Photodissociation spectroscopy and dynamics of the N ,O5 anion
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The spectroscopy and dissociation dynamics of th®;NC,,) anion have been investigated using

the technique of fast ion beam translational spectroscopy. A newly developed pulsed supersonic
discharge source is described for the production of internally cgld,NA structured absorption

band beginning near 580 nm is observed, and is assigned B{thg) — X(?B,) transition with the

aid of ab initio calculations. Two dissociation channels from the upper state are obseridgd:

O™ +N,0 and(2) NO™ +NO. Translational energy and angular distributions are measured for both
channels at several excitation energies. The translational energy distribution for ctigrateb70

nm shows resolved structure corresponding $@ Nibrational excitation. The translational energy
distributions for channe(l) are reasonably well described by prior distributions, indicating this
channel results from dissociation from the®J ground electronic state. In contrast, chan¢®l
appears to result from dissociation on a repulsive excited electronic state. From the translational
energy distributions for channél), we obtain the bond dissociation energy and heat of formation
(at 0 K) for N,O; : Dy(O-N,0)=1.40+0.03 eV andAH?yo(NZO§)=O.58tO.O4 eV. © 1996
American Institute of Physic§S0021-960606)00713-9

I. INTRODUCTION that isomer(l) is a weakly bound cluster, while the other two

. _ . isomers are more strongly bound species. Their propoggd C
In recent years, photodissociation experiments have bee&ructure for isomefll) is supported by subsequeatt initio

performed on a considerable number of neutral molecule alculation€ which also suggest that isoméHl) has a
gnd positive iqns. These expgriments have proved .invall,]apéansONNd‘ structure. Furthermore, several matrix isola-
in understanding the electronic spectroscopy and dlssomatlotribn studie&2 have identified a &, 1structure consistent
dynamics of these species. In contrast, there have been rela-., . A :
. ) " . T .~ with isomer(ll), and a species of the form ONNQwhich
tively few photodissociation studies of negative ions. Anion . :

. T ) . . most likely represents isoméHl).
photodissociation is problematic because, in most negative The existence of multiple isomers is particularly interest-

ions, bond dissociation energies are higher than the t_hresho,ﬂg in light of isotopic labeling experiments on the ion-
for electron detachment, so that the dissociative anion statren . 1314

. . . olecule reactiof?
one might hope to access is generally embedded in the neu-

tral +e~ continuum. Nonetheless, photodissociation studies

have been carried out on open shell anions such S @l O +N,O—~NO" +NO,
CO; 23 for which the smallest bond dissociation energy is
less than the electron binding energy, and on species such as AHo=—0.15+0.01 eV (Ref. 15. (1)

05 “ and Q> in which photodissociation occurs at energies
well above the threshold for electron detachment. In this pa- _ ) B
per, we use a fast ion beam experiment to investigate th&hese studies show that reaction occurs througha@ack at

photodissociation spectroscopy and dynamics of the;N both the terminal apd central N atoms opON These _results,
anion, an open-shell species with a high electron binding?nen combined with the photoelectron spectra, imply that
energy. he reaction mechanism involves passing through two com-

The work presented here is motivated by recent resultg!€xes corresponding to isomefi$) and (llf), NNO; and
on the gas phase spectroscopy and dynamics of f§@ N
anion. In a photoelectron spectroscopy study, Posey and Posey and Johnson found that at 532 and 355 nm, the
Johnsohdemonstrated the existence of three distinct isomer@Nly Peak in the photoelectron spectrum of the NNiSo-
of N,O, which can each be prepared selectively in the gagner IS from the photoqletac_hment ot@toms. Thus, at these
phase by electron impact on a supersonic expansion of ditvavelengths, photodissociation to-@N,O occurs rather

ferent gases. They characterized these isomef$)a3; -N,,  than photodetachment of the pareny0y anion. More re-
from O, seeded in N; (Il) NNO; , from neat NO; and(lll ) cently, Arnold and Neumark have measured the photoelec-

NO~-NO, from NO seeded in argon. Their results indicatedtfon Spectrum of this isomer at 266 and 213 nm. They found
that at these higher photon energies, photodetachment of

