Unimolecular decomposition of NO 3: The NO +0O, threshold regime
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The unimolecular decomposition of expansion-cooled; X@s been investigated in the threshold
regime of the NGO, channel. Photoexcitation in the region 16 780—17 090 t(696—585 nm
prepares ensembles of molecular eigenstates, each of which is a mixtureBffieright state

and lower electronic states. TRe?A} ground state is believed to be the probable terminus of
2E’ radiationless decay, though participationfofE” is also possible. For these photon energies,
unimolecular decomposition occurs exclusively via the-N@ channel, and NO yield spectra and
state distributions have been obtained. The yield spectra are independent of the rotational state
monitored, as expected for a large reverse barrier. The state distributions are insensitive to the
photolysis photon energy and can be rationalized in terms of dynamical bias. The NO yield goes to
zero rapidly above the ®NO, threshold(17 090+-20 cm ). Because of tunneling, the NED,
channel does not have a precise threshold; the value 16 78bisrthe smallest photon energy that
yielded signals under the present conditions. Very small decomposition rates were obtained via
time-domain measurements in which reactive quenching of long-lived fl@rescence was
observed. The rates varied fromx10* at 16 780 cm? to 6x10” s ™! at 16 880 cm?, and their
collision free nature was confirmed experimentally. These data were fitted by using a
one-dimensional tunneling model for motion along the reaction coordinate combined with the
threshold Rice—Ramsperger—Kassel-Mar€(@RKM) rate. The top of the N®O, barrier is
estimated to lie at 16 98015 cm i Translational energy measurements of specific NO

(X 21, ,v,J) levels showed that is highly excited, with a population inversion extending to
energies above tha 1Ag threshold, in agreement with previous work. It is possible that the main
O, product is X 325, though some participation oh 1Ag cannot be ruled out. Within the
experimental uncertaintyb 12; is not produced. ©1996 American Institute of Physics.
[S0021-960626)00240-1

I. INTRODUCTION catalytic destruction of ozorfeAppreciation of the atmo-
spheric significance of Nphas resulted in numerous spec-
Polyatomic molecules and radicals that exhibit a breaktroscopic and kinetics studiéjowever, its absorption spec-
down of the Born—Oppenheimer approximation and have altrum, electronic states, intramolecular dynamics, and
ternative pathways for unimolecular decay are of great interphotochemistry are not well understood. The main reason
est in physical chemistry. Detailed studies of such speciethat NO, has not been more thoroughly investigated experi-
improve our understanding of how nonadiabatic interactionsnentally is the difficulty of preparing sufficiently clean, yet
between zeroth-order electronic potential energy surfacemtense, beams of cold NQor studies in collision-free en-
(PESS$ affect the reaction pathways of an excited moleculevironments.
as it evolves to products. Ultimate goals range from a deeper The only low-lying, optically accessible state of N
understanding of the relevant physical and chemical proB 2E’. Its absorption features lie at convenient photon ener-
cesses to the control of chemical reactivity. In consideratiorgies, and théE’«2A) system has a large absorption cross
of the above, the nitrate radicallO;) provides an excellent section(ogg, nni=2.2x10~1 cn?).>® Fluorescence following
model system for examining those aspects of its moleculaexcitation in the region of 604—678 nm is characterized by
physics that are involved in chemical change via unimolecudiffuse band&® and by the Douglas effeétNamely, the
lar reactions. fluorescence lifetimes are much longer than the radiative life-
Since the discovery of the night-time presence of,NO  time of the zeroth-ordefE’ state(i.e., several hundred mi-
both the stratosphef@nd tropospher& NO; has been rec- croseconds versus1 us, respectively'®
ognized as an important participant in a growing list of at-  The three low-lying doubletsi.e., the X ?A} ground
mospherically relevant chemical transformatidiesy., con-  state,A 2E” at 7005 cm?, andB ?E’ at 15110 cm?) are
version of NQ to HNO;; hydrocarbon and halocarbon subject to strong nonadiabatiwibronic) interactions that
oxidation. Furthermore, the photolysis of NCat visible — mix the zeroth-order electronic statésConsequently?E’
wavelengths is known to yield NO, which contributes to theundergoes internal conversion to a quasicontinuum of near-
isoenergetic dark levels, resulting in a dense manifold of
dpermanent address: Universitrankfurt a. M., Institut fu Physikalische mOIeCUI?r elgen_States ha\,/mg, mIX%Ei’/zAé electronic char-
und Theoretische Chemie, Marie-Curie-Str. 11, D-60439 Frankfurt a. M. 2Cter, with possible contributions frofE”. As a result, al-
Germany. though the wave functions of the optically excited radical
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retain someE’ electronic character, they are dominated by
the lower electronic manifolds on time scales exceeding the %

NO+0,
inverse of the mean level spacing, i.e., after any opticaly — p _ [ ___________
prepared coherences have dephased. Note that there is no 5 0,615
reason to assume that all members of the full ensemble of B—
molecular eigenstates acquire the same degree of bright char-
acter via vibronic interaction, since the most pronounced ef- 10 0y Ay

fect will be to couple levels within théE’ bright-state mani-
fold to dark levels of the same vibronic symmetry. Following
the example of N(;:),l2 weaker interactiongsecond-order
spin—orbit and orbit—rotatioh® would be responsible for the
couplings between levels having different vibronic symme-
tries.

