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Abstract 

The effect of rotational excitation on the rate of unimolecular decomposition has been examined for a benchmark system. 
NO, molecules having specific excitations were selected by pumping rotational components of the (l,O, 1) +- (O,O, 0) 
combination band with the output from a 0.02 cm-’ resolution parametric oscillator, and reaction rates were obtained by 
applying the picosecond-resolution pump-probe technique to these tagged species. The addition of up to 100 cm-’ of 
rotational energy (N Q 15, K, = 01, with other parameters held fixed, left the rate unaffected. Implications are discussed 
within the framework of statistical rate theories. 0 1997 Elsevier Science B.V. 

1. Introduction 

There are two well-known approaches to improv- 
ing selectivity in photodissociation experiments: su- 
personic cooling and double-resonance excitation. 
The first, being the easier of the two to implement, 
has provided a wealth of high quality data in the 
past. However, one of its drawbacks is that reacting 

molecules occupy only low rotational states. Thus, 
since our goal was to measure the effect of rotational 
excitation on the unimolecular dissociation rate, it 
was necessary to use the second approach. This 
enabled dissociation rates to be measured for a set of 
well defined rotational excitations - in the present 

case for the NO, molecule, whose unimolecular 
decomposition has been studied in detail [I]. 
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The experimental strategy is to optically excite 
the molecules in two steps: the first providing rota- 
tional selectivity and the second providing the time 

resolution necessary to measure rates. Since only 
molecules that absorb both photons have enough 
energy to react, only the rotationally selected 

molecules undergo decomposition (Fig. la). Specifi- 
cally, particular rotational components of the (1 , 0,l) 

and (O,O, 0) combination band of NO, are excited 
with a narrow linewidth nanosecond laser, and this is 
followed by application of the picosecond-resolution 
pump-probe technique to these tagged species. The 
result is that reaction rates are measured with simul- 
taneous time and angular momentum resolution (i.e., 
with an N uncertainty of k 1). 

In this communication, NO, decomposition rates 
are reported for a range of initial rotational excita- 
tions that extend up to 100 cm-‘. The (l,O, 1) 
rotational levels span the range 1 < N < 15 (odd N, 
K, = 01, and with the photolysis photon energy fixed, 
the reaction rates were found to be the same, within 
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Fig. 1. (a) Double resonance approach; the high resolution IR 

pump provides rotational selectivity, while the subpicosecond 

pump and probe provides time resolution. (b) Unwanted mecha- 

nisms of producing NO. 

the experimental uncertainty, for all of me N values 
examined. 

This experiment offers a glimpse into a realm 
which has been largely unexplored to date. An in-de- 
pth analysis is called for, and it is not obvious a 
priori that simple statistical theories such as Rice, 
Rampsperger, Kassel and Marcus (RRKM), phase 
space theory (PST), and the statistical adiabatic 
channel @ACM) provide adequate frameworks for 
understanding the results. Here, the results are mod- 
eled by using RRKM theory, and good agreement 

with the data is obtained. Provided that this agree- 
ment is more than fortuitous, the data suggest that 
K, is (at least approximately) conserved during the 
reaction. 

2. Experimental methods 

The double resonance method used in these exper- 
iments requires three pulses of radiation. The first, 

with wavelength near 3.4 pm and a narrow linewidth, 
excites a particular rotational sublevel of the (1 , 0, I) 
vibrational state [2]. The other two have subpicosec- 
ond durations and wavelengths of 450 and 226 nm. 
The former initiates NO, &composition and the 
latter probes the NO product concentration by laser 

induced fluorescence (LIF). The delay between the 
subpicosecond pulses is scanned to obtain traces that 
are used later to obtain decomposition rates. 

Much of the experimental arrangement has been 
described previously 131. The subpicosecond pulses 
are obtained from a dual-jet synchronously-pumped 
dye laser and two dye amplifiers, with the appropri- 
ate wavelengths generated by a combination of har- 
monic and supercontinuum generation. Dye laser 

radiation (678 nm) is amplified and split in two 
parts. One part is tripled to give the 226 nm probe, 
and the other part is focused into D,O to generate a 
supercontinuum. 450 nm radiation is selected from 

the continuum and is sent to a two-stage amplifier. 
The main modification to the picosecond laser sys- 

tem since our last report [41 is the replacement of the 
longitudinally pumped dye cells in the red amplifier 
with transversely pumped ones, two of which are 
prism cells. This has resulted in improved beam 
profile and output energy. 

