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Results on vibrationally-excited ketene photofragment excitation (PHOFEX) spectra of
Moore and co-workers are interpreted in terms of a previously described variational
implementation of Rice-Ramsberger—Kassel-Marcus (RRKM) theory. At subvibrational
excitations, the predictions of this theory reduce to those of phase space theory (PST).
However, for excess energies just above the threshold of excitation of a particular vibrational
mode of the products, the present theory predicts a significantly greater probability for

vibrational excitation, compared with PST, in closer agreement with the experimental results

>

and predicts an energy dependence of the PHOFEX spectrum that is closer to the observed
one. A key feature, to which the present calculations lead, is a two-transition state (TS)
description for each vibrational excitation of the products, the PST TS region dominating at
the threshold for that excitation and an inner TS region dominating at somewhat higher
(~200cm ') energies. The behavior contrasts partly with that of the unimolecular
dissociation rate constant k; (except at the threshold for k., ), because of the different focus
of the two types of measurements. The theory provides a consistent interpretation of both

properties.

I. INTRODUCTION

In Part I, unimolecular dissociation rates of vibrational-
ly energetic 'CH,CO molecules as a function of their excess
energy' were calculated using variational Rice-Rams-
berger-Kassel-Marcus (RRKM) theory. In the compari-
son with the experimental results of Zewail and co-
workers,” there was good agreement of the two, much
improved over the rates calculated from phase space theo-
ry.’ Phase space theory (PST) serves as a very useful bench-
mark model, by showing what can be expected for the com-
pletely “loose” transition state (TS), i.e., for a TS in which
the separating fragments rotate freely. The RRKM-based
calculation allows for their hindered rotations, which may
occur in the transition state. In PST,* in the present vari-
ational RRKM theory,>® and in other treatments’ of the
rates, the position of the TS in a unimolecular dissociation
typically moves to shorter fragment—fragment separation
distances with increasing temperature 7 or energy E. Corre-
spondingly, because of an enhanced hindrance of fragment
rotations at smaller separation distances, the difference be-
tween the results of PST and variational RRKM calcula-
tions usually increases when E or T is increased.

In Part I it was also noted that the photofragment exci-
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tation (PHOFEX) spectra predicted from an RRKM-based
theory for the quantum state distribution of the separated
fragments® reduce to those predicted from PST when the
excess energy is insufficient to cause vibrational excitation of
the reaction products. PST for the subvibrational excitation
spectra was shown previously by Moore and co-workers to
agree with their PHOFEX data.®!° However, at energies
somewhat in excess of the threshold for vibrational excita-
tion of the products, it was calculated in Part I that an appre-
ciable difference between quantum product state distribu-
tions determined from PST and the RRKM-based theory
could occur. The results of the corresponding theoretical
calculations for the PHOFEX spectra are given in the pres-
ent paper and compared with experimental results'' of
Moore and co-workers. Since the comparison of the
RRKM-based PHOFEX spectra at subvibrational ener-
gies™'? with the experimental data reduces, as noted in Part
I, to the corresponding comparison of PST with experiment
(aside from a separate consideration of the singlet/triplet
yield),' they are not considered further here.

Other methods for determining product state distribu-
tions, such as the adiabatic channel model'? and the separate
statistical ensembles method,!* have been described else-
where. However, the focus of the present article is a compari-
son of the PHOFEX spectra predicted by PST and RRKM
theories, both with each other and with the experimental
data. The theory of the products’ quantum state distribution
used here is described in Sec. II A, the application to PHO-
FEX spectra in II B, and results and discussion are given in
Sec. II1. The main finding is given in a summary, Sec. IV.
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Il. THEORY

A. Quantum state distributions

We first recall several aspects of the variational RRKM-
based calculations for the reaction rates">® and for the
quantum state distribution of the products’®?® of dissocia-
tions occurring at a given total energy E. In these calcula-
tions, an approximate separation of variables is made in the
exit channel region into the “conserved” modes and the
“transitional” modes."">® The conserved modes are those
that retain their vibrational nature in the evolution from
reactants to products, while the transitional modes consist of
all remaining motions, including rocking vibrations, that be-
come free rotations. In the calculation of the distribution of
the quantum states of the products, a dynamical assumption
is made for the evolution of each of the two types of modes
along the exit channel: the conserved modes are treated adia-
batically in the vicinity of and after the transition state re-
gion(s), while the transitional modes are treated nonadiaba-
tically in that region, as described in Refs. 4(a) and 8 and,
for completeness, at the end of the present subsection.