The nature of the nonadiabatic interactions in N@s
been the subject of a number of experimefit! and
theoretical® investigations. Briefly, these interactions can be
described as(i) Jahn—TellefJT) intrastate couplings within
the doubly degeneratéE’ and ?E”electronic states due to

doubly degenerate vibrations ef symmetry(v; and/orv,);  and its presence permits tunneling. In most chemical sys-
(i) linear interstate pseudo-Jahn—TellgJT) interactions  tems, tunneling of species other than electrons is significant
betweerfE’ and?A;, due to thev; and/or, vibrations;(iii)  only for hydroger?* An example relevant to the present dis-
bilinear PJT couplings irfE'/?E"and *E"/A; electronic  cussion is HFCO, where the HEEO channel has been ob-
subsets that symmetrywise require excitation of odd quantgerved as much as 2000 chbelow the barrief® Though
of v, in addition tow; and/ory,. Since a separate treatment tunneling probabilities are quite small when larger masses
of all vibronic coupling mechanisms does not describe aare involved, tunneling will nonetheless dominate as long as
given electronic state correctly, N@resents a complicated competitive decay paths such as spontaneous emission and
multimode vibronic coupling probler:'#+° collisional deactivation are relatively slow. In this regard,
At energies near th&E’origin, were the nuclear motion due to the very small radiative rates of its individual eigen-
to transpire exclusively on the ground PES, it would prob-states, NQ is an ideal candidate to observe heavy-particle
ably be chaotié® Since NQ has six vibrational degrees of tunneling under collision-free conditions.
freedom and a vibrational density of states ©100 per The narrow NO- O, reaction window has been observed
cm 1 even small coupling matrix elements result in effi- recently by using the molecular beams technique to obtain
cient mixing of zeroth-order vibrational levels and are ex-photofragment translational energy distributiéhSince re-
pected to lead to complete intramolecular vibrational redisaction (1) can contribute to the catalytic destruction of
tribution (IVR). Any description of vibronic coupling ozone? it is important to determine the photon energy range
mechanisms in terms of promoting-mode selection rules caBver which it takes place. From the wavelength dependence
be relevant only at short times, since at longer times thef the NO time-of-flightTOF) signal, the reactiofil) barrier
vibrational quantum numbers are destroyed by IVR. Such gas placed at 16 555280 cm ! and the reactiofi2) thresh-
hierarchy was suggested as a possible explanation for thsid was found to be 17 04690 cmi®. A NOj; rotational
structure of the N@laser-induced fluorescencklF) spec-  temperature of~70 K precluded a more precise threshold

trum near the’E’—?A; origin.** Specifically, the width of  determination. A substantial yield of QX 3%4)was ob-
the LIF spectrum indicates that the zeroth-order state

survives for only~100 fs, and if this relaxation occurs via
levels with promoting-mode character, these levels will de-

Wavenumbers / 1000

0,(X 35
0

X 24,

FIG. 1. Energy level diagram showing low-lying N@oublets and ener-
getically accessible Qelectronic states.

1.2075 A

cay via IVR into the quasicontinuum of vibrational levels. Q-0
Dissociation proceeds via two pathways, with reaction -
(1) dominating only below the reactid®) threshold(Fig. 1) 218k y«@ﬁ — A
O\ : (9 =%
NO;—NO+0,, AH~1000 cm?, (1) I N NOGEIT)
124 A >
—0O+NO,, AH=~17000 cm?. 2 © o

) ] NO;(X2A5) df&%,, O /O \\QO A O
Geometric properties of the reactant and products are shown " ) (_ oeP)
in Fig. 2172223Whereas reactiof®) occurs via simple bond A —_
fission, reactior(1) involves a three-center mechanism and a O
tight transition state, i.e., the ground PES correlates to
NO+0, via a barrier along the reaction coordinate. This bal‘_FIG. 2. Schematic diagram showing geometrical properties of s

rier presumably arises frqm an avoided F:rossing of thGeaction products. Molecular parameters are from Ref(N@,), Ref. 22
ground PES with a repulsive PES correlating to NO,, (NO,), and Ref. 23NO and Q).

NOL(X?A)
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served for photolysis below 16 835 ¢m However, at

17 005 cm* the O, internal energy distribution was seen to Teflon
peak at~13 400 cni’, suggesting the possible participation ~ Piezoelectric  membrane Heating
of the a 1Ag state, which lies 7918 cit above the disk Ceramic| ° zone
X 3E§ground state. Unfortunately, the measurements do not \ tube ‘ )
distinguish between high vibrational levels ¥, and low Aror He [ N )S‘/Ct“be
vibrational levels of'A,. ——>E 3

