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A practical procedure for the determination of branchi'.ng ratios for reactions which lead to either excited or electronical-
Iy ground state products is outlined. The methed is applied to four reactions which could (on energetic grounds) preduce an

electronically excited 1odme atom. No mce of a complete inversion is found, but on

a statistical, (one half), I*(? Pyf2) to I( P3/2) ratio.

1. Introduction

There are two major reasons why the formation of
electronicaliy excited products in chemical reactions
[1] is of current interest. On the practical side such
reactions could provide the pumping mechanism for
chemical laser action in the visible and near UV spec-
tral regions. From the theoretical point of view these
processes shed light on the degree to which chemical
reactions proceed on a single electronic energy surface
(i.c., are electronically adiabatic). While the problem
is receiving considerable current theoretical attention

[2—10], it has not yet reached a fully predictive state. -

In this ietter we consider an alternative approach
using the information theoretic procedure for the de-
termination of branching ratios [11] . For simplicity
the discussion is limited to an A + BC type reaction. .
We show that (except for the structural facior [12])
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Scientific Research under Grant AFOSR-73-2423.
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e reaction (F + HI) is predicted to vield

the prior expectation for the magaitude of the branch-
ing ratio (excited versus ground state reaction products),
is of the form [(£ — AE)/E]S12. Eis the total energy
available for the reaction products and AE is the elec-
tronic excitation energy. Hence the prior branching
ratio always favors the formation of the electronically
ground state products. In particular, at energies not
much above the threshold for formation of excited

-products (i.e., for E just above AF), they are strongly

disfavored on prior grounds. (Thus, even when £ =
2AF the ratio above is 0.177.) Since electronic excita-
tion energies are usually above 1 eV and since few
the prior prognosis is not favorable.

In the absence of any information the most reason-
able (i.e., least presumptive) assumption is that the
brancfung ratio equals its prior expectation. Often how-
ever we do have some additional information. In par-

ticular, molecular beam, chemiluminescence, and chem-

ical laser techniques [1] provide information on the

" tranelational or the vibrotational (or vibratidnal) ener-
" gy disposal in the products. In this Ietter we show how

such mformatlon can be usad to predlct the electronic
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branchirig ratio and how the prediction can be checked
for self-consistency. We apply the method to the exist-
-ing exper_imental data for the following reactions:

K+L, »KI+], ' 48]
F+1,>FI+I, 2)
D+I,»DI+I, 3)
F+HI->HF +1. @

In ali cases the exoergicity of the reaction suffices to
form an electronically excited [I*(2P1/2), AF =7603
cm™!] iodine atom. Thus, e.g., reaction (4) is to be
written as

F + HI > HF +I*(P, )
@)

= HE +1CPy)5),
and similasly for the other reactions. Qur conclusion
is that, with the exception of the D + IZ reaction, there
i§ significant formation of electronically excited iodine
atoms. The branching ratio, I, for all reactions does
not suffice however for electronic chemical laser ac-
tion which requires I > 0.5. Th‘_aL most efficient in this
respect is reaction (4) for which' I"'=0.5.

2. The theoretical approach

We outline the theory in three steps. We first define
our prior expectations [12] . Then we note the general
expression - {11] for the deviation of the actual branch-

-ing ratio from its prior value. Finally, we specialize the
general expression to the form actually employed in
the analysis.

Let pQ be the prior expectation for the branching
_fraction, i.e., pg is the fraction of all reactive collisions
that we expect, in the absence of any information, to
lead to products of type a. I, = p9/p{ is the prior ex-

1 At the risk of stating the obvious, we point out that our
_branching ratios are only as accurate as the experimental
data used in the analysis. Improvements in arresting the re-

- laxation in chemiluminescence experiments could thus
change somewhat our conclusions for reaction (4). For reac-
tions (1) through (3) (which derive from molecular-beam
‘data), improved lab to c.ni. convession could slightly affect
our results. ' ‘ :
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pectation for the branching ratio for products of type
a versus type b. Qur prior expectations are [13—16]
that, at a given energy and in the absence of additional
information all product quantum states are equally
probable (i.e., are formed with the same rate). This as-
sumption can be shown [12,16] to imply that

Ty =0,(EDIp, (). (5)

Here p,(£,) is the total density of quantum states of
products of type @ at the available energy £, and sim-
ilarly for type b. Using the RRHO level scheme [14]
one shows that p(E,) = A,E3/2. Here A, is a (unit-
bearing) factor. When one considers branching into

two different electronic states of the same chemical
type products, the mass dependence of the structural
factor A,/A}, cancels. Hence for this case, in the RHHO
limit,

D, = (8,/8,) [(w B, )y [(w B, JELEYI2. (6)

Here g, and g, are the electronic degeneracies of the
two states. w, and 5, are the vibrational frequency
and rotational constant respectively. The subscripts a
and b refer to the two different electronic states. AF
= £y — £, is the difference in ¢lectronic excitation en-
ergy.