A key quantity in the calculation of the products’ quan-
tum state distribution is N [, ;, the number of quantum states
having an energy equal to or less than E, for the particular
state / of the conserved modes at its TS and for a given total
angular momentum quantum number J. The quantity N}, ;
is determined for each E by considering an N, (R) at each
value of the reaction coordinate R. Note that N},,, and
therefore the position of the TS, occurs at the minimum of
Ng; (R):

NL,,=MinNg;;(R) (Ry<R<w), (H

where R, is some minimum R considered, and an expression
for Ng,;(R) is given in Ref. 14. In the present calculation,
R, is taken to be 2.4 A. We note that this variational deter-
mination of the N [, , for each i corresponds to determining a
separate transition state for each conserved mode state /. In
Eq. (1), the energy and angular momentum are conserved
during the dissociation of the molecule. The effect of conser-
vation of nuclear spin and parity with respect to inversion
was considered in the Appendix of Part I. In the present
calculations of the PHOFEX spectra, the latter two quanti-
ties are also assumed to be conserved, as discussed in Ref. 9.

Sometimes, two local minima for the Ng;;(R) in Eq.
(1) may occur, with important consequences, as seen below,
for the interpretation of PHOFEX spectra. As noted in Part
I, since each state / of the conserved modes is treated adiabat-
ically in the region between the two minima, no transition
between two different states of the conserved modes need be
considered there. In this case, the appropriate N' is NZ]
given by’

1 1 1 1
A = Y} - ’ (2)
N&: Nk

12 max
i N EJi EJ.i

where N }J;; and N %, represent the number of states at the
two minima in the flux, and N 7} represents the maximum
in the number of states in between these two minima. It may
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be noted that when N};; and N %, differ appreciably, Eq.
(2) reduces to Eq. (1). This form for N7 has been used
previously in calculations of rates.®'*!> Here, we give what
appears to be the first detailed example of its use for specific
quantum state distributions.

Equations (1) and (2) are used below in two alternative
calculations of the product vibrational distribution and for
the comparison with the experimental results. The method
used here and the parameters employed to calculate these
numbers of states have been described in Part I, and so only a
few further details are described below.'®!” The potential
energy surface described in Part I was also used here. This
surface represents the C = Cbonding interaction in terms of
a Varshni potential and the fragment—fragment van der
Waals interactions in terms of Lennard-Jones 6-12 poten-
tials.

The number of states at the outer minimum N ;, was
calculated with quantum PST, and so we label it below as
N 55T it represents in the present case the number of PST
states having a specific value of i. The number of states at the
inner minimum N };; and at the maximum N 53} was expli-
citly calculated only for J = 3, to save computational time.
The values of N 1, and N 55’ for other values of J = J ' were
estimated as the product of the J = 3 value with the factor
[(2J' 4 1)/(2J + 1)]?, which is the ratio of the number of
states at the two different J’s for a spherical top. From some
approximate calculations, we estimate the error tobe ~15%
in the J-interval of greatest importance (J=1 to 5). The
quantities N}, and N 7> were further multiplied by a
quantum correction factor of 1/0.85. This latter factor cor-
responds to a typical average ratio of the quantum PST num-
ber of states to the “classical” PST number of states (where
only the rotors are treated classically) for the values of J of
importance here. This quantum correction factor was in-
cluded to make the evaluation of the NI, N, and N 72%
internally consistent.