N,O, does occur, populating several previously unknown
dCurrent address: Worlds, 510 Third St., Suite 530, San Francisco, C%Iectronic states of neutral ,8,. From this work alone
94107. ~et !
bCurrent address: Combustion Research Facility, Sandia National LabordJOWeVer, one cannoj[ determine at_ what energy Fhe observed
tories, Livermore, CA 94551, N,O, states lie relative to the various asymptotic channels
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investigation:® and a full description will be given in Sec.
Il B. Anions formed in the source are accelerated to a labo-
ratory energy of 8 keV, separated according to mass by a
collinear beam  modulation time-of-flight  mass
spectromete?’ axially compressed with a pulsed electric
field, and slightly focused with an einzel lens. The dissocia-
tion laser, an excimer-pumped dye laser polarized perpen-
FIG. 1. The fast ion beam translational spectromdtBrion source region; Q|cular .tO the ion bea.'m direction, is fired at the appropne}te
(2) mass selection and ion optid®) dissociation laser port4) time- and t'me'to intersect only 'OnS_Of mass 60. Photofragmen.ts Wh_'Ch
position-sensitive MCP detector. A more complete explanation of the apparecoil out of the parent ion beam are detected with high
ratus, which was designed for photodissociation of neutral free radicals, capfficiency using microchannel plate detectors located either 1
be found in Refs. 17 and 18. ; ot

or 2 m from the photodissociation laser.
Two types of experiments are performed to characterize

(O+N,0, N+NO,, NO+NO, etc). One of the goals of this the photod_issociation of JO, . Fir_st, the total flux of photo-
study is to answer this question by determining the dissocial@gments is detected as a function of laser wavelength, map-
tion energy of the DO, anion. ping out the .totaI d|ssomat|c_)n cross section. In the second
In this paper, we present recent work on the excited statl/P€ of experiment the laser is operated at a fixed wavelength
spectroscopy and photodissociation dynamics of thei- and. the dissociation dynamics are investigated. For eagh dis-
mer (1), which will henceforth be referred to simply as Sociation event, th.e'two photofragments are detected in co-
N,O; . Using the technique of fast beam translational Specmmdence. The pos!tlon of both photofragments on thg detec-
troscopy, we have measured the relative photodissociatiotp” face and the time difference between their arrival are
cross section of BD, as a function of wavelength, and have 5|multz_ineously record_e_d. From this experiment we obta_ln
performed more detailed dynamical measurements at sdbree important gquantities that describe the photodissocia-
lected wavelengths. We observe fragmentation to two charfion: product mass ratios, translational energy distributions,
nels, O +N,O and NO +NO, and have measured kinetic and angular distributions. The masses of the product frag-
energy and angular distributions for both channels. Thesgents for each dissociation event can be determined by con-
measurements yield bond dissociation energies and a weal¢rvation of momentum in the center-of-mass frame. After
of information concerning the detailed photodissociationCorrecting for the finite geometric acceptance of the detector,
mechanism. The interpretation of our results is aidecaby the center-of-mass recoil energy and recoil angtéh re-
initio calculations on the ground and excited states gbN  SPect to the electric vector of the polarized lasge analyti-
which are also reported here. cally determined for each evelftThe calibration of the de-
Section Il of this paper describes the experimental appal®ctor by photodissociation of the Schumann—Runge bands
ratus used in this work, including a newly developed pulsedn Oz is discussed in detail elsewhefewe record approxi-
discharge negative ion source used in these and other expeRlately one pair of fragments every 30 laser shots. A com-
ments in our laboratory. Section IIl details the experimentaP!ete data set consisting of approximately 30 000 coincident
data and the results afb initio molecular orbital calcula- €Vents can be collected in 3—5 h. The energy resolution un-
tions. Section IV contains analysis of the results while Sec. \A€r the conditions in these studies is 25 meV.
discusses the mechanism for dissociation and the potential 1he dynamics experiment requires that both fragments

energy surfaces that mediate this process. be detected. However, the front of the detector is biased at a
high negative potential, such that only neutral fragments can
II. EXPERIMENT be detected. Although the dissociation of®y yields an ion

and a neutral, the experimental conditions are such that the
anion fragment is typically neutralized prior to reaching the

The fast beam translational spectrometer used in theséetector. This fragment can be either photodetached by an
experiments was designed to study the photodissociation ¢fdditional photon from the dissociation laser, e.g.,
neutral free radicals generated by photodetachment of a
mass-selected anion beam, and has been described in detail O" +hv—0+e~, NO (v=0)+hv—NO+e~ (2
elsewheré”*® The anion photodissociation experiment de-
scribed in this paper is somewhat simpler, as only one lasedr it can autodetach, since vibrationally excited N@ill
is required. The photodissociation of, ising a similar in-  lose an electron v
strument has recently been reported by Contirettil® The
experimental apparatus is shown in Fig. 1 and is briefly de- NO™(v>0)—NO+e™. ©)]
scribed as follows.