Double resonance excitation requires a narrow- 
linewidth, high-intensity IR source. We used a 
Nd:YAG pumped KTP parametric oscillator and am- 
plifier, which provided 3.4 pm radiation with a 
linewidth of - 0.02 cm- ’ and typical energy of 10 
mJ, which is just sufficient to saturate the (1, 0, 1) + 
(0, 0,O) transitions. 

Temporal resolution is optimized by measuring 
the pump-probe cross correlation simultaneously 
with the LIF signal. The cross correlation, which is 
obtained by difference frequency generation in 100 
pm thick BBO, is used to deconvolute the unimolec- 
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ular rate from the traces of LIF signal versus pump- 
probe delay [3]. Since the pump-probe difference 
frequency is close to the pump frequency, a mono- 
chromator is required to select the cross correlation 
signal. Despite this, a portion of the amplified spon- 
taneous emission still falls into the spectral range of 
the cross correlation signal, thus requiring great care 
in obtaining the signal. 

A major experimental obstacle is background NO 

due to unwanted photo-excitations (Fig. lb) and as a 
result of wall-catalyzed NO, decomposition. Since 
NO, absorbs at 226 nm, this leads to additional NO 
production and spurious signals. Also, the sequential 
absorption of two 450 nm photons excites NO, to 
the same electronic state as does 226 nm radiation. 
To further complicate matters, NO can be excited 

with two 450 nm photons, giving additional LIF 
signal. The different intensity dependences of the 

backgrounds leads to the existence of an optimum 
that maximizes the signal-to-background ratio. It 
proved essential to optimize this ratio with respect to 
the intensities. Also, it was necessary to minimize 

surface catalyzed NO, decomposition and cool the 
sample to T,, - 70 K. NO, is cooled in a warm 
molecular beam emanating from a small-orifice noz- 
zle at low backing pressure. To minimize NO back- 

ground, 0, carrier is flowed through a glass bubbler 
filled with NO, and submerged in a 0°C slush. Also, 
the path from the bubbler to the supersonic nozzle 
entrance is made of teflon, and the O,/NO, mixture 
is constantly pumped out from behind the valve 
which opens the nozzle. This minimizes the resi- 
dence time of NO, near the valve’s metal parts, 

which catalyze NO, decomposition. The above mea- 
sures, along with saturation of the IR transition, 
resulted in a signal to background ratio of 3-5 at the 
maximum of the 70 K distribution. Since some of the 
backgrounds are time dependent, we recorded traces 
with the IR alternately on and off and subtracted one 
from the other. 

3. Results 

Typical scans are presented in Fig. 2. 5-6 such 
scans were taken for each (1, 0, 1) rotational state 
(odd N, 1 < N < 15, K, = 0; unresolved spin-split- 
ting in the IR excitation step), with each scan aver- 

aged for about 4 h (200 shots at each delay time). To 

obtain the rates, the scans were fitted (solid lines) by 
using a convolution of the experimental cross corre- 
lation and a single exponential buildup [3]. 

Two series of measurements were carried out. In 
the first, a pump linewidth of 100 cm- ’ FWHM and 
an excess vibronic energy given by E,,,, ,( N = 0) + 

h$Ilp - D, = 53 cm-’ were used. Since this mea- 
surement did not display any change in the rate as N 

was varied, we decided to repeat the measurements 
with a smaller pump linewidth of 30 cm-r and an 
excess vibronic energy of 18 cm-‘. It was thought 
that increasing the contrast between the excess vi- 

bronic energy and the range of parent rotational 
energies would increase the likelihood of detecting a 

change in the rate as N was varied. In this series, 
special attention was paid to ensuring that long term 
drift of the experimental system did not cause prob- 

E,,, D,, = 53 cm-’ 

N= II 

s 

N=9 

Pump-probe delay / ps 

Fig. 2. Typical data showing NO LIF signal versus pump-probe 

delay. The corresponding cross correlation traces are to the right. 