The RRKM-based vibrational probabilities used in the
calculations were determined by first calculating the various
vibrational number of states at about ten different energies
(for each vibrational state of interest) and then using linear
interpolations to determine the vibrational probabilities at
any particular energy. This procedure reduced the total
amount of computation involved by reducing drastically the
number of energies at which the vibrational probabilities
must be calculated. It also smoothed the fluctuations that
arise from the Monte Carlo error bars in the calculations.
The Monte Carlo error bars were on the order of 5%.

The dissociation quantum yield of a particular rota-
tional-vibrational-electronic state of the products can be
written as the product of the electronic state quantum yield
and a conditional rotational-vibrational state quantum yield
for the quantum state (i,#) of the product, where i denotes
the specified quantum state of the conserved modes and ¢ a
specified quantum state of one or more of the transitional
modes. For example, in Table I, given later, and in the fig-
ures presented below, i denotes the ground vibrational state
of CO and of 'CH,, apart from the specific excited v states of
'CH, mentioned there, and ¢ denotes a particular value of J,
K,, and K for the CH, group. The above conditional rota-
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tional-vibrational yield is written as the product of a vibra-
tional quantum yield N, /2 N ¥, for state i of the given
electronic state, and a conditional rotational quantum yield

NET /3, NET. (In adopting the latter expression, we have
tacitly used, as discussed at the end of the present subsection,
the dynamical assumption mentioned earlier for the transi-
tional modes.) Here, N 757, is the PST-calculated number of
states for the specified value of i and #, and N &}, is given by
Eq. (2) when the RRKM-based calculation of the / vibra-
tional population is used. For comparison the purely PST
results are given later, in which the N, of Eq. (2) is re-
placed by N £5T. (Thereby, PST constitutes a limiting form
of Eq. (2) in whlch for all i, N, and, hence, N5}, appre-
ciably exceed N};;.) For further comparison, the case
where the N &, is replaced by the smaller of N}, and N %,
i.e., where Eq. (1) is used, is also given later.

Finally, in concluding this section we recall, for com-
pleteness, the principal ideas involved in calculating the
products’ quantum state distribution.'**>® The conserva-
tive degrees of freedom, namely the high-frequency modes,
were treated adiabatically in the inner TS region and beyond.
Thereby, their quantum numbers i remained constant in that
region, although their energy E; could vary with position
along the reaction coordinate R because the parameters for
those vibrational modes (e.g., harmonic and anharmonic
force constants) could vary along the reaction coordinate.
The remaining degrees of freedom, the transitional modes,
were treated ‘“‘nonadiabatically,” i.e., their quantum
numbers were not held constant in the inner TS region and
beyond to the PST TS region.

If E is the total energy and E — E; (R) is the energy
shared by the transitional modes, including the reaction co-
ordinate, no constraints, other than having a total energy
E — E;(R) and constant total angular momentum and z-
component, were placed on the distribution of energy among
these modes at any value R of the reaction coordinate be-
tween the two transition states. In this way the distribution
of orbital angular momenta at the outer transition state was,
given an i distribution fixed at R}, that appropriate to
PST. It then followed that at subvibrational excitation ener-
gies of products, the products’ quantum state distribution
was that predicted by PST.® At higher energies, for any giv-
en excitation / of the products’ vibrational modes, the result-
ing products’ quantum state conditional distribution for the
transitional modes was the same as PST, since the latter also
allows ready redistribution of energy among all transitional
modes (indeed, among all modes) up to the PST region. The
only difference from PST, and it is often a large one, is in the
distribution of the s, the excited products’ vibrational
states, since in PST the latter is determined only at the PST
TS, while in the present description it is determined instead
from the N E . appearing in Eq. (2), namely from the ratio

&/ENG, 1t will also sometimes happen that a channel
i that is open at R}, (N1}, >0) is closed in the PST TS
region (NG, =0) or, much more rarely, the reverse
(NZ, =0, N, >0). In either case, as one sees from Eq.
(2), N& is dominated by the lesser of these and so vanishes
in each of these cases, and so the channel is closed.

