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I. RESEARCH METHODOLOGY

Solar radiation increases the eneré& content of gases by heating and by
electronic excitation of its molecules. The electronically excited molecules
may serve as reservolrs of energy that can be used for example to pump lasers.
To achieve this the excited molecules or their products must live long enough to
constitute an active laser medium, with an inverted level population. This
reqqires identifying suitable molecules to be excited, and isolating the pro-
cesses that build up the population inversion. Theoretical and computational
methods are valuable in these two tasks.[1]

One of the processes which has already been proven in the laboratory is
that in which molecules containing C-I bonds are dissociated to produce
metastable I atoms.[2] To model the kinetics of this system one must know the
rates of competing processes and hence the quantum ylelds of dissociation pro-

" ducts. This need is typical of the ones which our theoretical work has tried to
satisfy. T

Our approach has used the concepts and computational tools of theoretical
chemistry to investigate molecular properties needed in the development of
direct solar-pumped lasers.[l] Our efforts have been directed towards: (A)
~identification of suitable'molecules by developing general guidelines; (B) study
of the molecular dynamics of diséociation, to calculate cross sections and'
quantum ylelds versus radiation wavelength; and (C) ca—lculatign of potential
energy surfaces and transition dipoles including spin-orbit coupling.

Part (A) could be carried out using qualitative concepts of chemical
bonding and spectra, and led to suggestions of new compounds for laboratory
studies.[3] Some of these were preparedrét the University of Florida [4] and
later tested for laser action at the NASA Langley Labs and at ﬁhe Joint

Institute for Laboratory Astrophysics.[5] 1t was also proposed that a com-



bination of infrared and visible excitation might lead to increased ylelds of
desired products. This was theoretically investigated in Part (B).

Part (B) presénted a challenging theoretical problem because computational
methods were not availabe to do the dynamics of electronically excited polyato-
mic molecules. \This problem has been solved by developing an eikonal aproxima-
tion in which input information from classical mechanics simulation is used to
construct wavefunctions and to calculate transition probabilities, or quantum
yields of products of dissociatioé.[6-8]

Part (C) has required a longer i:ime, partly because we felt. that. its con-
tent is sufficiently broad to justify a general treatment that would be useful
in other studies. It has been éppfoached with simple one-electron theories of
the Huckel type [9,10] and with approximations related to diatomics in
molecules.[11] A more fundamental approach, continued at the present time,

relies on configuration interaction methods where certain differential overlaps

are neglected to decrease the computational time for molecular integrals.[11,12]

II. IDENTIFICATION OF SUITABLE MOLECULES AND PROCESSES USING SIMPLE THEORETICAL
CONCEPTS

We can describe the photodissociation of a molecule M by photons of fre-—

quency Y with the following steps: —
1, (@) + (3) Tk
M(1) + hv + M (d) + M (a) * A(§) + B (k)

Step (1) leads from the reactant in its initial ground electronic state and

vibrational-rotational state i to an absorption “"doorway” state d of electroni-
*

cally excited M . These "doorway" states depend on the density of energy levels

*
of M [13]. In step (2) the molecule must rearrange by intramolecular energy
transfer into an activated state a from which it will dissoclate. The disso-

*
ciation step (3) must lead to the required metastable product B in a state k,
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with sufficiently high probability. Furthermore, in a number of cases (Section

III) the activated state may break up into other products, e.g.

%
@ A3 ag) + 55w
e A (j') + B(2)
with a quantum yield ¢3 for the desired products of step (3). These steps can
be investigated with the theoretical tools briefly described in Section III.

The laser process is then

B*(k) + hv L
L —> B(L) + 2huL

where UL is the laser frequenéy, and B(£) is the fragment in its ground electro-
nic state, but possibly in an excited vibrational-rotational level %.

The criteria used to identify suitable molecules were

(1) Broad band absorption in the visible, preferably at wavelengths of about
500 nm, where the solar spectrum is most intense.

(i1) Dissociation into metastable products which can be used as an active
laser medium with a narrow emission band.

The onéoing search for sultable molecules has made use of results in the
literature [14-16] and of simple chemical concepts such as atomic electro-
negativities and bond strengths. Promising candidates are halogenated polyato-'
mic molecules of type RX, R'XY and R"XYZ, where R, R' and R'' are perfluoro
alkyl, alkyl or benzyl groups, X=I and Y=Br . Diatomic halogen molecules are .
also possible candidates. To the previous criteria one should add, for molecu-~
les with C-I bonds
(iii) The polyatomic should have a high absorption coefficient for photons of

energy equal or larger than the C-I bond energy.
(iv) The excited polyatomic (RC—I)* should have a repulsive potential between

C and I, leading to RC + I*.