The solid lines are best fits from the convolutions of single 

exponentials with the cross correlations. 
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lems. Thus, one pump-probe scan was recorded for the maximum N value for which the rate versus N 

each of the IR transitions before further scans were remains constant and (ii) how does the rate vary with 

taken for any of the lines. (N, K,)? 
The data are summarized in Fig. 3. The rates 

reported here for low N are the same, within the 
stated uncertainties, as those measured previously [3] 
at the same energy by using one-photon excitation of 
rotationally cold NO,. As seen in Fig. 3, there is no 
discernible variation of the measured rate with the 

(l,O, 1) rotational level. This was not anticipated, 
since in the case of one-photon excitation the rate is 

known to be larger for a room temperature sample 
than for an expansion-cooled one excited with the 
same photon energy [3]. Taken together, these obser- 

vations raise two questions which should be ad- 
dressed in future experiments: (i) for K, = 0, what is 

4. Discussion 

In this section, the experimental results are exam- 
ined within the framework of simple statistical mod- 
els. First, we address the question - vital for every 

statistical model - of how to obtain the density of 
levels/resonances ( p) used in the transition state 
formula for the rate: k,,, = W/hp. Second, implica- 
tions of the observed variation of the rate with 

rotational excitation are considered with the help of 
RRKM theory. Specifically, the issue of K,-mixing 
is discussed. 

I 
complete. K,-mixing 

0.01 I I I I I I 

10 20 30 40 50 60 

Rotational energy I cm-’ 

c 09 
2.0 

no Ka-mixing 

\/ 

Experiment 

0.4 4 
complete q-Irking 

0.0 I I I I I 
0 20 40 60 80 loo 

Rotational energy / cme’ 

Fig. 3. Reaction rate versus rotational energy of the (1, 0, 1) 
intermediate level. The solid lines are RRKM calculations with 

complete and no K,-mixing. In (a), the photolysis linewidth is 30 

cm-’ FWHM, and the amount of vibronic energy in excess of Do 
is 18 cm-‘. In (b), these quantities are 100 cm- ’ FWHM and 53 

cm-‘, respectively. 

4.1. Level densities below reaction threshold 

In NO,, most of the bright character for optical 
excitation is carried by the zeroth-order *B, elec- 
tronic state. This state is strongly coupled to the 

ground *A, state above the conical intersection be- 
tween these two surfaces, and rovibronic levels of 
the coupled ‘A ,/ *B, system account for most of 
the transitions observed in the NO, spectrum below 
D,. The density of these 2A ,/ 2B2 levels has been 
thoroughly studied by Delon et al. [5,6], and extrapo- 
lation formulas for the density of states have been 
derived by these authors and by Toselli and Barker 
[7]. These simple descriptions of the density of states 
work well up to a few tens of wavenumbers below 
D, (25,128.57 cm-’ [S]). However, just below D, 
the observed density increases markedly, diverging 
from the extrapolation. For example, in the 2.53 
cm-’ region immediately below D,, Jost et al. infer 

a vibronic level density of 5.4/cmP ’ [8], which is an 
order of magnitude larger than the extrapolated 
‘A ,/ ‘B, value of 0.771 cm- ’ [9]. Such a dramatic 
increase in the vibronic level density cannot be 
explained by simply invoking additional vibrational 
states on the coupled ‘A, / 2 B, surfaces. 

It is possible that the large number of observed 
transitions just below D, is due, at least in part, to 
the participation of additional electronic surfaces that 
correlate to the lowest product electronic states: 
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0(3P,) + NO(‘II,,*). In this regard, note that even 

potentials which are repulsive at short range may 
have shallow van der Waals minima at long range. 
For the present case of O(3P,) + NO(zII,), the 
theoretical study of Graff and Wagner on the analo- 
gous O(3P,) + OH(‘II,,) system serves as an excel- 
lent prototype [ 101. From their work, we conclude 
that the surprisingly large number of transitions ob- 
served just below D, are probably related to the 
presence of shallow, long-range wells in potentials 

which are repulsive at short range and whose bound 
states are coupled to the manifold of mixed A, /B, 
vibronic levels. 

