reactions.! The unimolecular nature of MPE
has been proved by working at very low pressures‘®
and by time resolved studies.? Collisions are not only
unnecessary, but often detrimental to both selectivity
and overall yield. This is primarily due to vibrational
energy transfer to “cold” molecules (those that were
not excited by the laser). Recently, it was shown that
foreign gas addition can sometimes increase overall
yields®™ without necessarily reducing the selectivity.
One possible explanation®™® of this effect is rotational
relaxation between the discrete energy levels of the so-
called “region 1.” %! This relaxation avoids bottleneck-
ing due to hole burning in the early stages of the energy
acquisition process, and leads to increased overall
absorption.

In this paper we consider a laser induced process in
which collisions with a cold, inert gas are not only ben-
eficial, but actually essential to bring about a quanti-
tative transformation.

The motivation for this work arises in part from the
observation that collisions can increase the yield of iso-
merization reactions® and enhance isotopic selectivity. !
These observations include the ring opening reaction

CF-CF, p~CF,
‘Ll l ~CF ’ 1)
F-CF, = XCF,

which will be used later to illustrate the results of the
theory of Sec. II. Another example, 2 also involving a
small ring compound, is that of cyclopropane isomeriz-
ation to propylene. Here foreign gas addition was

found to suppress unwanted side reactions, particularly
such that are caused by excessive excitation of the reac-
tant molecule or the primary products.

We consider an idealized isomerization reaction A=B
in which one isomer, say A, strongly absorbs the laser
radiation while the other is essentially transparent.
Those A molecules which were excited above the A~B
activation barrier can rapidly isomerize. Collisions
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with the buffer gas are essential to reduce the energy of
the newly formed B molecules, below the threshold for
back reaction. Using thermodynamic and kinetic consid-
erations, we show that the conversion of A to B can be
driven to completion, even if at thermal eouilibrium A

is the predominant species. A statistical collision mod-
el leads to a simple formula for the branching ratio, de-
termining whether an excited molecule will be deactiva-
ted back into A or transformed to B. The energy and
entropy differences between the two isomeric forms and
the reaction threshold energy appear explicitly in the
expression for the branching ratio. Another expression
relates the branching ratio to the degree of A—- B conver-
sion per laser pulse.

Our treatment does not include any specific model for
the excitation process. A large number of models are
available (see, for example, Refs. 13-16), mostly based
on rate equations.

We show (subject to some simplifying assumptions)
that the conversion per laser pulse depends basically on
a single parameter, namely, the fraction of molecules
excited beyond the energy threshold for reaction. The
actual form of the distribution is unimportant. The
treatment may be extended to include more than one re-
action channel. In that case the species that hasthe low-
est absorption coefficient at the laser frequency used can
be made the dominant product, regardless of thermo-
dynamic stability. In principle, this condition can be
achieved for any system, although more than one laser
source may be required.

1i. EQUILIBRIUM THERMODYNAMICS AND KINETICS

Consider the isomerization reaction A= B with the
schematic energy profile displayed in Fig. 1 (compare
Fig. 3 of Ref. 17). An energy profile of this type with
AH° =11.7 kcal/mole and barrier energy E= 47 kcal/
mole'® characterizes Reaction (1). Assuming ideal gas
behavior, the equilibrium constant of the isomerization
reaction is given by!®

Kypp =[Bleo/[ Aleq =exp(— AG°/RT)
=(gn/qa)exp(- AE/RT) , @)

where AG® = Gy - G, is the difference between the Gibbs’
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FIG. 1. Schematic illustration of the laser induced isomeriza-

tion process A— B. An intense infrared laser pulse selectively
excites the A isomer to beyond the reaction threshold energy
Ef, by multiphoton absorption. Above the barrier the isomeri-
zation is very fast and the two isomers can be regarded as
representing adjacent regions in the phase space of the excited
molecules C={A*e B*}. These molecules are deactivated to
form either B or A by collisions with buffer gas molecules M
which are present in excess in the reaction mixture. If the en-
tropy change associated with the A — B process is positive AS®
=Sp —8,>0, the fraction of B molecules formed by deactiva-
tion is higher than their fraction at thermal equilibrium. Hence,
the laser pumping—collisonal deactivation cycle leads to enrich-
ment of the B isomer. Due to the slow back reactions B— A of
the deactivated molecules, the process can be repeated many
times before thermal equilibrium is re-established, leading to
practically quantitative conversion of A to B.

free energies of 1 mole of pure B at temperature 7 and

1 mole of pure A at the same temperature. g, and ¢g

are the molecular partition functions of A and B, respec-
tively, with energies measured from their respective
ground states. The exoergicity AE, is the difference
between the ground state energies (per mole) of the two
isomers.