There is some experimental evidence that compunds with two I atoms attached
to the same C have much higher absorptio? coefficients [15]. Also, substitution
of a F by Br at a B-carbon (the one next to a C-I bond) appears to increase the
absorption. This suggests theoretical studies of CF212 and 1,2~ C2F4BrI.

These suggéstions were based on the observation that hydrocarbons with a
C-1 bond may enormously increase their absorption coefficient if a H in the

a-Carbon (that bound to I) is replaced by another halide. E.g., at A = 308mm,

one finds[15]

e(L mol-lcm—l) '@I*
CH3I 2.2 0.05
CH212 - 860 0.25

where € = absorption coefficient and ¢I* = quantum yield of I*.

Also, the presence of two C-X bonds, with X = Br,I, produces much larger
transition dipoles and €'s. As a result, more energy is absorbed and redistri-
buted, and the C-X bonds break more frequently, with a QX much larger than twice
the old QX yield. Very recently, additional results have been published on
experimental ylelds of these compounds.[17]

The compound CFZIZ was prepared [4] and tested [5] as a result of the above
suggestions.

Another gfoup of compounds, also suggested [3], 1s that based on aromatic
groups. .Consider the following fluorinated compound, and its photodissociation

products, F

(/I ‘ ‘ F\ /F

, Ce
c [
C X /C\

NS v FC CF .
Or -0y -
Q FC\ /CF’

N &
F hu

C6F5CFZI + C6F5CF2 * +I°



The absorption coefficient should be large because the delocalized electrons in
the ring give high transition dipoles; the C-I bond should be weak because R* is
very stable. Absorption might increase if a C-F group in the ring is replaced

by N as shown in the Figure below
Rl
!

//CT N

5(@)
Fc <

~N F{'/

F

il

This group of compounds has not yet been explored, to our knowledge.

While the above comments refer to the identification of new suitable com-
pounds, one could also search for alternative processes. One such process was
" proposed [3], based on the disgociation of bonds previously excited by heat or,
more conveniently, by tuned infrared radiation.

At high temperatures, C-I bonds may be vibrationally excited and as a
result dissociation by visible or UV may increase. This could be investigated
by using Fhé same radiation of wavelength A and increasing the temperature T.
In practice, part of éhe solar eﬁergy would be used as a black body (of high T)
and part as direct radiati;n for dissociation. -A theoretical study should pro-
vide the dissociation rate kdiss(v,k) where v = vibra;}onal state of C~-I bond.

This alternative process has not yet been explored, to our knowledge.

III. QUANTUM MOLECULAR DYNAMICS OF PHOTODISSOCIATION |
There have been numerous theorgtical studies of polyatomic phoiodisso-
ciation. The early work, based on approiimate quantum mechanical theories, has

been described in two reviews [18,19]. An accurate quantal approach was also

presented quite a while ago [20] and has been applied to several systems of



experimental interest.[21] Other developments have introduced a quantized
electromagnetic field (i.e. photon scattering) [13] and the electron-field
representation.[22] More recent work has dealt with angular momentum coupling
and angular distribution of fragments [23,24] and with propagation techniques to
solve inhomogeneous differential equétions for half-collisions.[25,26]
Wavepackets techniques and their semiclassical limit have been used to describe
polyatomic photodissociation [27] and work has also been carried out using
classical trajectories with Franck-Condon initial distributions in the excited
elecfronic states.[28]

In view of all this work it would appear unnecessary to develop yet another
approach to photodissociation. However, many of the best studied molecules
involve more than three atoms and several excited potential energy surfaces. To
understand their break-up one must follow the dynamics of many degrees of
freedom and electronic transitions between potential surfaces. Quantal methods
are not practical for this purpose, and would generate more information than is
usually wanted at great expense in computing time. At the other end are classi-
cal methods with which one can easily follow several atoms but that have several
shortcomings. They must introduce a distribution of initial conditions for
motion on the excitedtpotential surfaces,.wﬁich does not allow for the proper
phase interference of the initial and final states, and they can identify ini-
tial and final quantum'numbers only in an average sense.