4.2. Level densities just above reaction threshold 

In the following discussion, it is suggested that 
just above D, the vibronic density of 5.4/cm-’ 
(which was observed immediately below 0,) should 
be used in the transition state expression for the rate, 
provided that the PST number of open channels is 

used. 
It is reasonable to assume that the high level 

density that exists immediately below D, is also 
present immediately above D,, e.g., in the 5 cm-’ 
interval before the next group of open channels 

becomes available. Thus, it is not surprising that 
photoinitiated reactions using expansion-cooled NO, 

samples (T,, = 1 K) result in NO yield spectra that 
display a high density of transitions in the 5 cm- ’ 
above D, (i.e., approximately 14/cm-’ [I 11, corre- 
sponding to a vibronic density of 4S/cm-‘1. This 
density is close to that observed just below D, (i.e.. 
approximately 17/cm- ‘, corresponding to a vi- 

bronic density of 5.4/cm-’ [SD, also for T,, = 1 K 
samples. Note that estimating the number of transi- 
tions that terminate on resonances above D, is crude 

because the resonances are overlapped. In many 
cases transitions appear as little more than phantom 
humplets. At higher energies the degree of overlap is 
larger and structure in absorption and yield spectra 

cannot be assigned to individual resonances. 
Now consider the experimental observation of an 

overlapped spectrum just above D, - specifically. 
what this implies about the number of open channels 
and consequently the validity of PST in this energy 
range. For non-overlapping resonances, the ratio of 

the average separation between resonances ( p-’ 1 to 
the average resonance width (fiT) is given by 

_=----=- 
nr wr w’ 

(1) 

where use has been made of k,,, = W/hp = T for 
non-overlapping resonances. Thus, the region of 
non-overlap is characterized by W < 27r. Note that 
the spectrum observed in the 5 cm-’ above D, is 
already somewhat overlapped. In part, this overlap 
comes from the fact, not accounted for in Eq. (l), 

that transitions are obtained with J’ = l/2 and 3/2. 
Nevertheless, one concludes from the overlap and 
Eq. (1) that a few channels are open. This fact, as 
well as the fact that the spectrum becomes even 
more overlapped as the energy increases over 5 
cm-’ (which coincides with the next NO rotational 
state becoming energetically accessible), suggests 
that PST is an appropriate description for the rate in 
this energy regime. 

Next, it is shown that there is consistency be- 
tween PST and the experimental level densities and 
linewidths at threshold. The reaction rate is estimated 
by using the density of states ( p) obtained experi- 
mentally and the numbers of open channels (W) 
calculated by using PST. For complete breakdown of 
K,, which is known to be the case just below D, [8] 

and is assumed in PST, p is given by (./no* + 

1/2)Pvibry where pvlhr is the density of vibronic 
levels (5.4/cm-’ > obtained from experiment. Note 
that this p counts only the levels of optically acces- 
sible symmetry. For JNO, = l/2 and 3/2, the num- 
bers of open channels obtained by using PST are 4 
and 8, respectively, for NO(*II,,,) in its lowest 

level (J = l/2). This count includes the equivalent 
oxygens of NO, and both NO A-doublets, but re- 
stricts open channels to those of optically accessible 
rovibronic symmetry. These numbers of open chan- 
nels yield threshold rates of 2.2 X 10” SC’ for both 
J = l/2 and 3/2, in agreement with the values 
di%ed from linewidth analyses: 2 X 10” s-’ [ll] 
and 3 X 10” s-’ [12]. 

As mentioned above, the high density of transi- 
tions observed just below D,, as well as the similar 
density of resonances observed just above D,, are 
both consistent with the participation of additional 
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electronic surfaces. Also, the presence of several 
open channels at threshold is consistent with the 

participation of additional electronic surfaces, since 
these open channels derive (at large distances) from 
different relative orientations of fragment electronic 
(including spin) angular momenta. Note that this 
inclusion of all available electronic surfaces is funda- 
mental to PST, in which all combinations of angular 

momenta permitted by their vector addition are used 
to enumerate the number of open channels. 