Since there is no pressure change in isomerization
reactions AH® = AE° and AG®° =AA° =AE° — TAS®, where
AH® AE® AS°, and AA°® are the difference between
the molar enthalpy, energy, entropy, and Helmholtz’s
free energy of B and A at temperature 7, respectively.
The standard energy change AE® involves two contribu-
tions AE® =AEy+ AE°, where AE°=Ep — E, is the differ-
ence between the average energies of the two isomers
measured from their respective ground state. Typical-
ly, AEy,> RT, whereas AE°<RT so that AE° =~ AE,,

which is independent of temperature.

A simple expression for K,p, revealing its dependence
on molecular parameters, is obtained in the classical
rigid-rotor harmonic oscillator approximation. In this
limit all degrees of freedom are separable so that ¢
=gw grotdvin. FoOr nonlinear polyatomic molecules A and
B one finds®®

AS° =R1n(gp/qa) =Rln[(GA/UB)fDA/-JB)’(TB/IA‘S] , (3

where o0, and oy are the symmetry numbers of A and B,
respectively, and 7, and vy are the geometric means of
the s (s= Sp= sp) vibrational m_)rmal {node frequencies

of A and B, respectively, and I, and [y are the geometric
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means of the moments of inertia., Also, in the classical
limit AE® =0, hence,

K,p ~exp{- AE)/RT + AS°/R} 4)

revealing the dominance of the energetic factor at low
temperatures and the increasing importance of the en-
tropic factor as T increases. In particular,

K, —~exp(aS°/R) as T ~<o.

In most cases the energetically less stable isomer is
preferred on entropic grounds as the weaker bonds re-
sult in lower vibrational frequencies, and the moments
of inertia are typically larger. This is also the case
for the ring opening process (1) where'® AS°~ 9.6 cal/
moledeg. Since AE°=11.7 kcal/mole, K,p =[B[,/[A]
~1077 at room temperature, and K, = 1 at T > 1200 °K.

eq

If E*/RT > 1 as is the case for Reaction (1) at ordinary
temperatures, the forward and reverse rates of isomer-
ization are quite small. For instance, at T=1500°K, the
rate constant for HFCB - HFB is ~107 sec™!. At higher
temperatures, the large entropy increase tends to in-
crease the equilibrium concentration of HFB. Also, the
rate constant becomes much larger. Thus, for the sys-
tem represented by Fig. 1, a possible process for con-
verting A to B consists of initial heating of the mixture,
followed by rapid cooling (i.e., with a rate exceeding the
isomerization rate of molecules with energies below E').
High conversion yields can be obtained by removing the
cold B isomer after this heating-cooling cycle, and re-
peating the cycle many times. This form of “distillation
is usually cumbersome and impractical using convention-
al heat sources. In contrast, MPE provides a simple
way to selectively excite only the A isomer, whence the
B isomer need not be physically removed after each
cycle (laser shot). Cooling is assured if a large excess
of a nonabsorbing gas is present. The parameters de-
termining the efficiency of the laser pumping-collisional
cooling mechanism are quantitatively discussed in the
next section.

11

. MODEL

Consider a cold equilibrium mixture of the A, B iso-
mers, highly diluted by a monoatomic host gas M at
temperature 7. A suitable infrared laser source can
be used to selectively excite the vibrational degrees of
freedom of the A isomer. Following irradiation of the
system by a short laser pulse of this kind, a fraction o
of the A molecules will be excited above the reaction
barrier EHFig. 1). a=a(p, Py, T) will be a function of
the laser pulse characteristics, in particular the fluence
¢, ! the “bath” (buffer gas) pressure Py, and tempera-
ture T. In the next stage the excited molecules will be
deactivated, predominantly by collisions with the host
gas. Enrichment of B will be achieved if » >K ,x(T), 7
being the branching ratio for the formation of B and A
by collisional deactivation of excited molecules.