g ' =
As the photon energy is increased above theND, %

Cooling block

threshold,k, quickly exceedsk,. The ?E’ surface is be-
lieved to correlate to ground statet®lO, via a path without
an exit barrier, and it has been suggested that rea¢fipn
might proceed directly via the’E’ surface following
photoexcitatiort® On the other hand, internal conversion to
highly excited vibrational levels of the ground PES can be
followed by competition between reactiofly and(2). Even
on the ground PE%, will eventually dominate with increas-
ing energy due to the qualitatively different transition states.  Because rotational components of the NO
Accordingly, the NO yield spectrum just above the reaction?E’ —2A’ spectrum are unassignel,; was estimated by as-
(2) threshold will reflect transition state properties as well assuming that cooling is the same as for the coexpandeg. NO
the different couplings. Relative intensities of N transitions near 16 709 cm
This paper reports an experimental study of N@imo-  [R(0)/R(2) andP(2)/P(4)]*® were used, and it was found
lecular decay. Photoexcitation in the region 16 530—17 24@hat Ar carrier cools more efficiently than He carriér-=1 vs
cm ! (605-580 nmhas been used to record LIF spectra of 25+1 K).
expansion-cooled NQand to initiate its unimolecular de- The LIF apparatus has been described previo{?sly_
composition. Reaction mechanisms have been investigategkiefly, a Nd:YAG-pumped dye laser was used to excite
by recording NO vyield spectra and state distributions. In adNo3 via theZE’HZAé system, and the doubled output of an
dition, collision-free decomposition rates were recorded bothexcimer-pumped dye laser was used for LIF detection of NO
by monitoring the NO yield as the pump—probe delay wasyia the A 2=« X 2IIsystem. The excitation and probe
varied, as well as by monitoring the quenching of the long-heams were counterpropagated with beam diameters of 2.5
lived NO; fluorescence. Rates as low as10* s™*are re-  and 1 mm, respectively, in the interaction region. Typical
ported and a tunneling mechanism is implicated. Finallyenergies were 5—-10 mJ for the excitation laser ad®0 uJ
state-selective center-of-magg.m,) translational energy for the probe laser.
measurements have been used to estimatet@rnal energy Since NQ has LIF features in the same spectral region
distributions for specific NOX “IIq,v,J) levels. The dis- as NQ,, a portion of the LIF signal near the opening of the
tributions peak~10 000 cm%, with at least one-third of the NO+0O, channel is due to the NQthat is present in the
population formed irX *= ;" below thea 'A4 threshold. This  expansion. For the NO yield measurements, ,NfDores-
portion displays a population inversion which is most likely cence was eliminated by using an interference filter. Signal
vibrational. Though a significant portion of the population due to NO background in the expansion was an order of
lies above thea *A, threshold, the role o "Ay versus  magnitude smaller than the NO signal arising from\tBo-

N,Os /Ar or He

FIG. 3. Schematic diagram of the pulsed pyrolysis nozzle.

X 33 is unclear; it is possible that *= ;" dominates. todissociation when probing low NO rotational statek (
< 3.5). For higher NO rotational levels, signals from the NO
Il. EXPERIMENTAL ARRANGEMENT background were negligible.

In pump—probe experiments, fluorescence was collected

An intense beam of cold NOwas developed, based on perpendicular to the laser/molecular-beam plane with a pho-
the pulsed pyrolysis of )Ds using a Chen-type nozzfé Ar  tomultiplier tube (PMT) which monitorel a 3 mmregion
was bubbled through JDg5 cooled to—15 °C (N,Ogz vapor  along the central portion of the expansion. NO yield spectra
pressure~20 Torr; total pressure-1.1 atn). The resulting were recorded for photon energies in the range of 16 780-
2% N,O/Ar mixture was expanded through a piezoelectri-17 090 cm® and at various delays between the excitation
cally activated valvé0.5 mm orifice diaminto a resistively and probe pulses. NO product state distributions were re-
heated SiC tub&25 mmx2.2 mm O.Dx1.2 mm I.D) and  corded at a pump—probe delay of 350 ns. The probe energy
then into a low pressure chambéfig. 3). Under typical was sufficient to ensure complete saturation for all rotational
nozzle operating conditiond0 Hz, 500us pulse duration branches.
the chamber pressure wasl0 “ Torr, with a base pressure Reaction rates were measured by monitoring their
of ~107° Torr. NO, production was optimized by adjusting quenching of NQ fluorescence in real time. The PMT was
the nozzle temperature while monitorifg’ < 2A, LIF near  placed on the expansion axis 30 cm from the interaction
662 nm. The present design allowed us to achieve high NOregion and fluorescence was collected by the photocathode
concentrations in the expansiddespite the concomitant without the use of imaging optics. Scattered laser light was
production of NQ) and good rotational cooling. blocked by a filter and N© emission was monitored at
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FIG. 4. Schematic diagram of arrangement for correlated RI@, ,v,J) 05 '165' — '265' = '365' — m R,
+0, distribution measurements. On the right-hand side are examples of the ’ 'J Quantum Number ’ O P,

distributions of NO correlated with different ;Celectronic stategv =0, PYe)
J=0) assuming 4X 33 7/[a *A] ratio of 2. =
The signals reflect both the decay of the excited state and the
experimental response function, the latter limiting the esti- 2 .
mation of unimolecular decay rates talx10* s 2.

The arrangement for measuring correlated NO °
(X 2l ,v,J)+0, translational energy distributions is
shown in Fig. 4; it is the same as that used to study, NO

1 HH 1 1 H L Lo AT YOO S TSR SIS S [T SO TN S S ST S N S |

u.nlmolgcular degompps_ltlo?‘?.NO3 is excited in the photoly- (‘) 5(‘)0 10001500 2000 2500
sis region and dissociation takes place as the bl@. trav- Rotational eneray / om”
els with the molecular beam. After a delay, the products

reach the detection region, which is separated spatially frorEI G. 5. (a) NO(v0) rotational populations for photolysis at 16 990 ¢