The rates reported herein for the threshold region 
of the pump-probe experiments (i.e., with the 30 
cm-’ FWHM photolysis linewidth) are all approxi- 

mately 1.6 X 10” s-l, which is considerably larger 
than the average rates obtained via lineshape analy- 

ses of the resonances in the 5 cm-’ above D, (i.e., 
2 x 10” [l l] and N 3 X 10” s-l [12]). However, it 

should be emphasized that these different rates (i.e., 
those obtained via lineshape analyses versus those 
obtained in the present pump-probe experiments) do 
not constitute an inconsistency. Namely, the much 
larger rates obtained in the pump-probe experiments 
can be attributed to the larger average excess ener- 
gies in these experiments. On this point, note that the 
broad ultrafast laser linewidths of the present experi- 
mental system make it almost impossible to probe 

the threshold region with high enough energy resolu- 
tion to observe the rates obtained via lineshape anal- 

yses just above Do (e.g., the 30 cm-’ photolysis 
laser linewidth is six times larger than the entire 5 
cm-’ interval just above Do over which the reso- 

nance analyses have been carried out [11,12]). 

4.3. Further above reaction threshold 

With increasing energy, the reaction rate in- 
creases, the transition state tightens, and weak inter- 

actions, such as those that couple the A, and B, 
vibronic manifolds and/or cause breakdown of the 
K, quantum number, play a smaller role. This can 
have the effect of lessening the number of participat- 
ing molecular levels. In simple terms, this is due to a 
competition in which a zeroth-order bright state cou- 
ples both to its dissociation continuum as well as to 
nearby dark states, which are also coupled to dissoci- 
ation continua. For the limit in which the zeroth-order 
bright state couples much more strongly to the con- 

tinuum than to nearby dark states, the most appropri- 
ate picture is that the bright state evolves directly to 
the continuum without interacting with the dark 
states. In time-domain language, as the reaction rate 
increases, a regime is reached in which there is 
insufficient time for the optically prepared 
wavepacket to lose its bright state character on the 
time scale of the chemical reaction. For example, the 

loosely bound van der Waals states of the repulsive 
surfaces may no longer be accessed, since they are 
located beyond the tightened transition state. This 
qualitative explanation is consistent with all observa- 
tions to date of photoinitiated unimolecular reactions 
of NO,. 

Pursuant to the above reasoning, in the calcula- 
tions discussed below, the vibronic level density at 
the energies of the present experiments is taken as 
that of the coupled ‘A,/ *B, system (i.e., 
0.77/cm-‘, shared equally between A, and B, vi- 
bronic species). We assume that the additional level 
density near D, is related to the van der Waals 
wells. If this is indeed the case, such levels would be 
coupled to the bright states only weakly due to poor 

Franck-Condon factors. Thus, as the energy in- 
creases, these levels are excluded from the dissocia- 

tion dynamics. The choice of 0.77/cm- ‘, though it 
fits the data well (vide infra), is ad hoc. At issue is 
how rapidly with increasing energy the effective 
level density drops from its maximum of 5.4/cm-’ 
at Do toward the density of the coupled 2A ,/ *B2 
system. 

4.4. Effect of rotation on the reaction rate 

Finally, implications of the observed variation of 
rate with rotational excitation are considered, specifi- 
cally, the question of whether relatively weak rovi- 
bronic couplings play a role in determining the rate. 
RRKM theory is applied to the limiting cases of 
complete versus no K,-mixing. Since the AK, = 0 
selection rule, though not rigorous, is known to work 
well for strong optical transitions in NO, [13], it is 
assumed that the wavepacket prepared with the pi- 
cosecond pump pulse has K, = 0. Thus, in the case 
of no K,-mixing, it is assumed that K, z 0 through- 
out dissociation, i.e., in both the bound and transition 
state regions. Complete K,-mixing means that all 
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possible K, states have equal statistical weight. The 

relevant formulas are: 

kZ$_( E,N) 

c WyKM(E-E;(N,K,)) 
-N<K,<N 

b”d E,W 

, (2) 

k,R,R,K,z”g( E,N) = 
W,RRKM(E-E;(N,K,=o)) 

hp,(E-E,(N>K,=O)) ’ 

(3) 
where 

PVR( EJ’) = c PV(E--%Vwl))~ (4) 
-N<K,<N 

ER(N,K,) =BN(N+ 1) +K;(A-B), (5) 

E;(N,K,)=B’N(N+l)+K,2@-B3). (6) 

In the above, W is the number of open channels at 
the transition state, pv is the vibrational density of 
states, E is the total energy, N is the rotational 
angular momentum, K, is its internal projection, A 

and B are rotational constants (NO, is a near-sym- 
metric top), sub-scripts V and R designate vibra- 
tional and rotational parameters, respectively, and 
the superscript 3 designates the transition state. 