Our model is based on the following assumptions:

(1) A and B are the only stable isomers at the ener-
gies of interest.

(2) Only the A isomer absorbs the laser radiation and
a is independent of its pressure.
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(3) The translational and rotational energy distribu-
tions of all species remain thermal, at the heat bath
temperature T at all times.

(4) The branching ratio », between the fractions
of excited molecules which after deactivation appear as
A or B, can be calculated according to a statistical
(“phase space,” “prior”) collisional model, as detailed
below.

(5) The following time intervals are characteristic of
the system: 7,—the laser pulse duration; At:f", where
f is the laser’s repetition rate; 7,5 —the mean time be-
tween A + B collisions; Ty ~(Z[M])™" is the V-T relax-
ation time due to collisions with M, where Z is the col-
lision frequency; 7,,(T) is kg (T), where kup(T) is the
thermal rate constant for the reaction A~ B.

We require (i) 7, < 7,5; this ensures no energy transfer
from A to B during the excitation, and hence no absorp-
tion along the vibrational quasicontinuum of hot B mole-
cules; (ii) Ty-r <A{, ensuring that the excited molecules
have sufficient time to cool down between successive la-
ser pulses; (iii) T, < Af <7, (T), which implies that
many laser pulses can be absorbed by the system before
thermal equilibrium is re-established.

(6) Above the activation barrier E* there is a very
fast equilibrium between the A and B forms of the ex-
cited molecules, i.e., if A(E) and B(E) are excited iso-
mers with the same total energy E (measured from a
common origin), then, for E >E* we have at any instant
of time

[B(E))/[A(E)]=pp(E)/palE)=K 5 (E) , (5)

where p,(E) and pg(E) are the vibrotational densities of
states of A and B, respectively.

The last assumption is not essential for our model
(see below). However, it was stated explicitly since it
is almost invariably correct. 0 It will also simplify our
expressions and derivations. This assumption is consis-
tent with the point of view that the two isomers corre-
spond to different regions in the phase space of one
molecule. !® At low energies (E<E®, the two regions are
practically separated and it is legitimate to regard A and
B as distinct molecules. At high energies (E> E%, the
two regions are strongly coupled and even an isolated
molecule can rapidly transform from one region to an-
other. In accordance with this picture we shall regard
A(E) and B(E) as distinct species only if E<E*, Above
E* we shall assume the existence of a single species
C(E)=[A(E)= B(E)] whose phase space volume is the
sum of those of A and B (Fig. 1). [The last approxima-
tion neglects the overlap between the two regions, and
the contribution of other possible forms, different from
A or B, as in assumption (1). ]

From assumptions (1), (2), and (5) it follows that after
n laser pulses the concentration of the absorbing isomer
[Al,is given by

(AL /ALy =(1 =gV |, (6)

where [A]; is the initial A concentration and 7 =7#/(1 + 7
is the fraction of excited molecule deactivated into B.
Note that 74 =1 ~#3=1/(1+7), v=7/%s. The lhs of Eq.

5109

(6) is a measurable quantity. A simple model for »p is
derived below. Hence Eq. (6) provides a route for es-
timating a.

Setting a common energy origin for all species at the
vibrational ground state of the more stable isomer (A,
cf. Fig., 1) we shall use the notation C(EcV—for an ex-
cited molecule, i.e., Ec>E*; A(E,)—for the A isomer,
which “exists” only below E¥, namely, 0< E, < E* and
similarly B(Eg) for B with AE,< Ep < E¥, The three -
possible outcomes of a collision between C(E¢) and a
buffer gas atom are

C(ExY+M |
A(E)+M | (M
B(EB\-PM

C(Ec)+M~

In the first product channel E¢ is either lower or higher
than Ec, Clearly, by detailed balance, E¢< E( is the
(much) more probable outcome since E¢ is higher than
the average value of the vibrational energy at equilibrium
at the heat bath temperature T,