. . 2
the ph0t0|Y_S|5 region. Th_e NOX(“I1q ,u_,J)fragments that  the Jines through the data serve to guide the éyeBoltzmann plots for the
correlate with different Qinternal energies reach the probe data in Fig. %a); the lines represent linear fits to the data. All slopes corre-

region spatially separated as per their recoil velocities. Bypond to 1408300 K.
scanning the position of the probe beam in thdirection
(Fig. 4), spatial profiles of selected N&(lq ,v,9) prod- creases quadratically with radius, which is proportional to
ucts were obtained at a pump—probe delay of 2456 To . .
. . . recoil velocity.
improve resolution, the photolysis and probe beams were
focused to diameters 6£0.2 mm in their respective interac-
tion regions. NO was detected by-1 REMPI, which pro-
vides the highest sensitivity possibfeData analyses take Photolysis at 16990 cnt yieldled the NO
into account(i) the fact that each NO recoil profile is a sum (X 21'[1,2,3,2,11 = 0) rotational distributions shown in Fig.
of contributions from NO fragments correlated with different 5(a). Vibrational excitation(not shown is modest, with
O, states; andii) spatial broadening effects due to the finite <10% of the NO formed inn = 1. The?Il,,, lower spin—
sizes of the photolysis and probe beams theelocity com-  orbit state is slightly more populated than th,, upper
ponents of parent NQin the molecular beam, the N@ota-  spin—orbit state, and théA’A-doublet components are
tional temperature, and long dissociation tim% slightly more populated than th&” components. The rota-
Spatial anisotropy is not expected because of the smatlonal distributions shown in Fig.(8 can be characterized
NO; dissociation rates. The NO signal is observed at all valby using the Boltzmann plots shown in Figbh The slopes
ues of|z| smaller than the appearance threshold defined bgorrespond to 1406300 K. These slopes should be consid-
the recoil velocity and the pump—probe delay. However, duered figures of merit rather than temperatures, since they
to the geometrical arrangement, spatial profiles for a giverapply to a limited range of rotational levels. NO populations
|zlhave maximum intensity at their furthest displacementsat other photon energies in the range of 16 840—17 000'cm
from the molecular beam axis, i.e., where the probe beamwvere examined and no significant differences were noted.
illuminates the recoil sphere at a grazing angle. This is illus-  Figure 6 shows the NO( ?I1,,,v = 0, J = 13.5) yield
trated by the profiles on the right-hand side of Fig. 4. It isspectrum and the NOLIF spectrum recorded just below the
also noted that this arrangement is more sensitive to thBlIO+O, barrier. Since some of the features in the latter are
slower recoiling products since the two-dimensional numberdue to NGQ contamination, a N® LIF spectrum is also
density of products on the surface of the recoil sphere deshown. Both the NQLIF and the NO yield spectra are in

wavelengths where NQOemission is insignificant. This ar-
rangement facilitated monitoring long-lived excited states.

In [NGI"Y(2T" + 1]
n
n
[ |

Ill. RESULTS
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FIG. 6. LIF signals relevant to reacti¢h): NO(X 2I1,,, v =0, J = 13.5)
yield spectrum(monitoring Ry;)at a pump—probe delay of is; NO; LIF
spectrum just below the N®O, barrier(including contaminant N@lines); P S O Y S S S P S P Nt it st i
NO, LIF spectrum forT,,,=6 K. Also shown(open circlegis the NQ, 230
K absorption spectrurntRef. 6.

NO LIF Signal Intensity / arb. units

T,,,=25K

rot

accord with the 230 K N@ absorption profilé. The NO Delay = 1 ps

yield spectrum is independent of the rotational state moni- )
tored, as expected for a large reverse barrier, and the narrow
NO+0O, reaction window is seen to extend from 16 824D
to 17 090+20 cm L. As in previous studie%! the largest NO _ o
signals were recorded near 16 980 ¢pwhich corresponds  F'G:7- NOX °Ili, v = 0, J = 13.5)yield spectra at the indicated pump-
. . probe delay times for Ngrotational temperatures of 6 and 25 K. Apparent
to a peak in the N@absorption. thresholds forT,,=6 and 25 K and 30 ns delay are shown as a vertical
Below 16 890 cm?, NO buildup is not prompt on the dotted line. Arrows indicate the photon energies at which correlated NO
time scale of the nanosecond-resolution pump—probe me#-la.v.J)+0, distributions were obtained.
surements. In addition, NCfluorescence is also present in
this wavelength region. The existence o$law process as-
sociated with reactioril) is illustrated by the time depen- response function, the deconvolution of the unimolecular de-
dence of the NO vyield spectra for rotational temperatures otay rates from the measured traces was done assuming biex-
6 and 25 K, as shown in Fig. 7. For a pump—probe delay oponential behavior. Moreover, the fit was sensitive to param-
30 ns, there is an apparent threshold at 16:87® cmi L. eters such as the baseline and zero of time used in the fitting
However, upon increasing the pump-—probe delay, thigprocedure. As a result, the estimated uncertainty for each of
threshold is shifted to lower energies. For example, for dethe k; values is=50%.
lays as long as-1 us, the threshold drops to 16 815 ¢ Figure 9 displaysk; versus photon energy. The rates
For delays longer than-1 us, the excited molecules are extracted from the fast components of the decay curves are
transported out of the probe region as per the moleculaindicated by open circles and squares. The open circles rep-
beam velocity. Also, because of the large translational enresentT,,=6 K. These rates increase fronk10* st at
ergy release in the exit channel, NO recoil out of the probel6 780 cm?® to 6x10° st at 16 880 cm'. The squares
region is significant. Thus, monitoring NO buildup times represent ;=20 K (350 Torr nozzle backing pressure, 5 Hz
provides an upper limit to the decomposition rates. operation. Under these conditions the chamber pressure is
The slow unimolecular decay rates described above were.10™° Torr, which is an order of magnitude lower than un-
also observed via their reactive quenching of the long-livedder theT,,;,=6 K conditions, thus minimizing beam-gas col-
NO; emission. Time resolved emission profiles were ob-lisions. The higher value of ,, appears to shift the data to
tained at several photon energies, as shown in Fig. 8. Fluaslightly lower photon energies without changing the overall
rescence quenching was evident above 16 780'@nd uni-  trend. In fact, the shift is comparable to the change in the
molecular decay rates larger thar 10* s™* could easily be average parent rotational energies in going from 6 to 20 K.
discernedFig. 8(c)]. As the photon energy was increased, The fact that lowering the backing pressure does not affect
reactive quenching of the fluorescence increased rapidlthe slow reaction is consistent with the collision-free nature
[Figs. 8a) and 8b)]. At still larger photon energies, mea- of this process.
surement of excited state lifetimes was limited by the 30 ns  Spatial distributions of specific NO quantum states were
experimental resolution. Since the decay curves contain corebtained for the photon energies indicated by arrows in Fig.
tributions from both the N@fluorescence and the apparatus7. A representative profile obtained at 16 992 ¢ris shown