B. PHOFEX spectra

In the PHOFEX spectra *'! for the 'CH,CO dissocia-
tion, the dependence on energy of the yield of a particular
vibrational-rotational state of the CH, fragment is probed.
The determination of a theoretical PHOFEX spectrum for
subvibrational excess energies was described by Moore and
co-workers.”'? They noted that a theoretical calculation in-
volves (1) the determination of the distribution of initial
ketene vibrational-rotational states, (2) the determination
of the rotational line strengths for the ketene photoexcitation
process, and (3) the determination of the dissociation quan-
tum yields at given fixed total energies and total angular
momenta for the CH, rotational-electronic state of interest.

At excess energies exceeding the threshold for vibra-
tional excitation of the products,'® the vibrational part of the
dissociation quantum yield must also be considered. The
above definition of the rotational-vibrational-electronic
state quantum yield implies that the only difference between
the calculation of PHOFEX spectra using PST-based and
the RRKM-based theory of Ref. 8 is in their vibrational
quantum yields. Additionally, this separation into rota-
tional, vibrational, and electronic factors allows us to use
quantum PST for the rotational distribution (even in the
RRKM-based calculations) and thereby to reproduce the
steps that occur in the PHOFEX spectra when each new CO
rotational channel becomes open.

In summary, the method used for determining the pre-
dicted PHOFEX spectra is similar to that which was de-
scribed in Refs. 9 and 10 for the subvibrational excitation of
the products, namely PST-based calculations of the numbers
of available states are still used for the rotational distribu-
tion, but now the definition of the quantum yield is modified
to include a calculation of the vibrational part, using Eq. (2)
or, for comparison, Eq. (1) or the PST result. Also, since the
excess energies for vibrational excitations are quite large, the
triplet rate constant may be considered to be quite small
relative to the singlet rate constant.>'° This conclusion im-
plies that the singlet quantum yield for those states should be
near unity and therefore should not vary too strongly with
energy. Thus, in the present calculations for excess energies
exceeding the threshold for vibrational excitation, the singlet
quantum yield has been set equal to unity. This assumption
can be re-examined when more experimental data become
available. For the ground vibrational state, needed for Table
I, the triple yield was assumed to be that which was deter-
mined by the “fit” of the triplet number of states to the ex-
perimental spectrum, described in Ref. 9.

In the work of Moore and co-workers, the dependence
of the number of ‘CH, molecules produced in a particular
vibrational-rotational state, as a function of the excess ener-
gy, was determined via a measurement of the intensity of the
laser induced fluorescence (LIF) of the specific rotational
state of 'CH, as a function of the photolysis laser wave-
length. The ratio of this LIF intensity to the laser photolysis
power (and, when the transitions are not saturated, divided
by the probe laser power also) then provided a “signal inten-
sity” which, when plotted against wavelength, can be termed
a PHOFEX spectrum.
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Two PHOFEX spectra (one spectrum for the ground
vibrational state, and one for the vibrationally-excited state
of interest) may be used to compare theory and experiment
in several ways. One direct route for comparing values of this
ratio involves a comparison of the theoretically-calculated
ratio of the two PHOFEX spectra (including the thermal
averaging over the initial distribution of ketene states) at
specified wavelengths with the corresponding experimental
ratio, taking into account the difference in intrinsic LIF in-
tensities of CH, from the two rovibrational states. While
these ratios can be quite easily determined for the PST and
the two RRKM-based calculations, the corresponding ex-
perimental ratios are not easily obtained. At present, the
only state for which Moore and co-workers have experimen-
tally determined a ratio of rovibrational populations is the
Jk,x. = 1o rotational state of the v =1 HCH bending vi-
bration,'! relative to that rotational state in the ground vi-
brational state: More specifically, the ratio of the signal in-
tensity for this state at a photolysis wavelength of 316.809
nm to that for the same rotational state of the ground vibra-
tional state at a photolysis wavelength of 330.039 nm, was
determined'! after taking into account various correction
factors associated with the measurement techniques, includ-
ing one mentioned above. The value of this ratio was ! 0.075
and is listed later in Table L.