The relevant values for the parameters used in 
Eqs. (2)-(6) are obtained as follows. The theoretical 

results of Katagiri and Kato [14] were used for the 
number of open channels (neglecting spin degener- 
acy and R-doublets) on the ground state surface. 
They obtained adiabats for the bending/hindered-ro- 
tation degree of freedom orthogonal to the reaction 
coordinate. These calculations give two channels 

open just at the threshold and a third 80 cm-’ above 
the threshold. Note that without the symmetry prop- 
erties of the optically accessible states taken into 
account, there is a reaction path degeneracy of two 
due to the identical oxygens. As mentioned above, 
the value of 0.77/cm-’ (i.e., the density of the 
coupled 2A,/ 2B2 system) is assigned to p,, in Eqs. 
(3) and (4). The rotational constants A$ and B$ were 0 
calculated from the assumption of a 3 A separation 
between the O-atom and the NO center-of-mass and 
an angle of 130” for the geometry of the transition 
state, also taken from the work of Katagiri and Kato 

[141. 

The distribution of reactant energies due to the 
picosecond pump linewidth as well as the uncer- 
tainty in the N quantum number due to the AN = + 1 
optical selection rule in the pica-second pump step 
were taken into account as follows. First, the rates 
were averaged over the linewidth of the picosecond 
laser by assuming that the measured rate is the 
average of the rates at specific energies. Second, the 
calculated rates were averaged over N’ = N” _t 1, 
with the HSnl-London factors used as weights. 

As seen in Fig. 3, the calculated rate for the case 
of no K,-mixing reproduces the observed depen- 
dence of the rate on rotational energy. In contrast to 
this, the calculated rate for complete K,-mixing co- 
incides with the rate calculated for no K,-mixing 
only at zero rotational energy; with increasing rota- 
tional excitation it drops markedly and is then ap- 
proximately constant throughout the rest of the range 
examined. The physical origin of this decrease is 
easily understood. Since there is a large amount of 
rotational energy associated with the K, quantum 
number (because of the large u-axis rotational con- 
stant), in the molecules with high K, values, the 

available energy is insufficient to overcome the reac- 
tion threshold. Consequently, the increase in the 
density of states due to K,-mixing is not compen- 
sated by an increase in the number of open channels, 
and therefore the rate decreases. 

The good agreement between the calculated and 
experimental magnitudes of the rate indicates that 
the smaller density of 0.77/cm- ’ is more consistent 
with the rate at the higher excess energy of the 
present experiments than the threshold value of 
5.4/cmP ’ , provided RRKM theory is used. As dis- 
cussed earlier, this fit can be understood as excluding 
the van der Waals levels from the dynamics due to 
the weakness of their couplings with the bright states. 
However, one should not overemphasize the agree- 
ment between the absolute values of the experimen- 
tal and calculated rates, since neither the spacing of 
the open channels nor the density of 0.77/cm-’ are 
very reliable. Nonetheless, the conclusion that K, is 
conserved is not affected by the choice of these 
values: the variation of the rate with N differs 
qualitatively for the limiting cases of complete and 
no K,-mixing. 

It is not surprising that the best fit was obtained 
by using no K,-mixing, since we expect the extent 
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of this mixing to be small. For example, note that the 
6 ps reaction time is smaller than the NO,( N = 1, 
K, = 0) rotational period. Moreover, if K, = 0 is 

prepared initially, high K, states are only accessible 

through small matrix elements and/or higher order 
interactions. Thus, there is a significant bias against 
full K,-mixing in the present experiments. 

In summary, the present results constitute an ap- 
plication of the double resonance method to a case in 
which the reaction rate is monitored in the threshold 
regime by recording product buildup times with pi- 
cosecond resolution for differing amounts of parent 
rotational excitation. Such data can be used to test 
theoretical models. When the present results are 
compared to a simple application of variational 
RRKM theory, the picture that emerges is one of 
little K,-mixing. 
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