A pulsed supersonic expansion of 10%Nin argon is  (The electron affinity of NO is only 0.024 e\Hence, pho-
either crossed wht a 1 keV electron beam or subjected to atodissociation of MO, followed by (2) or (3) results in two
pulsed electric discharge to form an internally cold beam oheutral fragments, enabling us to perform the coincidence
N,O, . The pulsed discharge negative ion source developedxperiment. We emphasize that even though only neutral par-
in our laboratory was mentioned in a previousticles are detected, this experiment nevertheless probes the

A. Fast beam translational spectrometer
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nozzles(6) of various inner diameter, shape, and composi-
@ @ @ @@ tion can be inserted into the anode to enhance or suppress
clustering and/or cooling of the negative ions. Teflon screws
secure the entire assembly to the pulsed valve faceplate. We
have used the discharge source with either a piezoelectric
pulsed valve of the type developed by Tri¢kbr a general
valve solenoid valve.

The increasing channel diameter along the gas flow di-
rection proved to be the crucial element in attaining intense
internally cold negative ion beams. An advantage of this de-
sign is that ion formation occurs within the flow channel,
beforethe expansion, maximizing the number of ion-neutral

) o ~collisions that occur during the free jet expansion into the
FIG. 2. The pulsed discharge negative ion source. Each component is de-

scribed with its thicknessT()) and gas channel diameteD) given in mm source chamber. )
for components 2—6(1) Pulsed valve body(2) pulsed valve faceplate A pulse of =500 to —700 V is generated by BOSFET

[T=2, D=0.6]; (3) Teflon insulator with alumina insert along gas channel gwitct® and applied to the cathod®). The pulse is typically
[T=4,D=2]; (4) cathodd T=2, D=2]; (5) Teflon/alumina insulatofT=2, 15 . idth fracti f the 15 | Th
D=3]; (6) Nozzle inser{ T=5, D=3]; (7) Anode. 'U‘S In wi o a frac |on 0 e _Q"S gas puise. e
stability of the ion beam is increased if a very wdakl pA)
electron beam intersects the gas flow as it emerges from the
dynamics of ion dissociation, because the velocity vector ofiozzle. This effect is most likely due to creation of positive
the nascent ionic fragment is not affected to any appreciabl®ns which move against the gas flow towards the negatively
degree by the loss of an electron. charged cathode, acting as seeds to begin breakdown of the
gas pulse. lon stability and intensity is also increased when
the discharge pulse comes very near the beginning of the gas
o pulse.
One of the more successful pulsed negative ion sources e duration of the discharge is 1—&. The current

\?vi\ilséoge&llgergcrigtlgsj;sr 'Z;gﬁ}diisggsosgjog?ﬂb n;?nuouthrough the discharge is followed by monitoring the voltage
beam of high energy~1000 eV} electrons. In this source, 3t the cathode both before and during breakdown of the gas.

oo s 7 Typical discharge currents range from 5 to 30 mA depending
slow secondary electrons generated by ionization initiate ion- ” _
n the composition of the gas mixture and the value of a

molecule chemistry which can be used to produce a wid \ ) . . .
variety of negative ions and negative ion clusters. A disad- allast resistottypically 7 k) in series with the cathode. As

vantage of this source is that the secondary electrons afg€ current through the discharge is increased, the voltage
thermalized rapidly in the high number density of the pulsed®CroSs the discharge increases only slightly, indicating that
free jet, so that only those processes which can be initiatethe discharge is essentially of the “normal glow” variéty.

by very low energy(1 eV) electrons can occur. Thus, the Most gaseous precursor molecules are diluted to 1-10 %
production of F from NF; is very efficient, because this concentration with a carrier gae.g., Ar, Ne, or Q) and
dissociative attachment process occurs for near zero energxpanded with a backing pressure of 2—8 atm. For liquid
electrong® On the other hand, the production of Ofom  precursors the carrier gas is bubbled through the liquid. Sub-
H,O or CHO™ from CH;OH does not work well in this stantial rearrangement of the precursor molecules is often
source because dissociative attachment requires higher eleshserved. For example, a discharge of neon bubbled through
tron energies>5 eV). An ion source in which higher energy methanol produces not only G&™, but also G, C,H™, and
processes can be efficiently driven is clearly desirable. Tg 1 Despite the high energy environment in which ions
this end, we have developed a pulsed electric discharge neggre formed, their internal degrees of freedom can still be

tlve(l)on sourc]? tgat IS str;’;ughtfforward to Ibw(ljd and Use.  gftectively cooled in the supersonic expansion. Photofrag-
)ne can 1ind examples ol many pulSed SUPETSONIC EXq r yransiational spectroscopy of predissociation from the
pansion discharge sources in the literature for the productio