Assigning rate constants (probabilities) to the three
product channels of Eq. (7) is the first stage towards
calculating . To this end we shall employ a statistical
{phase space, microcanonical) collision model accord-
ing to which the rate constant into any product state is
proportional to its phase space volume, or equivalently
its prior microcanonical weight.'®?! This model has
been proven adequate for atom-polyatom collisions. %
Like several other collision models, *® the major quali-
tative result of the present model is that in atom-poly-
atom collisions only a small fraction of the vibrational
energy of the polyatomic molecule is transferred into
the relative translational motion and the rotational de-
grees of freedom. In other words, the atom is regarded
as a “weak collider”?*%;, most of the vibrational energy
remains in the molecule. (The case of relaxation by
polyatom—polyatom collisions and the “strong collision”
limit are discussed in Sec. V.) More precisely, the
model predicts that all final states with the same energy
are equiprobable, or in classical terms, the energy is
equipartitioned among all final degrees of freedom.

According to this model, for a collision with a given
total energy E = E, + ¢, where € is the initial transla-
tional-rotational energy, the probability of, say, the
second channel in Eq. (7), i.e., P(E,, E), is given by

P(EAJE)OCQA(EA’ E):pA(EA)EA(E_EA) . (8)

Here p, (E,) denotes the vibrational state density of A(E,)
and g, (E')(¢’ = E - E,) is the density of rotational and
(relative) translational states of the pair A +M.

Thus 2, (E,, E) is the joint density of states of the
pair A+M when the vibrational energy of A is E,

and the sum of rotational and relative kinetic energies
is€'=E—E,=Ec+€ —E,, i.e., Q(E,, EYAE,dE is the
number of guantum states (the “phase space volume”)

of the pair A(E,)+M for E, and E within the small in-
tervals dE, and dE, respectively. The probabilities of
the first and third product channels are defined similarly.
The probabilities in Eq. (8) are related to the corre-
sponding rate constants via R(Ec~ E,| E)= ZQ,(E,, E)

]

J. Chem. Phys., Vol. 73, No. 10, 15 November 1980

Downloaded 05 Dec 2003 to 132.64.1.37. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpol/jcpcr.jsp



5110

where Z is the frequency of M+ C collisions (per unit
concentrations).

The overall probability that a C(E¢)+M collision will
end up as I1+M (I=A, B, C) is obtained by integrating
Q(Ey, E) over the accessible values of E;, namely, for
a collision with total energy E, the probability of the
I+M channel is

P (E)=(EV/QYE) (I1=A,B,C) , (9)
where

% (E)= fQ(EI, EVdE; (10)
and

SUE )= Qu(E) + Qp(EY + c(E) (1D

Hence, Po(E)=1- P,(E) -~ Py(E) is the probability that
an excited molecule C is not deactivated below E*.

Combining Egs. (8) and (10), we find

Ef El
(B - (B, DBy = [ pa(WBa(E-Rdx , (12
Ef E+.

2p(E) = Qp(&y , EYdER = pe(y0s(E-Ndy , (13)
AE AE,

E E
szc(E)=fEt Qc(EL, E)dEL =f¢ pe(2VPc(E - 2 dz
E:

E E
= 'LpA(x\EA(E-—x\ dx + ju:t es(WPs(E-ndy , (14)

where the last equality in Eq. (14) expresses the assump-
tion that the phase space volume of C is the sum of the
phase space volumes corresponding to the A and B forms,
at the same energy.

The rate constant corresponding to M+C—~M+1 (= A,
B, C) at a given E¢ and € =E ~ E¢ is k(Ec~ Il EY=ZP{(E)
= ZS(EY/Q(E)., To calculate the branching fractions 7a
and 7y [ef. Eq. ()], we must average these rate con-
stants over both the initial vibrational energy of the ex-
cited molecules Ec> E* and the initial translational-
rotational energy €. In addition, the effects of activating
collisions, i.e., the backward processes in Eqs. (7),
should be taken into account. Since the E. distribution
is changing in the course of relaxation, a rate equation
description might appear appropriate. However, based
on some obvious approximations we shall now argue
that this rather complicated description is not at all
necessary.