1 1 1 1 | ] i 1 1
16900 17000 17100

Photon Energy / cm’!

J. Chem. Phys., Vol. 105, No. 16, 22 October 1996



6812 Mikhaylichenko et al.: Unimolecular decomposition of NO3

(a)
v = 16,860 cm™!
k=42x10°s"
n i L 1 " 1
B 80 100
E
=
E (b)
£ v=16,833 cm’!
B k=18%10"s!
k=
=
=]
D S R
“u 1 1 1 1 1 1 n 1 n 1 " 3 1 1 L 1
5 o 20 40 60 80 100
g
Z.
©
v= 16,798 cm™

k=2x10%s"!

Time / us

FIG. 8. Time resolved NQemission at the given excitation energies. The
lines represent biexponential fits to the data. Also shown are theud
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FIG. 10. NOK ?II3,, v = 0, J = 17.5) spatial profiles obtained at 16 992
cm ! by monitoring theA 23— X 2TIP,, transition. The bottom axis gives

the distance between the centers of the probe and photolysis beams along
the z axis; the top axis lists Qinternal energies.

experimental broadening. Note that the signal associated
with O, (X 329’ ,v = 0)is small. For shorter recoil distances,
the signal increases gradually, peaking in the vicinity of the
appearance threshold for,Gnternal energies of-10 000
cm L. Although this internal energy is sufficient to access the
a 1Ag state, no abrupt signal increase is observed near the
a 1Ag threshold. In addition, the integrated intensity of the
signal arising from NO with enough translational energy to
precludea 1Ag formation accounts for a significant fraction
of the total(at least one-third Thus, the data indicate that

molecular decay rates extracted from the fast component of the fluorescen€®, (X 329_) is formed with a population inversion. Similar

decay curves.

in Fig. 10. The bottom axis indicates the displacement of the
monitored NO along the axis at a pump—probe delay o
2.55 us. The top axes indicate the appearance thresholds fépWer Gx(X
0, electronic and vibrational levels without accounting for S

1010
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107 %;
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B ©
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results were obtained at 16 863 and 16 892 tnand when
monitoring different NO rotational and spin—orbit states.
At 16 841 cm !, the NOX ?TI5,,v = 0,J = 17.5) spa-

¢ tial profile corresponds to a larger relative population of the

3E&)Ievels. Howeverk; is so small(~2x10°

1y that NO buildup is comparable to the maximum pump-—
probe delay of 3us allowed by the dimensions of the appa-
ratus and the product recoil, thus complicating analyses. This
preliminary result will be the subject of future work.

IV. DISCUSSION
A. The roles of the X 2Aj,, A 2E”, and B %E’states

Nelsonet al. used the integrated absorption coefficient
of the?E’ «2A), origin to estimate the spontaneous emission
lifetime of the zeroth-ordefE’ state, obtaining a value of1
usl® We confirmed this by using a well-established
proceduré?33*They also reported long fluorescence lifetimes
(7~340 us) at the®E’ origin (with some evidence for non-
exponential decay at shorter timesdicating an oscillator
strength dilution factor of~340 for the observed levels,
which span a region of-50 cmi * around the origin. Thus, in
this energy range,~7 vibronic levels per cm® (i.e.,
340+50) are mixed with the’E’ bright state, which is con-

FIG. 9. NO; decomposition rate vs photon energy. Open circles and squaresiderably less than the estimated density’Aj} vibrational

represent data obtained by monitoring time resolved; N@ission for
T,o=6 and ~20 K, respectively. Filled circles represent data obtained by
using the picosecond-resolution pump—probe technique averaged over the

60 cnt linewidth of the ultrafast laseRef. 44.

levels (~100/cm )34

On the basis of a dilution factor 6340, it follows that
the 2E’«2A,, oscillator strength is not distributed statisti-
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cally among all nearby levels, in which case the dilutionlecular eigenstates have litf&’ character. Instead, they are
factor would be much larger. Such modest dilution can belominated by the lower electronic manifolds, tentatively as-
rationalized if the matrix elements connecting levels of dif-sumed to b&A)

ferent vibronic symmetries are smaller than typical energy

separations between the levels. However, by analogy with o) .