For reactions (1)—(4), the diatomic molecule is in
the ground electronic state for both reaction paths.
Hence the middle factor in (6) is unity, the structural
factor is just A,/A4, =g,/g, and

10 = (g /g, )E,IE,) 2. (7

For the iodine atom, taking ¢ to be the excited (2P1/2)
state, g,/gp = 1/2.

Thus far we have considered the prior expectations.
The general theory of branching ratios [11,12,16] pro-
vides the following expression for the actual branching
fraction, p,,

In(p,/p) + AS,/R = e(a). ®)

Here AS), is the entropy deficiency [14] for the pro-
ducts of type @. ala) is a Lagrange multiplier which, in
the absence of information to the contrary, is to be
taken as a constant (i.e., independent of the type of
the products). In that case, « is just the lagrangian mul-

. tiplier that ensures that p, is normalized. Thus « is de-

termined by - :

exp(—a)= L p0 exp(-AS,/R). ©)
a N .
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When « is taken as a
Pab pa/pb

T, =Y exp[—(AS, — AS,)/R]. (10)
We shall use this equation witF the entropy deficien-

constant we obtain from (8) for

cies computed using molecu? .t beam [17—19] or chiem-

iluminescence.[20] data to predict the, as yet unmeas-
ured, electronic branching ratio.

3. The syathetic analysis of experimental results

The following information is currently available to
us from experiment. For reactions (1)—(3) there are
molecular beam measurements [17—19] of the trans-
lational energy disposal, P(f7), of the products' For
reaction (4) there are chemiluminescence data [20] of
the vibrational state distribution of HF. To analyze
both types of data we have adopted the so-called [16]
synthetic route, as follows. We have assumed that each
vibrotational state of the product diatomic could be
accompanied by either ground or excited iodine atom,
subject to conservation of total energy. We have then
assigned to each state its “information theoretic™
weight, using a linear vibrotational surprisal [14,16]
(for each product type separately). Explicitly, if
P (f,, fg) is the distribution of the vibrotational states
of the diatomic molecule which is formed together
with an excited iodine atom then

P(f,. fg) = PP°(F, . fg Dexp(—NF,)

exp[-fpfp/@” —F1IQ". (11)
Here PO¥ 5 the prior expectation distribution [14,16]

PG IR) = WS 2@ - f, M

(12)
@ ensures that P*(f;,, fp ) is normalized. f, and fj are,
as usual, the fraction of the rotal energy in the vibra-
tion and rotatlon respectively. Hence, the range of f,
is0to q s

*=E¥|E=(E — AE)E : 13)
and the range of f (for a given value of £,) is 0 to
T For reaction (2}, the product angular distribution (the pri-

mary measurement) was used to deduce the product {xans-
lational energy distribution [18].
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Thevdistribution of the diatomic vibrotational states
when a ground state iodine atom is formed, P(f,, fr),
has a form identical to (11) except, of course, that ¢
=1.

The actual (observed) vibrotational state distribu-
tion of the diatomic molecule, irrespective of the elec-
tronic state of the iodine atom is then of the form

P, fo) =PP(,. f3) + PP, fi). (14)

Herz p and p * are the branching fractions for forma-
tion of ground and excited iodine atoms respectively.
The branching ratio as determined by the synthesis is

r'=p*/p. (15)
For the purpose of analyzing reactions (1)-—(3) the

vibrotational state distribution was converted to a trans-
lational energy distribution. Since

fT=1—fv _fR (16)

one can readily convert P (f,, fg) to ? (fr). Explicitly
one sums ? (f,, fg ) over all values of f,, and f that
correspond, according to (16), to a given value of ft.
In practice this is carried out by replacing [in (14)] /g
by 1 —f, —fy and then integrating over the allowed
range of f,, (ie., G to q* —frorOtol —fT, depend-
ing on the path). In a similar fashion, say, P~ Uy, TR)
can be converted to P* (f1)- Thus we can rewrite (14)
as

P(p) =pP(f) + 07P(fL), (14"

where, as usual, p + p¥ = 1, and both P(fr) and P*(fT)
are normalized.