Alternatively, the experimental signal intensity ratios
have been used to give an estimated vibrational quantum
yield in a different way:'! The quantum yield for a given
initial ketene state may be written as a product of an elec-
tronic state quantum yield and of conditional probabilities
for the rotational and vibrational quantum yields, as de-
scribed earlier. Any thermal distribution of the initial ketene
states then necessitates a convolution of the above three fac-
tors. However, if it is assumed that this thermal averaging
has a measurable effect only on the rotational quantum
yields, one may use the PST-estimated rotational quantum
yields (including the thermal averaging) together with the
experimentaily estimated electronic quantum yields to ob-
tain from the data an estimated “experimental” vibrational
quantum yield. This estimate is, of course, predicated on the
assumption of the validity of PST for the calculation of the

conditional rotational quantum yields, as well as on the ne-
glect of the thermal averaging for the vibrational and elec-
tronic quantum yields. For the particular case of the HCH
bending vibration, at an excess energy of 1500 cm !, the
vibrational excitation probability to the v = 1 state was esti-
mated in this way by Moore and co-workers!! to be 0.030. In
Part I, we found that the corresponding RRKM-based vi-
brational excitation probabilities were 0.030 and 0.025 for
calculations based on Eqs. (1) and (2), respectively, while
the corresponding PST determined vibrational excitation
probability’ was appreciably smaller, 0.0089.

A third comparison of theory and experiment, in the
absence of a knowledge of the absolute LIF intensities for the
other states of CH,, is to scale the experimental results, each
figure given later having its own scaling factor, and compare
the shapes of the plots. We have done this in those figures by
making the RRKM-based Eq. (2) expression agree with the
experimental results at the latter’s maximum or asymptote.
We have also used a similar procedure, in which, instead, the
scaling was such that the PST results agreed with the experi-
mental ones near the maximum in the latter. A typical exam-
ple of the latter PST-scaled result is given later in Fig. 7, for
the same state considered in Fig. 2. PST-scaled plots for the
other states are not shown but their appearance is largely
similar and we comment on them in the next section.

IIl. RESULTS AND DISCUSSION

In Table I, the theoretically-calculated ratios of signal
intensities are given for all the vibrational states to be consid-
ered. From the results in Table I it is seen that, for all of the
vibrational-rotational states considered, the RRKM-based
results for the ratio of signal intensities are significantly
greater than the PST results. The finding that the PST-calcu-
lated vibrational probability is too low (first line, Table I)
agrees with previous experimental results'® for NCNO. For
the latter, the RRKM-based calculations again showed clos-
er agreement.® In Figs. 1-6, the results of the RRKM-based
theory calculations and the PST calculations of the PHO-
FEX spectra are plotted, together with the experimentally
determined spectra of Moore and co-workers,'' scaled to

TABLEI. Ratio of signal intensity of vibrationally-excited photofragment excitation spectra to that for the 1,,
rotational state of the ground vibrational state of CH, at an excess energy of 183.25cm ~"'.

CH,

CH, Rotational Excess Ratios
Vibrational State Energy RRKM RRKM

State Tkx) {(ecm™ ') [Eq. (1)] [Eq. (2)] PST EXPT
Vpen = 1 1o 1448.5* 0.080 0.055 0.016 0.075
Vaen = 1 20 1618.5 8.3 6.8 34 —
Vuen = 1 303 1702 0.087 0.081 0.050 —
Vuen = 1 3, 1720 0.075 0.070 0.041 —
Vuen =2 los 2890 0.021 0.015 0.0051 —
v =1 1oy 2953 0.013 0.010 0.0038 —

“The energy at which the ratio for the vycy = 1, Jx x, = lg state has been determined corresponds to the

energy at which the experimental ratio of 0.075 was determined. All other energies in this column correspond
to the energy at which the maximum occurs in the vibrationally-excited photofragment excitation spectrum

for the RRKM-based calculation that uses Eq. (2).
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agree with the results for Eq. (2) near the maximum.'®