Our work under this Grant haé provided a method by which;lstarting with
classical trajectories and their coupling to electronic transitions, one can
obtain state-to-state transition amplitudes even for polyatomics with more than
three atoms. This can be done with the selfconsistent eikonal mehtod we have
recently described.[6] It is based on the simultaneous integration of the
Hamilton equations for the nuclear motions and of time dependent equations for

electronic amplitudes. It is related to methods previously developed to
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describe atom-atom and heavy-particle collisions.[29-31] The generated infor-
mation on trajectories and mechanical action functions can be used to construct
eikonal wavefunctions and to calculate their integrals as they appear in the
transition amplitudes of scattering theory. This method has been applied to a
simple model of break-up of the C-I bond to show how the equations describe the
transition from the ground electronic potential to the excited one,[7] and to
electron transfer in ifon-diatom collisions to compare with other work.[32] It
provides branching ratios when éore than one excited surface is involved,
without requiring any additional assumptions on transitions bet&een surfaces.
It i)as the further advantage of being applicable to cases where there may be
rearrangement after photonbabsorption, leading to e.g. A+X and B+Y products. In

this case it 1s necessary to also describe the rearrangement A+X ¥ B+Y in the
excited electronic state. This is a situation which so far can be treated quan-
tum mechanically only for collinear triatomics or specially simple systems, but
that can be readily treated with eilkonal approximatiomns.

A general treatment of molecular photodissociaiton may best be done by
quantizing the electromagnetic field and considering the absorptive scattering
of photons by the molecule [33]. Quantum yields (or photon scattering cross
sections) may be obta&ned by solving the ététionary Schrodinger equation

HY = EY

H Kn +Hyy + He + H ¢

where ¥ is the molecule-field state of total energy E, and the hamiltonian H has
been decomposed into the nuclear kinetic energy operator Kh and the energy
operator terms H,;, Hg and Ho ¢ for the electrons, the field and the molecule-

field interaction respectively. The latter can be written, for the low fluxes

~ of solar radiation as

+> >
Hyg = -E*D



where E is the quantized electric field and B is the operator of the molecular
electric dipole.

The selfconsistent eikonal approximation is valid for short de Broglie
wavelengths of the nuclear motion. The wavefunction for nuclear motions on thg

potential energy surface corresponding to the electronic state I' is written in

the form

¥r(Qsp) = xp(Q;p)explis(Q;p)/h]

where Q ig the set of nuclgar corrdinates, P is the relative momentum of theA
dissociating fragments, S is the eikonal function and X is a preexponential
function. Then S is calculated with the Hamilton equ;tions and X by solving the
equivalent to the time-dependent Schrodinger equagion. These equations are
coupled and solved simultaneously. How this is done 1is described in detail in
reference {8]. Once the eikonal wavefunction is known, one can replace it in
the expression for the quantal transition amplitude T to obtain state-to-state
cross sectlions for dissociation and to find from these, quantum yields.

The validity of the approximation and the computer codes have been checked

by carrying out calcuilations for the photodissociation

2
CHaI + hv —-> CHj + I( PI/Z)

2 _
-—> c:H3 + I( P3/2)

where CHBI and CHy are in their ground electronic states, and CHq is in any of
its vibrational levels v. The calculations where done for coupled potential
energy surfaces leading to the two product channels, provided to us together
with exact quantal results which we could compare with [34]. The comparison is
shown in Figures 1 and 2. One finds satisfactory agreement in the dependence of

transition probabilities with the v quantum number, for each radiation wave-



length, in this case A = 266 nm and 248 nm. Quantum yields could be obtained
and are shown in Table 1, together with other results from experiment and

theory;

* *
Table 1. Quantum yields from the cross sections quotients o(I )/o(I +I)

Source A = 266 nm A = 248 nm
Present work - 0.82 0.77

Other theory[34] 0.87 0.86
Experiment ) 0.78+0.112 0.81+0.03°
Experiment | 0.58¢

a) Riley and Wilson, Disc. Faraday Soc. 53, 132 (1972)
b) Baughcum and Leone, J. Chem. Phys. 72, 6531 (1980)

¢) Hunter and Kristjansson, Chem. Phys. Lett. 58, 291 (1978)

One finds good agreement, and confirmation of the wellrknown fact that the
excited atom is produced with higher yield.