Eq. (14) contains five (A, A, 8g.0R.P /P)un-
known parameters. Since experimental product trans-
lational or internal energy distributions for reactions
(1)—(4) are not highly-structured, we might question
whether a unique five-parameter fit can be found. For-
tunately, thermochemical and other constraints can be
applied in order to restrict the range of plausible fitting
parameters.

A strong constraint 1s promded by system thermo-
chemistry — at f1 >gq* orf, > q%, only the ground
state iodine atom channel [I(2P5 ;2] is energetically
open. Thus, the ground state component fit must match
the high recoil translational energy Ot > a) portion

" of preduct distributions for reactions (1)—(3) and the

high vibronic energy (7, > ¢~} portion of the product
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‘Siﬁvuuon for reaction {4).

- In principle, another strong constramt is provided

: by the general theory of branching ratios {11,12,186]
which results in eq. (10) above. In practice, our lack
of knowledge about detailed product angular and po-
larization distributions (which contribute to the total

_entropy deficiency of each product channel) forces us
to proceed cautiously with the application of eq. {10)
as a consistenéy check or as a predictive tool.
.- Intercomparisons of reactions (1)—(4) with related
reaction examples guide our choice of parameters; for
example, available experimental data indicate that pro-

-duct rotational state distributions do not deviate
markedly from the prior, non-surprising (85 = 0) ex-
pectations [21,22] .

4, Results
4.1, K+12 reaction

th 1 shows a synthet:c analysm of the KI +1 re-
, coil translational energy distribution matched to the
- experimental results [17] . A thermochemical con-
. straint requires that KI + I(>P3;,) products are solely
" responsible for the high-energy taﬂ of the distribution
[ie., for f3>g"(= 0.51)] ; this constraint leads to a
Jamily of suprisal fitting parameters [A,, g in the
~analogue of eq. (11)], but 2 nearly constant branch-
.ing ratio: I" = 9.26~0.30, independent of the member
of the hv 6 family. A fit to the “experimental”
KI + I*(2Py,) product recoil translational energy dis-
tribution [determined by subtraction of the synthe-
sized KI +1(2Py,5) distribution from the complete ex-
~ perimental distribution] can also be made using mem-
bers of a large famzly of hv GR surpnsal ﬁttmg param-
eters.
" Two prior expectatwn d_stnbutmns were used: (1)
the RRHO (rigid rotator harmonic oscillator) level
density [14] and (i) the exact level density of KI
" computed from its rovibronic state spectrum as des-
~ cribed in the appendix. For P9, (F1), the best fit

(shown in fig. 1) was obtained for non—surpnsmg Ge.,

,‘ statistical) rotational paramzters: 65 =6 = Oand

,hlghlysurp-ﬁmg vibrationa! parimeters: A, = —3.3
Cand Ay =-24.A shghtly worse it was obtained using
y POWUT) with the opposite extremes of surprisal co‘?*

S stmts non-surpnsmg wbratlona‘l parameters ()\v ?\.‘,

D
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Fig. 1. Tap panel: experimental {17] and synthesized transla-
tional energy disposal for the K + I, reaction. Branching ratio
fitting parameters (cf. table 1) were determined using

exactUT) for the prior expectation dxstnbutxon Although rr
can be formed at fip X 0.51, the synthesized 1" distribution
makes little contribution beyond f = 0.30. Botiom panel:
exact (cf. appendix) and RRHO prior expectation distributions.

= 0) and Iughly-surpnsmg rotatmna] parameters (fg =

-2, 9R —8). An adequate fit was also obtained using
P e no(fr), but larger surpnsal constants were re-
quired (e.g., for g =0g =0, A, = 4.5, 2, = -25)
since PRrpoUT) incorrectly favors higher recoil trans-
lational energy (cf. fig. 1, bottom panel).

The prediction of the branching ratio for I* versus

I production (I" = 0.26-0.30) derived from the synthe-
tic analysis may, in principle, be tested for self-consis-
tency with the general branching relation [eq. (10)].
In the absence of complete entropy deficiency data for
each channel, we assume that the major contribution
to the entropy deficiency is the energy dxsposal part:

r= r“exp{-(as*m AS[T1)/R}. oan

Here AS®[7] is the entropy deﬁcxency of the transla-
tional energy distribution when 1 (3P1 /2) is formed? 7‘

- AS[T] =R f dfTﬁ(fT)m{P*@/P“*chm . (18)

Footnote see next pags. -
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and similarly for AS[7]. The distributions employed
are those generated in obfammg a synthetic fit to the -
experimental data.