NO,, where second-order spin—orbit and orbit—rotation ma- Wi)z; (B vnl i)' vn)

trix elements have been found to be several tenths of a wave

number® at leastsomecoupling between levels of different

2N NN
vibronic symmetries is expected, though oscillator strength +% A2 ol Az ), ®)
may be distributed inhomogeneously among the different vi-
bronic species. where|;) is a molecular eigenstate, the sums ovgrand

Since it has not been possible to fully quantify the extent,  include all vibrational levelgrotational quantum num-
of dilution or to establish radiationless decay mechanismspers are suppressedndm=n because of the different vi-
the relative ZE"z and ?A; contributions  remain un- prational level densities for thi€’ and®Aj manifolds. Note
known. However;E'/“A; coupling has been confirmed both that the term “molecular eigenstate” is used even when
experimentally’*" and theoretically? and 2E'/°E” cou-  these levels are coupled weakly to a continuum.
pling is believed to be a higher-order proce3s’ Also, For the tunneling regime examined in the present experi-
%A is preferred ovefE” on statistical grounds, i.e., at the ments, all of the measured, values are<10® s™%, which
present energies, the vibrational level density within thecorresponds to Lorentzian widtks0.0005 cmt. Because of
ZA, manifold is significantly larger than that within t€”  the narrowness of these widths, the energy level structure can
manifold. Thus, weassumehat2A)} is the main terminus of pe treated as a quasicontinuum of isolaednoverlappiny
radiationless decay, though participation A" cannot be resonances. The high degree of spectral overlap observed
ruled out. The conclusions presented below would not bexperimentally is due to several factors: congestion caused

altered seriously by includinge”. by the many different rotational levels excited when using 6
K samples, the Doppler effect in unskimmed expansions, and
B. Intramolecular dynamics the laser linewidth. However, these factors do not lead to

Sguantum interferences, so the approximation of isolated reso-

At the energies and vibrational state densities of intere o o - )
in the present study, it is highly probable that the nuclea@nces is still valid insofar as the statistical properties of the
’ decay widths is concerned.

dynamics would be chaotic even if they were to transpire Though the decay widths of individual resonances fluc-

solely on theZAé zeroth-order PES, i.e., ignoring vibronic .
interactions. This assumption is based on the exhaustiviate about a mean valdethe present and't'ons ensure that
large number of resonances are excited by the laser pulse.

body of experimental and theoretical data that has accrued . )
y b hus, fluctuations between measutgdvalues were neither

the area of intramolecular vibrational dynamtéddowever, - .

vibronic interactions are known to efficiently promote Cha_antlmpated nor qbserved. I_\/Ior cover, cpherences '”.‘pa”ed by

otic dynamics within the vibronic manifold$:>>*¢Therefore the photoexcitation step dissipate quickly on the time scale

we assume that the system displays full vibronic chaos forolc the rate measurements. Thus, we believe .that' the excited
ensemble of levels can be modeled as decaying incoherently

the energies and time scales of interest in the present stud o . . : .
as was found to be the case for N8 Since couplings %’lth a distribution of rates. It is the relaxation of this opti-

between different vibronic species are weaker than the coﬂf—any prepared ensgmble that we recordk@; The unimo- .

plings within each vibronic manifold, the system can be vi- ecular dec<_)m_p05|t|on was taken to be single e_xpon_enpal
bronically chaotid(i.e., within each manifoldwithout being because, within the present experimental uncertainty, it fits.
rovibronically chaotié(i e.. between manifolds However However, there is no theoretical basis for this, and higher
again by invoking analog'y with N where it has been r'e- guality data may reveal deviations from single-exponential

. . e decay.
ported that rovibronic chaos exists just beldy as a con- L .
sequence of second-order spin—orbit and orbit—rotation Photoexcitation does not access the full manifold of mo-

interactions:® there exists the possibility that NGs rovi- !eCUIar eigenstat_es equiva_lently. In the absence of S aturatipn,
bronically chaotic. It.EXCIteS Ieyels in proportlon to the squares of their electrlq
dipole matrix elements, and is thus biased. Nonetheless, it is
expected thameasured K E) values differ little fromk, (E)
values averaged ovall molecular eigenstates within the
The vibronic interactions that mix the zeroth-order elec-same energy window. The reason is that the reaction rates
tronic states provide a means of optically preparing vibraare not characteristic of théE’surface, which carries the
tionally excited states that decay via one or more unimolecuescillator strength but is unreactive toward MO,.1° Since
lar decomposition mechanisms. For example, reactibn the?E’ surface contributes little to the makeup of individual
results from weak couplings between the optically prepare@igenstates, as seen by its small weighting coefficient in the
molecular eigenstat&sand the NO-O, continuum. From expansion of the wave function, the distribution of decay
the 50 cm* width of the 2E’ < 2A}, origin LIF feature and rates is expected to be almost independent of the bright-state
the dilution of the oscillator strength, it follows that the mo- contribution to the molecular eigenstate.