By definition, E=E; + € >E‘. The translational-ro-
tational energy distribution P(€) is Boltzmann, i.e., Ple)
o« ple) exp(— €/RT), where T is the (cold) heat bath tem-
perature. For collisions between atoms and nonlinear
polyatomie molecules!®?!

ple) =a(u¥3/ o)

where @ is a constani, u is the reduced collision mass,
o is the symmetry number, and I is the mean moment of
inertia of the polyatomic molecule [cf. Eq. (3)]. P(e) is
maximal at € = 2RT and its width A€ ~2RT. Thus, forthe
cases that we are considering where (cf. Fig. 1) E~E,
> Eb>RT we can safely replace the averaging of E over

(15)
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€ by setting everywhere E=E_ + é(~E.). (A similar ap-
proximation is io replace € by its average value(€)=3RT.)

In many multiphoton absorption experiments the frac-
tion @ of vibrationally excited molecules is small, and
their number decreases with increasing excitation ener-
gy Eg> E'. Thus, the average of P;(E) over all E = Eg
+€= E; +€ is well represented by Py(E* +€). Nonethe-
less, even if a substantial amount of molecules is excit-
ed to energies well above E!, the microcanonical prior
model predicts that for computing 7, one can replace the
E averaging of P(E) by setting E= E*+€ The propertie«
of P(E;, E) leading to this result are outlined in the
Appendix.

The major conclusion of this analysis is {ci. Eq. (AS)}
that the average vibrational energy transfer per colli-
sion from an excited molecule is very small, i.e., (AEc)
=Ec —{Et)<< Ez. A related result is that P,(E) and
Pg(E) are negligible for practically all Ec> E* (Ec~E
—€). Only when Ec = E¥ can the excited molecule C he
deactivated in one collision into A or B. Thus, if there
are excited molecules with vibrational energy substan-
tiaily above E* they must collide several times before
reaching a point where one further collision will take
them either to the A or to the B side of the activation
barrier. From then on further collisions will continue
to lower the vibrational energy content of the nascent A,
B molecules until vibrational (but not chemical) equili-
brium at the ambient temperature is reached. It should
be noted that since the energy transfer per collision is
small, the newly formed A and B molecules are still
energy rich and might overcome the barrier again.
Clearly, however, the probability of such activating col-
lisions is lower than the deactivation probability. Fur-
thermore, the small fraction of collisionally activated
molecules will have the same fate as those originally

formed by laser excitation, i.e., eventually all mole-
cules will appear as either A or B isomers. According
to this picture the branching ratio will be
_ Pa(EY) _ Qn(EH (16)
P (E¥) ~ Qu(E")

Given the vibrational and translational—-rotational den-
gities of states we can evaluate 7 using the definitions
(12) and (13). A simple expression involving the more
important thermodynamic and spectroscopic factors
governing 7 can be obtained using the classical expres-

sions for the vibrational densities of states!”®~2
SN (Ey )= (a/PRET amn
p% (Ep)=(a/V3)(Ep — AEN™T (18)

where a=1/(s—1)1%°, 7, is the geometric mean of v
[ef. Eqg. (3)), and “cl” =classical, Using these expres-
sions and Eq. (15) in Egs. (12) and (13), we find

QMEN =y, (EH*? (19}
A 1)
QY (E) = ya(Bf = AEN™? (20)

where ya = aaud?(1aV¥ /0, (4, ete.

T @I

Since Ua = Mp, We

(21a)
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or, using the classical expression (3),

S+
7 = exp(AS%; /R) (1 - ﬁ)

= (21b)

More reliable estimates of » can be obtained by using
more accurate procedures for calculating vibrational
densities of states. A freauently used correction is
obtained by replacing the number of classical vibra-
tions s in Eas. (17 and (18) by the “effective number”
s’ of classical vibrations. This parameter is some-
times estimated from the experimental value of vibra-
tional heat capacity (at the appropriate temperature)
via C}™,,=s'R[see, for example, Ref. 17 .

Our last result reveals that the branching ratio 7,
like the equilibrium constant Kxp(7T), is a product of
energetic and entropic factors. For an isomerization
reaction of the type depicted in Fig. 1, e.g., Reaction
(1), AS°>0 and the entropic factor favors the B isomer
while the energetic factor favors the A isomer, in anal-
ogy to the behavior of the eouilibrium constant K g(7T)
[cf. Ea. (4)]. The structural—dynamical properties of
the isomerization reaction enter the expression of » via
the barrier height E*, The higher is E¥/ AE, the less
important is the influence of the energetic factor.