. The branching ratios obtamed from eq anEr=
0 03-0.04 for various g, BR, Ay A,, parameters) are
in poor accord with the synthetic values, suggesting
that larger entropy deficiencies due to angular and po-
larization contributions are associated with the

KI + I(*Py;) than with the KI + I*(>Py ;) products,

42. F+ I 5 Feaction

Reasonable synthetic fits to the experimental FI +1
recoil translational energy distribution [18] were cb-:
tained fora wid}e variety of A, ?\f ,O0R» 8§ fitting
parameters. Fig. 2 shows the fit (summarized in table
1) for which the synthetic branching ratio closely cor-
responds to the branching ratio calculated from €q.
an.

The apparent self-consnstency between synthetlc
analysis and general branching theory analysis [using
eq. (17), an approximation to eq. (10)] cannot, how-
ever, be claimed as a major success. The shape of the
F} + 1 recoil energy distribution is not known accurate-
ly from experiment’ ; hence, a stringent test of the
match between the synthetic fit and the experimental
data cannot be made.

43 D+1 5 Feaction

In contrast to K + I, and F + I, reaction examples
(for which significant yields of excited iodine atoms
are predicted), 4 synthetic fit to the experimental
DI+ I recoil translational energy distribution {19]
can be made without invoking I*(:’-Pl /2) formation.

TT The mathematically inclined reader might worry that while
(17) was proved [11] for a difcrete distribution we are ac-
tually using a continuous one. This turns out to be notan’
idle worry. However, when several mislsading statements
in the information-theoretic literatuse are corrected, one
can provide a proof for the continuous case 25 well [23].

- Wong and Lee {18] used an gssumed (generalized RRK)
functional form for the (uncoupled velocity-angle) recoﬂ

- translational energy distribution: P(fT) = frd - fT)

s

The average translational energy should be well characterized’

by this procedure, but the detailed shape of the distribution
is unknown (cf fig. 6and d;scussmn in ref [241)
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Fig. 2. Elxpemnental [18] (points)and synﬂlemed {curve)
translational energy dispasal for the F + I reaction.
PReuclfy) was used as the prior expectation distribution in
order to calculate branching parameters (collected in table 1).

44F+ HI rezction

Infrared chemiluminescence measurements [20] of
the HF product vibronic state distribution resulting
from the F + HI reaction can be analyzed by usinga .
thermochemical copstraint. The strongly populated v

= 35 and 6 states can be formed only when accompanied
by a ground state iodine atom. Thus X, can be readily
determined from [14}:

P(f,) = P°(7, Jexp(—A £, )/ 0. (19)

Having determined A, one can predict the populations
of HF in v < 5 states formed together with ground
state jodine atoms. These, together with the experi-
mental resuits for v < 5 are then used to determine Aj.

Table 1
Measures of specificity of energv disposal

, K+l F+ly F+HI
Data [171 [18] {20}
‘E(keal/mole) 44.5 32.1 66
E*(keal/mole) 228 10,4 © 443
z\i -3.3 ~10.8 ~7.7
A, 24 -14 -3.2
GR" 0 3.8 ' -
9% ‘ O 3B ' -
5y ' .09 0.03 - 018
Teq.(17) 003 0.30
T,eq. (21) - S eT

Foeq.(15) | 030 024 0.5
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Fig. 3. Synthesis of the F + HI vibrational energy disposal (¢
experimenta.l'[zol points). The curves connect the synthesized
points. Bottom panel: a surprisal analysis [14] of the experi-
menta.l data using Po(fv) appropriate for the formation of

I( P3/2) exclusively. The plot is non linear. From the points
atuv =5 and 6, A, can be determined. The values of pP(f,} for
other values of v can then be read from the graph in the mid-
panel (open circles). Using these values the graph in the top
panel is constructed, and ?\: cin then be determined. One can

now synthesize the entire experimental dlstributlon as shown :

in the bottom panel [7Note that Po(fv) 7(1 - fv

Po*(fv) =2q" - I D a.nd p* are determmed by
the condition that both P(fv ) and P* () are (separately) nor-
malized to unity.]