of neutral free radicals and cations. To our knowledge, the ? Schumann—Runge band ghogs that gnrtational terP-
only published examples of negative ion production by thesgerature O_f%50 K can be attained. For the case of CkO
methods are given by Bondybey al25 and Meiwes-Broer produced in a d|sc.harge, photoelgctron §pectroscopy shows
et al28 Our pulsed discharge negative ion source is similar irfhat 99% of these ions are in their vibrational ground state.
design to that used by Ohshima and Efdor production of ~ 1hese temperatures are as cold or colder than ions produced
internally cold transient neutral species. with the electron-gun source in our laboratory. In summary,
Figure 2 shows the details of the design. The faceplatéve have found that the pulsed discharge negative ion source
(2) of the pulsed valvél) is separated from the catho¢® combines many of the strengths of other available sources
by a Teflon insulatof3). Discharge occurs through the chan- with some significant new advantages. The source requires
nel of a second insulatdb), to the anod€7). For flexibility, very little maintenance and is easily built at modest expense.

,,,,,,, »Gas Expansion

—>H<—1mm

Stainless Steel
Teflon

Alumina

i i
— 7 W e A 7

e

High Voltage
Pulse Generator

||||—+?_

B. Pulsed discharge negative ion source

J. Chem. Phys., Vol. 104, No. 13, 1 April 1996



Osborn et al.: Photodissociation of N,O; anion 5029
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Photofragment Signal
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FIG. 3. Total photodissociation cross section spectrum kN Intensity is
normalized to dissociation laser power. Laser step size is 0.25 nm.

Ill. RESULTS 00 04 08 1200 04 '

A. Experimental data Translational Energy (eV)

Figure 3 shows the total dissociation cross section spec-

— _ ; ; ot FIG. 5. Translational energy distributionB(E;) at three excitation
trum of N,Q; from 525-580 nm, normalized to dissociation energies (a)—(c) O~ +N,0; (d)—(e) NO™+NO. The solid lines connect the

laser power. The broaq: partially resoweq features in thigyaea points, which have error bars 1o) on every fourth point. The dashed
spectrum are reproducible, although the finer structet® line is the prior distribution discussed in the text. The arrows denote the

nm) is not. The peak spacings range fromil50 to 500 maximum energy available to translation for each photon energy/product
cm™L, and are presumably due to excitation of multiple vi- Shanne! combination.
brational modes in the upper electronic state.
The main information we obtain about,®, photodis-

sociation is derived from dissociation dynamics data ac- P(Et,0)*P(E1)(1+ B(ET)P(cosé). (6)
quired at three wavelengths: 570, 532, and 500 nm. Al
thb(;ugh dwgvlelengstgsresolv;d Cross secttl_on data wer? NYPetween the photofragment recoil velocity vector and the
E. ;']ame i 5(6)(;)W th nmt, 532 cros;}se;; |(;n apﬂefars ?h_q?iser polarization, angB is the anisotropy parameter. Al-

\gher a nm than a nm. The nirst resutt from ISthoughﬁ can depend on the translational energy, no such
dynamics data is the photofragment mass spectrum, shown

) . L . . pendence was observed here.
Fig. 4 for 532 nm dissociation. It is immediately seen that

th ¢ duct ch | . t thi lenath: Figure 5 shows the translational energy release distribu-
ere are two product channels occurring at this waveleng r’h'on P(E+) for both channels at each wavelength. Statistical

)

Here, E is the translational energy releasgjs the angle

N,O, +hy—0O"+N,O (channel 1 (4) error bars(=10) are drawn for every fourth data point. All
B three translational energy distributions for channdFigs.
—NO™+NO (channel 2 (5 5(a-5(c)] are maximal at the lowest translational energies

with similar product mass spectra obtained at 500 and 57@€ can detect, decreasing steadily towards higber For
nm.

For each channel, the joint translational energy and an-
gular distribution is given b}

P(Er)

Intensity

10 20 30 40 50
Photofragment Mass (amu) FIG. 6. Translational energy distribution for@N,O at 570 nm. Triangles
denote the experimental data, the solid line is the empiricgbdiak heights
FIG. 4. Product mass spectrum at 532 nm as a function of laser fluence. Thgiven by «,, of Eq. (10)] assuming bending excitation accounts for ajioN
central peak corresponds to the chan@gfragments, NO+NO. The other  vibrational excitation. A vibrational comb is shown for thebending mode
two peaks correspond to the chaniigl fragments, O+N,O. Laser flu- progression in the pO fragment. The dashed line is the prior distribution
ences aré—) 3.2 J/cnd and (---) 1.6 J/cn3. given by Eq.(11).
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. . . T cated by arrows in Fig. 7, demonstrating that direct photode-
| N0, (C0) tachment of the &, isomer is not possible at these energies.
However, the photoelectron spectrum in Fig. 7 does raise the
) possibility that the NO+NO product channel comes from
ONNO photodissociation of the small amount of the ONN{Somer
produced in the pulsed discharge source. To examine this
500 nm possibility we have performed the same photodissociation
dynamics experiments described in this section using an
532nm electron gun ion source. The NG NO photofragments are
M 570 nm l still observed in similar amounts as whepQy is produced

Photoelectron Intensity

in the pulsed discharge source, confirming that this is a pri-

mary product channel ofC,,) N,O, photodissociation.