It is interesting to note that » can be brought more
closely into the form of an equilibrium constant like K,
Using the approximation (1 +x\'= exp(nx), we find that

7 =exp(ASYy /R - AE,/RTH | (22)
with 7%= E¥/(s+2)R.

It was mentioned above that efficient laser induced
isomerization A~ B can only be achieved if » > Ky5(7T).
Noting from Eas. (22) and (4) that » can be identified
as K,p(T*), and that K,5(T" increases with T (for AS°®
>0), the reauirement for efficient conversion can be
stated as

Ti~E*/(s+2)R>T . (23)

The nature of the temperature 7% which may be termed
the effective reaction temperature is revealed by the
following considerations: By Eq. (16) 7 is the “equili-
brium constant” for the reaction A+ M=B+M for a
microcanonical ensemble consisting of [A+M=B+M]
pairs with a total energy E* (excluding the center of
mass kinetic energy). It is well known that the micro-
canonical ensemble yields the same thermodynamic re-
sults as the canonical ensembles, provided the micro-
canonical energy £ is identified with the average canon-
ical energy (E) associated with the ensemble’s temper-
ature T.' This property holds only for macroscopic
systems. The {A, B}+M system is not really a macro-
scopic one, but if the number of degrees of freedom is
large (e.g., for s= 30), the passage to a canonical de-
scription is a good approximation. In our case we can
thus define a tenperature 7%, for which the average en-
ergy of the {A, B} +M pairs is E. The branching ratio
v assumes the role of a usual equilibrium constant

,_ Qa(EY
= Qa(ED

=exp(— AG°/RT\ =exp(AS° /R — AH° /RT?)
(24)

where AG®, AS°, and AH® are the free energy, entropy,

and enthalpy changes for the A+ M- B+M reaction at
temperature T+, Thus, one can use the experimentally
available guantities to compute 7. Unfortunately, ex-
perimental results are usually available only for T<T*
and extrapolation methods!? are required.

iv. EXAMPLES

The number of detailed studies on multiphoton induced
isomerization reactions is rather limited. 5-1:1%:25=31
The emphasis has usually been on the unimolecular
characteristics, orbital symmetry considerations, and
nonthermal features. In agreement with the conclusions
of Sec. II, the thermodynamically less favored species
can be formed preferentially. This trend was found in
the case of hexafluorocyclobutene, 5 ¢is-3, 4-dichloro-
butene, *° isomeric hexadienes, *! and vinylcyclopropane. 2
In some of these cases it is indicated that molecules ac-
quire energy from the laser field in considerable excess
over the threshold energy. In the absence of foreign
gas addition this appears to lead to reduced yields due
to back reactions and secondary processes.

9

Addition of foreign gases simplifies the reaction
scheme, in the sense that secondary products, i.e.,
those that cannot be obtained by a single thermal step,
are eliminated. Formation of pentadiene in the case of
vinyleyclopropane® and of #-1,3-hexadiene from £,£-2 4-
hexadiene, 3 are recently reported examples. This ob-
servation can be understood as due to less extensive ex-
citation of the parent molecule, so that only the lowest
reaction channel is significant. Furthermore, vibra-
tionally excited primary products can absorb laser ex-
citation, unless they are quickly relaxed (quasicontinu-
um absorption).

The only example available to us at the moment for
quantitative estimates is the ring opening of hexafluoro-
cyclobutene (HFCB) [cf. Reaction (1)°]. It is reported
that even under protonged irradiation of pure HFCB,
complete conversion to HFB could not be accomplished.
Addition of excess helium, however, dramatically in-
creased the conversion efficiency. This result is in
line with our model. Moreover, available thermodynam-
ic data allow us to estimate # for the reaction, and
hence, by Ea. (6), the excitation factor «. Using AE,
=11.7 kcal/mole, E*=47.0 kecal/mole, AS°=9.6 cal/
moledeg, '® and (the classical value) s=24, we get »
=~0.07. Recall that this is a lower limit to 7, based on
the assumption that all vibrations are classical. From
Ref. 5 we find that the number of pulses # required to
attain 90% conversion is 2200 at 400 mJ/pulse and 14 400
at 270 mJ/pulse. This leads, by Eg. (6), to & =1,5%x1072
at the higher fluence level, and to @ =2.4x107 at the
lower fluence level. These values appear reasonable in
view of the experimental conditions employed. The in-
crease in up-pumping efficiency with increased fluence
is compatible with reported yield vs fluence curves.?
The use of AS® obtained from thermal studies appears
to be justified in this case. Available thermodynamic
data, as well as calculations based on group additivity
properties, 7 indicate that AS° of this reaction does not
appreciably change with temperature. The use of the
classical value of s appears also to be a good approxi-
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mation, as the highest vibrational frequency involved®
is about 1800 cm™, At the equivalent temperature of
E*{~1200 °K) this mode is essentially classical.