Our approach is being continued at present [35], with calculations of iso-
tope variants and effects of anharmonicity, as well as of dissociation of CF3I.
While this can now be[teadily done, the most important contributions of the
selfconsistent eikonal approach.should be to tﬁe description of larger mole-
cules, for which other methods are not suiltable. -

Furthermore, since our calcuiations can provide distribuéions of products
versus the initial vibratiomal states, we could investigate whether quantum
yields could be increased by vibrational excitation of reactants concurrently
with absorption of visible or UV radiation. This possibility, meqtioned in
Section II, could lead to more efficient lasers, but is not being pursued at the

present time.



IV. POTENTIAL ENERGY SURFACES AND TRANSITION DIPOLES

Our séudies of the photodissociatioﬁ dynamics have disclosed the need for
values of sevefal electronic structure properties. For molecules of type R3CI,
it is necessary to know the repulsive potential energy surfaces leading to
R3C + I*,I as functions of the R-C-R angle. That is, surfaces must be obtained
in the two-dimensional space of C-I and R-C-R variables. For molecules of type
RZCXY the immediate need is for surfaces versus the C-X and C-Y distances (this
includes CFZI ). Transition dipoles must be known not only in magnitﬁde but
also in thg direction of bgeaking bonds as functions of the above distances.

Our work on electronic structure has focused on two aspects. Presently
available non-relativistic INDO-CI programs (to do Configuration Interaction
calculations with Incomplete Neglect of Differential Overlap) have been used to
.investigate the importance of single and double excitations, which must be
included to dissociate to the proper fragments with the correct asymptotic tran-
sition dipoles. However, most of the work in this area has concentrated on how
to incorporate the spin-orbit coupling in the calculations,

Based on our earlier literature investigation and preliminary calculatiouns
we concluded that spigforbit effects play such a dominating role in the descrip-
tion\of C-I bond breaking fhat we could not expect to get reliable predictions
with the usual perturbational approach but should consider the electrostatic and
spin-orbit effects simultaneously.

After careful consideration of the quality of results we can expect with
various approaches, the computational resources needed for those approaches, and
the length of time it would take to develop them, we decided upon the following.

To begin with we wanted to determine to which extent one could obtain

potential energy differences using simple approximations fo the Huckel type,

which provide one—electron energies, but extended to include spin-orbit
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coupling. There have been ;wo treatments in the literature on this, one adding
the spin-orbit coupling to the non-relativistic hamiltonian [9], and the other
starting with a relativistic one-electron hamiltonian [10].

We have performed calculations with a program (Quantum Chemistry Program
Exchange ner. 468 (1983) named REX, based on the second approach but slightly "
modified [36] to improve efficiency. Results for CH3I are shown in Figures 3
and 4, The full lines in Fig. 3 refer to the present calculations and the
dashed lines to the semi—empiriéai potentials [34]. The full lines have been
shifted down for clarity, but should go to the same limit of 1afge distances H3c1
between I “and the center of mass of CH3. Here the distance from C to the plane
X = H3 of the hydrogens is RCX = 0.75. Figure 4 shows a cut of the calculated
surfaces for a fixed RCI distance.

These surfaces are qualitatively correct and could perhaps be used to com-
pare the interaction potentials of series of compounds, but to be more quan-
titative in the calculation of quantum yields it appears necessary to include
electron selfconsistency and correlation in the electronic structure calcula-
tions. Also, it would be convenient' to calculate the Born-Oppenheimer or momen-—
tum couplings between the surfaces, to account for their crossings in a diabatic
picture of dissociatign [37]. These croséiﬁgs appear in the semi~empirical
~ potentials of Fig. 3, and are likely to also appear in other systems.

We could fairly quickly have programmed the spin-orbit coupling on the
level of the Hartree—-Fock method But, as the Hartree-Fock levéi rarely 1s ade-
quate in the description of bond breaking and excited states and since it is not
feasible to use it as basis for the needed correlated calculation, such an
effort would be of limited utility in the long rum.

Instead we decided to make a non-relativistic Hartree-Fock calculation and
use the resulting orbitais to Eénerate a basis of configurations in which we

expand the wavefunction, i.e. for the CI calculation. These expansion coef-

1
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133

ficients, the CI coefficients, are then determined using the complete

Hamiltonian, including the spin-orbit coupling.

We believe this approach is the simplest both computationally and in its
implementation. Furthermore this approach has the advantage of easy
interpretation.

After having completed the formal development of the theory we are now
programming the approach we decided upon.