The plot based on Eq. (2) is seen in Figs. 1-6 to have a
shape for the energy dependence that agrees better than does
that based on Eq. (1). It shows a fairly rapid rise in intensity
from the threshold to about 100 cm ~' excess energy, fol-
lowed by a region of nearly constant intensity. The difference
observed here between the RRKM-based treatment based
on a single minimum in N}, ,, Eq. (1), and, that based on
Eq. (2), is seen in the figures to exist only in the region
centered about 100 cm ~' above each vibrational excitation
threshold. This energy region corresponds to the region
where the lowest of the two minima in the number of states
plot changes from being the outer minimum to the inner one.
The treatment based on Eq. (1) alone yields too sudden a
change in the derivative of the number of states with respect
to energy accompanying this change of the minimum, as is
evident in plots based on Eq. (1) in Figs. 1-6. Instead, in the
treatment based on Eq. (2) this change in slope is smoothed
over an interval of about 100 cm ~ ', so matching more close-
ly the experimental results. The greatest discrepancies be-
tween the RRKM-based Eq. (2) treatment and the experi-
mental data arise in Figs. 3 and 4, where the energy scan
lengths are somewhat longer than in the others.

We have also explored, as already noted, a comparison
analogous to Figs. 1-6, but where the PST results were
scaled to agree near the experimental maximum or asymp-
tote. For such plots, the counterparts of Figs. 1-3, 5,6
showed relatively poor agreement (only that for Fig. 4
showed reasonable agreement), the PST results continuing
to rise even after the experimental results have reached a
maximum or an asymptote. A typical example is given in
Fig. 7.

The principal difference between the shape of the three
plots in Figs. 1-6 (seen for PST most clearly when the latter
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FIG. 1. Photofragment excitation spectrum for the vycy = 1, Jy x = g

vibrational-rotational state of methylene. The experimental results are giv-
en by the solid line, the PST results by the long-dashed line (the lowest
line), the absolute minimum RRKM-based results [cf. Eq. (1) ] by the dot-
dashed lines (highest line), and the RRKM-based treatment based on Eq.
(2) by the short dashed line (the line which most closely follows the experi-
mental trend ). The excess energy ranges from approximately 1335cm ~' to
1635cm~'.

125. -
B
A TN
100. F i(."/%‘,\l! : SRV A
> o ] ' N\ I
& L-,! R [N
n iy L
Z L | A .
E 75. i et
z )
Al
; 50. + '! : e -
5 ' S
& : -t
[+ 4 : o
25+ [} )
i S
xf A
{
0.0 J’f i L
31500. 31600. 31700. 31800.

vprotoLysis (CM )

FIG. 2. Same as for Fig. 1, but for the vycy = 1, Jg x = 2y, vibrational-

rotational state of methylene. The excess energy ranges from approximately
1385cm ="' to 1685¢cm .

is scaled to the experimental results, as in Fig. 7) is that the
PST value uses N}, for N, at all energies and for all
values of i in a plot. This use of N J3,; results in two errors in
the PST plots: (1) in the PST expression for the vibrational
probability, given by N /2, N, ., the denominator tends
to be much too large and hence the initial slope too small;
(2) if the PST denominator is scaled to yield agreement at
the threshold (where a scaled result is expected to fit best
since N, < N}, there), much too high an intensity is ob-
tained at the higher energies in a PHOFEX plot. Again the
Eq. (1)-based plot jumps sharply from the case where N 5,
is dominant (energies near the threshold) to that where
N1, is dominant (higher energies). Only the Eq. (2)-based
plot goes smoothly from an N [ ;-dominated region near
threshold toan N [} ,-dominated one as the energy in a PHO-

120.
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OAO — 1 1 |

31540, 31642. 31744. 31846 31948,
vpHoTOLYSIs (€M 7)
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FIG. 3. Same as for Fig. 1, but for the vycy = 1, Jg « = 3, vibrational-

rotational state of methylene. The excess energy ranges from approximately
1425c¢m ' t0 1935¢cm !,
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FIG. 4. Same as for Fig. 1, but for the vycy = 1, Jc «, = 3;, vibrational-

rotational state of methylene. The excess energy ranges from approximately
1485cm "' to 1885¢cm ",
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FIG. 5. Same as for Fig. 1, but for the vyey =2, Jg k= 1y, vibrational-

33000.

rotational state of methylene. The excess energy ranges from approximately
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FIG. 6. Same as for Fig. 1, but for the &y = 1, Jy , = 1y, vibrational-
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FIG. 7. Same as for Fig. 2, but showing only the experimental curve (solid
curve) and the PST results (dashed curve) scaled to agree with the experi-
mental near a maximum in the latter.