V. DISCUSSION AND SUMMARY

The purpose of this paper was to focus attention on
some basic aspects of laser induced chemistry. In this
section we survey the underlying assumptions of the
model of Sec. III and evaluate its applicability to exper-
imental results.

Considerable effort has been invested in the elucida-
tion of the mechanism by which an isolated molecule ac-
auires energy from the laser field. % A closely related
problem is whether MPE leads to the same distribution
of excited states as thermal activation, or, for instance,
to mode selective excitation which may allow mode selec-
tive chemistry.'®% Our model completely ignores this
aspect of MPE, as well as the problem of coherent ver-
sus incoherent excitation.®® We only assumed that mol-
ecules activated to beyond the threshold energy can re-
act, and that the final product distribution is determined
by statistical considerations. The justification for this
procedure is twofold. Most of the MPE reactions re-
ported to date can be analyzed in terms of statistical
rate theories. 1'% Secondly, even when specific behavior
is indicated, ®"37 collisions with an inert gas tend to lead
to conventional kinetics. As our analysis applies only
in cases where frequent collisions occur, no peculiari-
ties should be introduced. The reaquirements concerning
the relative time scales [assumption (5) in Sec. 1] are
readily attainable in practice. In a typical MPE experi-
ment, 7,~107 sec, A~ 1 sec, and Tgs >10* sec. Addi-
tion of ~ 100 Torr of an inert gas places Ty_r well below
107% sec, thus ensuring the required relaxation of the
newly formed product between laser pulses.

Two of the model’s assumptions are not essential, and
were introduced primarily in order to keep the algebra
simple. These are the vanishing absorption coefficien-
cies of species B at the laser frequency, and the exist-
ence of only one reaction channel. If we allow for up-
pumping of B, the net overall conversion efficiency per
pulse will be given by

[A]iQAVB —[B]iGLBVA , (25)

where [A]; and [B]; are the concentrations of A and B,
respectively, before the pulse. From Eq. (25) it is
clear that in the limit of very large », the composition
of the mixture will approach the ratio [cf. Eq. (6)]

[B]n/[A]n = (aA/QB)’V .

In other words, the reaction cannot be driven to comple-
tion under these conditions. In the case of more than
one reaction channel, absorption by all possible prod-
ucts must be considered. A case in hand is the hexa-
diene system. '3 It is obvious that the species with

the smallest absorption coefficient will be the most
abundant. In practice, a combination of two laser
sources using two different frequencies may be used to
drive the reaction in a predetermined direction.

(26)

Unlike isotope separation and similar reactions
where different atomic compositions are involved, the

A. Ben-Shaul and Y. Haas: Multiphoton induced isomerization

case of isomerization is unioue in that the laser can be
used to completely transform one species to the other,
without “wasting” material. The process may be lik-
ened to fractional distillation, in which one component is
constantly removed from the column. In some industrial
cracking processes, the distillation may be controlled
in such a way as to produce primarily a particular boil-
ingpoint fraction. Laser induced isomerization can be
similarly termed preparative distillation, as the laser
heating is extensive enough to convert the absorbing
molecule to another one, before leaving the system.
Thus, MPE induced isomerization may prove to be a
promising test case for practical laser chemistry.