The computational strategy is a; follows:

(1) Find the equilibrium geometry for the molecular electronic éround state.
This step is recommended even for molecules where the geometry 1is known,
since the semiempirical INDO-CI scheme needs fine tuning.

(2) Do the same calculations with spin-orbit coupling included. This should
not produce any substantial change in the ground state geometry, but
should be checked.

(3) Do a spectroscoplc INDO-CI calculation at the equilibrium geometry.

Look for large transition moments for transitions within the solar

spectrum;

(4) Calculate the ground state and the appropriate excited state potential
energy surface, gr parts thereof inciuaing pertinent bond breaking.

(5) Feed the energies and the dipole transitioﬁ moment as a function of geo-
metry into the dynamical program discussed in Section III.

This strategy is being pursuéd at present, with the progfémming of the
matrix elements of the spin-orbit coupling between the configurations included

in the CI procedure [38].

V. CONCLUSIONS
Our contributions to the identification of molecular compounds suitable for

solar pumped lasers have been based on the use of simple theoretical concepts,

1
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on the development of a new approach to molecular dynamics,. and on the con-
sidefation‘of potential energy surfaces and transition dipoles for compounds
where spin-orbit coupling is important.

Simple theoretical concepts helped us identify compounds of the type
RR'CXY, with R and R' organic groups, and X and Y halide atoms, as likely can-
didates because of their highly enhanced absorption coefficients over compounds
with a single halide atom. Some of these compounds have been ekperimentally
studied both at NASA and at othérhlaboratories. Some other compounds of that
type, where R is an aromatic group such as a banzyl derivative, Qould appear to
also hold some promise, buf they have not yet been consideed, to our knowledge.

Recent developments on multiphoton dissociation have suggested that a com-
bination of vibrational excitation followed by electronic excitation, that is
the use of both infrared aﬁd vi;ible or UV radiation, could lead to enhancement
of the desired quantum yields at certain wavelengths. We have pointed out this
possibility, and have done some theoretical calculations of the related yields,
as functions of the initial vibrational state of selected compounds, to make
sure that our molecular dynamics approach can describe such processes. This is
the case, so that the codes as presently developed could be used to deal with
this possibility if aéditional work was désired.

" The dissociation dynamics of the compoundsAof interest has been treated
with a newly developed approach, a selfconsistent eikonal approximation to
state-to-state transitions, that éan include transitions among.potential energy
surfaces and can provide results for polyatomics. It has been tested for CH3I
and has turned out to be very useful for other problems involving electronic
energy and charge transfer. Work remains to be done in this area to treat large
polyatomics. For these it is convenient to extend the theory to account for
stochastic forces egerted by the environment on the portion of the molecule

excited by the radiation. Without this extension the present approach could be

1
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used but would involve long computational times.

The theoretical tools required to calculate potential energy surfaces and
transition dipoles have been considered, and a determination has been made of
the best way to approach the problem, which is complicated by the important
effect of spin-orbit coupling in compounds of iodine. The proposed approach is
based on the generation of eigenstates of the non—relativis;ic Hamiltonian |
followed by incdrporation of the spin-orbit coupling by configﬁration interac-
tion. This is a substantial effo;t which is yet in progress with other support.
Within the period of this work it was possible to carry out simpler one-electron
calculations based on the relativistic Huckel approximation, which includes
spin-orbit coupling but not electronic interactions. Even so, this could be

.useful in further work when comparing series of compounds.
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

FIGURE CAPTIONS

% 2
Cross sections for the photodissociation of CH3I leading to I ( P1/2)
2
(full circles) and to I( P3/2) (open circles) for radiation of wave-
length A=248 mm. Shown versus the vibrational quantum number v of the

fragment CHB umbrella mode. The full lines are our present results,

the dashed lines are from Ref. (34).

Same as Figure 1, but for A=266 mm.

Ground-state and excited-state potential energy surfaces for CH3I ver—

sus the distance RCI from I to the center of mass of CH3, for a fixed

distance ch=0.75 between C and the plane of (H)3=X. The dashed lines
are calculated with parameters fixed by experiment [34].. The full
lines are relativistic extended Huckel calculations performed by us,
that include spin orbit coupling. The latygr lines have been shifted
down to clarify the figure; the potential energies at large RCI go to
1By ;) and Ty ).

Potential surfaces from the relativistic extended Hiuckel calculations

for fixed RCI’ versus ch. "“
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