FEX plot is increased. This shift of the transition state from
one in the PST region at the threshold of the i-excitation to
one in the inner region at R}, at higher energies in the
PHOFEX plot is a principal feature in the present calcula-
tion. The results in Figs. 1-6 indicate a convergence of the
plots based on Egs. (1) and (2) when the excess energy is at
least ~200 cm~! above each vibrational threshold, since
the effect of N ;; is dominant there (i.e.,, N5, <N ).

At lower excess energies, the important role of R} is
clear from such figures. The staircase nature of the plots in
that region reflects the quantum nature of the PST calcula-
tion of the transitional modes at R § in both Eq. (1) and Eq.
(2). ForJg x_= 1y, (e.g., in Figs. 1, 5, and 6) at threshold
there is only one product 'CH, rotational state accessible for
the given vibrational state, namely 1,,."" Thus the condi-
tional quantum yield of the 1,, rotational quantum state of
'CH, (conditional, given the vibrational and electronic state
of CH, and CO) is unity until the next CH, rotational state
of the same spin, initially 1,4, is accessible (~15cm ! high-
er in energy). When that state becomes accessible the condi-
tional rotational quantum yield of the 1,, state becomes less
than unity, an effect taken into account in the present calcu-
lation. It has been noted in Ref. 11 that the spacing of the
steps in Figs. 1, 5, and 6 corresponds to that of the rotational
energy levels of isolated CO, thereby suggesting the impor-
tance of a very loose transition state (i.e, R ] ) at threshold. A
similar result also holds for the threshold of the para spin
state!! Jy x = 0y, although no results are shown in the
present paper for this state.

While the agreement with Eq. (2) on the shape of the
energy-dependence in these figures may be in some sense
better than might have been expected, due to the model na-
ture of the potential energy surfaces used here, some small
changes of parameter values in this model surface did not
change the qualitative picture seen in Fig. 1. Although the
results for the spectra given in Figs. 1-6 are encouraging, it
would be especially useful to supplement the absolute experi-
mental signal intensity for the 1, vycy = 1 state by those of
the other states.

J. Chem. Phys., Vol. 93, No. 4, 15 August 1990
Downloaded 02 Apr 2007 to 131.215.21.81. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



2424 S. J. Klippenstein and R. A. Marcus: Unimolecular reaction rate theory. Il

If the calculation of interest had been one of microcan-
onical rate constants kg, as it was in part in Part I, rather
than of production of individual quantum states, Eq. (1),
rather than Eq. (2), averaged over all states / to obtain an
R %,, would have largely sufficed. In such a calculation in
Part I, the conserved mode states whose threshold happens
to be close to E contribute relatively little to kz,, except in
the immediate threshold of k; itself, because of the large
contribution to k., from i states not near their thresholds.
Thereby, except at the k, threshold, the counterpart of Eq.
(2) for an Ng; (R) yields essentially the same result as that
of Eq. (1), as was found in Part I and in Ref. 6.

IV. SUMMARY

A principal feature of the present treatment of the exci-
tation of a vibrational state, observed in a PHOFEX spec-
trum, is the two-transition state nature for the excitation, the
PST region dominating just above the particular excitation
and the inner TS region dominating at somewhat higher ex-
cess energies (~200cm ™! for the present system). Accord-
ing to the present analysis and results, neither the PST nor
the Eq. (1)-based treatment is as satisfactory as the compos-
ite treatment based on Eq. (2), in terms of consistency and of
current agreement with experimental data. For calculations
of kg, itself, use of the counterpart of a single TS Eq. (1) was
satisfactory, except at the threshold of k,, as discussed at
the end of the preceding section.
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