C. Optical excitation
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D. Reaction rates mass, parameters which are not known. However, we note

— -1 ;

It follows from the above arguments that reacti@hcan thzttha 1\(/)5(1)Iue _Olf“k))bl_e'o?h CT (cfo:&sgondmg tg av18A
be described as proceeding via the ground PES and that st wath cm — below the top of Ihe barrier and an © amu
tistical rate models can be applied which: are semiclassi- e fectlv_e mgs)sylelds rates that are consistent with the data
cal in naturgle.g., RRKM, phase space thedfST), statis- shovAvn In F'?_' 9. d ab the NO vield ¢ th
tical adiabatic channel modé6ACM)] when the resonances 'S mentioned above, the yield spectrum near the
are averaged ovéP~*2and(ii) exhibit distributions of decay r_eact|on(2) thresho_ld reflects thie,/k; ratio. Whereas 2reac-
rates, level spacings, absorption strengths, etc., when tﬁg)nf (1) procesd;shwa tthébA%{ gtround tsztel'tt[hé'?? and Ebl
resonances are resolv&t: This picture can be comprised Sr:” %?,S can bo conlrl_u © é)rea(_:( n Lsaso pOSIS_Iheh
when reactiong1) and (2) compete, specifically, when the that ) participates. It IS a aunting ta_ts to es'Fa IS t €
latter occurs so rapidly that decay to and within the lower €spective roles of the different PESs involved in reaction
electronic manifolds is incomplete on the time scale of tha 2).
reaction.

As indicated in Fig. 9, there is no precise reactidn
threshold—nor, because of the inevitable participation o o > 1 . .
tunneling, can there be one. The marked variatiok;ofvith WOIUId t;eo(gg; _~110; S a‘f’ e(:ftlmated '%y_rl:fmg the
photon energy shown in Fig. 9 has been verified by repeateYJIa ue ot ©.Uusiem - o tained by '"?Ct courtt. This 15 tO(.)
measurements and by using two complementary experimer?—OW to overscoinle mterngl conversion, Wh'qh occurs with a
tal techniques. Namely, rates obtained by monitoring reac € °f|1|1|91 ‘ S 5 asMestlmatedf from th_e W'dtg;(;ﬁ@
tive quenching of the N@fluorescence are consistent with original LIt eature. \oreover, for re_act|0n r_at S5
rates obtained by recording NO buildup times, though théhe transition state W|II_t|_ghten wnh_mcregsmg energy, pre-
latter are limited to values10° s~%. Also, thecollision-free  YENtNg the rate from rising as rapidly with energy as pre-

nature of this slow unimolecular process was confirmed exg'cuad by a very loose tran3|tlon state. Thl.JS’ It Seems un-
perimentally likely that unimolecular reaction exclusively via the

2 12 . . .
NO, decay rates above the reactidn barrier have been E ijrf"’;ﬁe cant dominate n th?] thresh(:!dmreglzn.z both
reported by Davisetal,** who used the picosecond- nother extreme case is when reacti¢hsand(2) bo

resolution pump—probe technique to record NO buildupproceed via_ the ground statg surface. This Would_ occur in the
times. They found that in the-200 cmi'* window between event_ that internal conver_smn_wgnt to completlon prior to
the top of the barrier and the £NO, threshold k, varied react!on. In the rate equatmn limit, t-he NO yield aboye the
from 1 to 5<10° s~ %, with each measurement averaging rates eaction(2) threshold is then determined by the/k; ratio,
over the broad60 cm ?) linewidth of the photolysis laser. with each of the rates given by
These data were fitted by using RRKM theory with a lowest
transition state frequency of 70 ¢rh N*(E—Ep)
Figure 9 shows that below the barrids, variesmuch k= “hp(E) ©)
more rapidly than it does above the barrier, changing by
three orders of magnitude 100 cm *. Since small tun- .
neling probabilities display near-exponential dependencie&hereN*(E — Eo) is the number of open channels at the
on the area beneath the top of the barrier, such rapid varidfansition state ang(E) is the parent density of states. For a
tion is expected. Moreover, tunneling can account for thecommon intermediatey(E) is the same for both decompo-
very different slopes that characterize the regimes above ar®ition paths, and therefokg/k; is the ratio of the numbers of
below ~10° s~* (Fig. 9).2° open channels at the transition states for reactidhsand
The simplest way to incorporate tunneling into the sta-(2), respectively. Since the reactidd) transition state is
tistical model is via motion along a one-dimensional reactiorfight, its levels can be described as vibrational. Though the
coordinate that is separable at the transition state from thequencies are uncertain, values of 70 and 140’cfor the
orthogonal degrees of freedom. The tunneling probabilityfWO lowest transition state frequencies yieldedE) values
can then be calculated by using the WKB approximafittf, 1N agreement with the experimental resﬁﬁsThls predicts
with the potential along the reaction coordinate taken as a@" increase irk; by a factor of several within a 100 crh

inverted parabola. The resulting expressidf is energy interval near the -ONO, threshold. On the other
hand, since the reactiai2) transition state is loosd, will

increase rapidly with energy relative tq, leading to the
exp(—27E'/ wp) rapid dominance of reactiof®).

P(E")= 1+exp(—27E wp)’ 4) At this point, we have not been able to draw firm con-
clusions concerning the roles of the zeroth-order PESs inso-
far as reactiori2) is concerned. An obvious extension of the

wherew,, is the magnitude of the imaginary frequency of the present work is double-resonance experiments in which the
barrier ancE’ is the energy in the reaction coordindtelow  reaction(2) threshold regime is examined with good energy
the zero point of the transition statee., E'>0). To obtain  resolution and dissociation via the ground PES is decoupled
wy, it is necessary to have the barrier width and the effectivédrom the radiationless decay step.