The validity of this synthetic fit is evident in fig. 3. The
synthetically determined tranching ratio is thus free
of ambiguities and is of the same quality as the experi-
mental results themselves. This reaction could thus
serve as an excellent test of the theary. Unfortunately,
‘we do not yet know the complete rovibronic state dis-
tribution (together with the angular and polarization
distributions) which would be necessary to provide an
accurate estimate of AS and hence of [. In the ab-
“sence of this detailad data we adopt the following (op-
timal) procedure. In the abisence of information to the
‘contrary we rnust assume +hat all {energetically acces-
sible) rotational states (of a given vibrational manifoid)
-are equally probable. This corresponds to taking 6§ =
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0in eq. (11) and similarly for 8 5. In this case one can
readily show that the entire entropy deficiency is de-
termined by the vibrational energy disposal,e.g.,

AS*[u] =R 22 PE@)In[P*)/PP* )], (20)

and similarly for AS{v] . Hence, we determine I" from
I'=TVexp {-(AS*[v] — ASP])/R}. 1)

This procedure yields 0.7 as opposed to the synthetic
value of 0.5.

5. Discussion

Our analysis suggests that highly exoergic chemical
reactions can produce significant fractions of electron-
ically excited products. Moreover, by examing the ex-
plicit expression [eq. (6)] for the prior branching ratio
one can devise ways of tilting the balance in favor of
excited products (e.g., higher £/AFE, use of reactions
where the diatomic molecule carries the electronic ex-
citation, etc.). Although predicted yields of I*(ZPI/Z)
are substantially higher than the prior expectations,
the actual branching ratios reported in table 1 are in-
sufficient for lasing action.

The predictions we have made are not definitive;
further (direct) experimental measurements of the
branching ratios are required in order to elucidate the
dynamics of electronically nonaq_iabatic PIocesses on
multiple potential hypersurfaces'. It is our opinion
that the F + HI reaction is highly suitable for detailed
experimental studies by infrared chemiluminescence
[using arrested relaxation methods to prevent the facile
energy transfer between I*(zPl/g) and HF (cf. appen-
dix A of ref. [25])], molecular beam reactive scatter-
ing, and chemical laser techniques.

Branching ratio parameters (\,, A}, g, 0, I") de-
termined by our syntheses reveal essential dynamical

T For simplicity, we have treated the A + Bl - AB + I reac-
nons as two-channel problems. In fact, only half of the
12 P3/2) + AB gzoducts correlate to the ground potential
hypersurface (X 2A"in C symmetry) of the ABI system; the
other lulf correlate to an exc-lted hypersurface (2A ).
AB+1 ( Pl/z) producis correlate to an excited 2a hyper-
surface of the ABI system. A full dynamical treatment of
the electronic nonadiabaticity may therefore require con-
sideration of at least thiee separate hypersurfaces.
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information about electronically nonadiabatic reactive
processes. For example, it is tempting to spaculate
that a restricted range of impact parameters and othes
initial conditions gives rise to the extraordinarily sur-
prising KI + I*(2P, /2) product recoil energy distribu-
tion; this restricted range of initial conditions may be
required for efficient hypersurface crossing to the ex- .
cited 2A' surface which cormelates to KI + I*(2P; /2)
products. Further refinements of branching ratio the-
ory and applications will certainly provide valuable
diagnostic tools for dynamical understanding of reac-
tive encounters.
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Appendix

The RRHO level density scheme is an inadequate
representation for Ki level densities over the entire
range (< 16000 cm™1) accessible in the K + I, reac-
tion. Therefore, an exact level density was calculated
by using the complete spectrum of KI rovibronic states
determined from the effective potentials (/' < 550):

Vo (R) = Vg ) palR) + 2 + 1)/2uR? (22)

by the JWKB quantization condition [26]:

Rma.x 2
@+, =@m)" [ 2ulE, ;- VR 2R.

In eqgs. (22) and (23), the rotationless potential
Y12,21pa(R) is the [2,2] Padé approximant [27],v,J
are the vibrational, rotational quantum numbers, and

R s Roax are the inner, outer classical turning points.

The bottom panel of fig. 1 shows the difference be-
tween exact and RRHO prior expectation distributions
for Kl at Eipe oy < 16000 cm~! [corresponding to
KI + I(2P3/2) products], the deviation between

POthT) and PﬁRHO(fT) for the KI + I*(ZPIIQ) Chﬂ_.l’l-
nel is less pronounced.
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