Finally, we wish to point out that the treatment of
Sec. III can be extended to include the case of “strong
colliders.” In the framework of the microcanonical
model, M is a strong collider if it has many degrees of
freedom, e.g., a polyatomic molecule. The same
reasoning applied in the derivation of Eq. (21) leads now
to

AE,

S+ (T/)
7 (5% ’ @7)

7 ~exp(AS°/R) <1 -

where s, AS°, AE°, and E* have the same meaning as in
Eqg. (21), S is the number of degrees of freedom of M,
and (E') =(Ey) +(9/2VRT is the sum of the average vi-
brational energy of M, the rotational energies of M and
A(B) and the relative kinetic energies, all correspond-
ing to the (cold) heat bath temperature T. Also, like in
the passage from Ea. (21) to (22) we can rewrite 7 as

7 ~exp(AS°/R-AE,/TY (28)
where T, the effective temperature, is defined by
T =(E+(EN)/ [s+5+(1/2)] . (29)

We note that 7 < T#[cf. Eq. (23)] and that (E") <[5
+(9/2)]RT. Thus, strong colliders reduce the branching
ratio #, and hence the efficiency of the laser induced
conversion process. A qualitative statistical explana-
tion to this behavoir is that the strong collider deacti-
vates the excited molecules into regions (of A and B)
where the vibrational densities of states are low,

like those of cold molecules. Hence, the branching
ratio 7 [cf. Eq. (16)] is determined primarily by the
ratio of densities of states of cold A and B molecules.
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APPENDIX: PROPERTIES OF Qr(£) AND Pr(E)

Examining Egs. (12)-(14) we note that Eq. (12) and the
first term in Eq. (14) are two integrals of the same
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function ps(x)0s(E - x) covering, respectively, the re-
gions 0 x< E¥ and E* <x< E, Similarly the y integrals
cover the ranges AE,< y< E* and E¥<y< E, The sum
of the two x integrals is proportional to the probability
that after a C + M collision the molecule will appear in
the form of A; either as stable A isomers (0 < x< E%)
or in the A region of the C-phase space (E*<x<E), If
the first x integral (12) gives the major contribution to
the sum, a stable A is more probable and vice versa.
Similar interpretation holds for the y integrals. Both
types of integrals can be evaluated in a closed form
using the classical expressions for the translational-
rotational density of states, (15), and the vibrational den-
sities of states:

pal(x) =(a/THET | (A1)
Pa( =(a/v3)y - AENT | (A2)

Rather than comparing the explicit, but somewhat cum-
bersome expressions for the four x and y integrals we
shall now follow an approximate but simpler analysis,
in order to compare their relative contributions.

Both p, (x)9,(E — %) and pg(y)s(E — ) obtain rather
sharp maxima at the most probable values ¥ and 9, re-
spectively. Hence, the major contribution to the inte-
grals comes from narrow ranges Ax and Ay around
(mainly above) X and 3, respectively. If X<E* then
QU (E)> Q¢ (B and the excited molecule will be deactivat-
ed into A rather than remaining excited. Similarly, if
AE,<y<E?*, then Qg(E)> Qc(E). Using Eqs. (15), (AD),
and (A2), we find

£=[(s-1)/(s+D]E , (A3)

y=[(s -1/(s+DE -[2/(s+ D]AE, . (A4)
Setting E = E¢ +€, we find that Q,(E)< Q¢(E) unless

Ec<[(s+1)/(s - D]E* ~¢ ~ E* (A5)
Similarly, Qp(EY< Qc(E) ﬁnless
Ec<[(s+1V/(s-DE*+[2/(s - 1))AE, -€~ E¥ | (AB)

[The influence of the second term in the rhs of Eq.
(AB) should not be overestimated: first because it is
considerably smaller than the first term; second, a
more careful analysis would reveal that since pg(y in-
creases more slowly than pa(x), the requirement 5;<E¢
is more stringent than X< E* ]

The implications of Eq. (A5) and {A8) are quite obvi-
ous: Direct (single collision) deactivation of C(E) into
either A or B is improbable unless E¢ is just above E¥,
i.e., EcZ E*. Equivalently, if E¢ is substantially
above E* a single collision will only remove (on the av-
erage) a small amount of vibrational energy from C,
leaving it with E/ - E*. In fact, it is not too difficult to
show that the average vibrational energy transfer per
collision, predicted by the microcanonical -prior model,
is

3 ~
AEs = E, —(Eé)—'!m(Ec +€YK< E; | (A7)
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