An important point can be made concerning the possible
role of 2E’; namely, were a unimolecular reaction to proceed
1exclusively on the zeroth-ord@E’ surface, its threshold rate
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E. NO product state distributions and yield spectra versus reaction via the l\£®r1termediate. Since ®NO, col-
disions can form N@ efficiently, there is the possibility that

The NO product state distributions can be rationalize _3. . . .
b the observe 329 vibrational levels derive, at least in part,

by invoking dynamical bias, namely, since the NO, re- ¢ N imolecular d ii
verse barrier is large, product excitations are strongly influ-rom_l_h O\“aup'mﬁ ecufar Fgcolrgp.ozl_lort]. tonicallv d
enced by the transition state region and the exit channel. As € data shown In F1g. indicate a monotonically de-

anticipated for a large reverse barrier, the NO excitations ar&r€asing population for Qinternal energies above 10 500

1 i 33 ~yi i —
insensitive to the photolysis photon energy in the small entM This corresponds & 2 V|brat|9ns fromv=6 or 7
ergy range between the top of barrier and the readt®n to v =11, though, as stated above, neither our measurements

threshold. The absence of a significant NO% 1) popula- 1" those of Davi®t al“" resolve the separate contributions

3y — 1 :

tion can be understood as vibrational adiabaticity from thd"™®™ X “>g alnd_a Agr'] The data of D_z;w?et aI.I arte OI
transition state to products. Specifically, vibrational quantur‘r‘lSUperlor resolution, showing some vibrational s ructure,
numbers in degrees of freedom orthogonal to the reactioWhereaS the present results are.product state selective. How-
coordinate are conserved past the transition state and appeife": the two data sets are consistent and the correspondence
in the fragments. The predominance of N©=0) suggests e;wgen the translatlonal_ energy dlstr|put|ons anc_i the
that the N—O bond lengths do not differ significantly be-X >g LIF mea§urg][11ent§ |s_str|k|ng.| V¥e |%e3rp[et this as
tween the transition state region and free NO. It is also conSUPPOting a major, if not dominant, role for the">, state.

sistent with the stiffness of the N-O stretch coordinate in the If the O, internal excitation resides predominantly in
exit channel X %4 , there is probably a significamtbrational population

The present work provides characterization of theinversion, since it is unlikely that rotations would be excited
threshold regions of reactior) and (2). Much of this in- to such a large extent. This can be rationalized by a reaction

formation is obtained from NO yield spectfgig. 8, whose (1) transition state having a long O-0O bonq relative 'Fo free
spectral density is nearly continuous, albeit with a lumpines©2: ?oyveyer, though we would have no difficuléaccepting
that resembles the NOLIF spectra but with poorer ax .29 V|brat|o_nal distribution peaked.nealtG or 7 baseq
resolution'® The NO yield spectrum on the low energy side ©" this mechanism, there currently exists no ba_S|s for inde-
reflects the threshold region of reactié®), which proceeds Pendent support, for example, through theoretical calcula-
throughthe barrier at the lowest energies. On the high en{lons-
ergy side, the yield spectrum reflects competition between
reactions(1) and(2).

V. CONCLUSIONS

F. Internal excitations This paper reports and discusses measurements gf NO

The data shown in Fig. 10 provide qualitative informa- unimolecular reactions under collision-free conditions. A
tion concerning Qinternal excitations despite the low reso- number of complementary data are presented: NO product
lution. First, the amount of signal associated withi@ernal  yield spectra; NQ LIF spectra; NO rotational and fine-
energies lying below tha 1Ag threshold is significant. This structure state distributions; rates of N@composition; and
can only derive fromX 229’ rovibrational excitation. Recall O, internal energies correlated with a specific NO
that correcting the raw data shown in Fig. 10 for (R8¢ (X I, ,v,J) state. The N@ intramolecular dynamics are
factor (whereR is the radius of the recoil spherenly en-  strongly influenced by nonadiabatic interactions in the
hancesthe largez contribution®**" Thus, X 3= is defi- B 2E'/A 2E"/X 2A} electronic subséf: Nuclear motions at
nitely produced as a counterfragment of the monitored NQhese energies are believed to be chaotic, resulting in decom-
level. The monotonic increase of the signal up to athg position rates that can be calculated by using statistical theo-
threshold indicates a considerable population inversionmies.
within the X 3E§ ground electronic state. The NO+O, channel involves molecular eigenstates

In the region wher& 3 anda 'A4 are both energeti- having modest’E’ character, and dominant character of
cally accessible, their separate contributions cannot be rdewer electronic manifolds. The most probable terminus of
solved. However, the decrease in signal in the spatial regioradiationless decay is believed to $&)}, but we leave open
close to the center of the recoil spheie., whereb 12; the possibility of’E” participation.
would appearis clear. Combined with the fact that the ex- A narrow window exists for the N®O, channel. Very
perimental method is most sensitive to slow fragments, thislow rates were observed after excitation with photons that
observation rules out significant population of tbéEé’ promote the system to energies thatieowthe reactior(1)
state. barrier. Specifically, rates for collision-free photoinitiated

Smith et al*® have shown that the ®NO,—0,+NO  unimolecular decomposition ranged fromx10* s™! at
bimolecular reactior{300 K) yields O, (X ®2) in high vi- 16 780 cni* to 6x10" s™* at 16 880 cm™. Tunneling is
brational levels. They report a monotonic decrease in popubelieved to be responsible for this behavior. A simple exten-
lation from v=6 to v=11, i.e., for Q internal energies sion of RRKM theory confirms that tunneling could indeed
above 9800 cm'. Lower vibrational levels could not be de- result in unimolecular decay rates that vary rapidly enough
tected by using the LIF method they employed, and it waswith energy to be consistent with the experimentally mea-
not possible to isolate the respective roles of direct reactiosured rates.
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