PP S EEE LA A B 8 1 A L However, theP(E;) distributions also show thatJ®, pro-

0.0 05 1.0 15 2.0 2.5 3.0 . . -

T duced by the electron gun ion source is not as efficiently

Electron Kinetic Energy (eV) . . . .
cooled in the supersonic expansion; for example, no vibra-

FIG. 7. 266 nm photoelectron spectrum of®¥ using the pulsed discharge tional structure is apparent in the' @N,O P(Ey) at 570

source. The sharp features at 1.13 eV and below are due t€hN,0, nm. For this reason we present data exclusively from the

neutral. The signal from 1.3-2.2 eV arises from an impurity of the ONNO pulsed discharge source in this paper.
isomer(see text The energies corresponding to the three dissociation wave-
lengths used in the present study are also shown.

the data at 570 nm in Fig.(&), which is replotted as Fig. 6, B. Abinitio calculations

vibrational structure is apparent in tH&(E;) distribution. The product state information presented above is a direct
The observed spacing corresponds to excitation of the bendesult of the potential energy surfaces involved in the disso-
ing mode(w,=588 cm %) in the NO fragment® This struc-  ciation of NO, . In order to gain more insight into the com-
ture is less evident as the photon energy is increased in Figplicated electronic structure of the,®, system, we have
5(b) and Ja). For the NO +NO channel in Figs. @)—5(f), performedab initio molecular orbital calculations using the
no vibrational structure is evident. Unlike chanri¢), the  GuAssIAN92 package of program. In the recent work of
most probable translational energy becomes larger as th&rnold and NeumarR® the ground state of )D, was as-
photon energy is increased. signed as 2B, with the orbital occupation
For the NO +NO channel, the angular distributions are (...4b32b%8a31a35b3), based onab initio calculations
isotropic (8=0) at all three wavelengths. For@-N,O, the  [UHF (unrestricted Hartree—Foglkand MP2/6-3%G*) and
angular distributions are slightly anisotropicg(570 nm= comparison with the isoelectronic species N&nd FCQ.
—0.15+0.2, (532 nm=-0.3+0.2, andB(500 nm=—-0.6  We have extended these calculations to include the lowest
+0.3. The anisotropy becomes more negative with increasexcited states of each spatial symmetry within the &d G
ing excitation energy. The uncertainty in the anisotropypoint groups. The results of the,Ccalculations are summa-
parameter is a combination of a well-defined statistical errorized in Table I.
and an estimated systematic error which reflects the aberra- Optimized geometries and vibrational frequencies were
tions in our detector response for low translational energiesobtained at the UHF/6-31G* level of theory. Five unique
The values of the anisotropy parameter are related to both thelectronic states are fourifi,which, in order of increasing
symmetry and the lifetime of the excited anion states. energy, aréB,, 2A”, ?B,, A,, and?A, states. All of these
Because the data in this paper use the newly developetbnfigurations, with the exception 8A,, are bound along
pulsed discharge source to producgO}l, it is important to  all vibrational coordinates. At the UHF level, tRA, state is
characterize the ions in this beam by comparing their photounbound along the, (NO, asymmetric stretghnormal co-
electron spectra, shown in Fig. 7, to that obtained byordinate.
Arnold®® using an electron gun source. We present this data When electron correlation is taken into account at the
(from a separate apparatus in our laboratdigcause photo- MP2/6-314+-G* level of theory, geometry optimizations re-
electron spectroscopy is a sensitive probe of ion source corveal that the highest enerdf, state has no stationary point
ditions, as is evident from the work of Posey and JohhAsonwithin C,,. In addition, the self-consistent fie[$CH wave
described earlier. The well-resolved vibrational structurefunction for the?A”(C,) state is no longer convergent after a
seen in Fig. 7 at low electron kinetic energyl.2 eV) arises  few steps in th€MP2 energy gradiehtgeometry optimiza-
from bound neutral states of,M,(C,,). The weak electron tion. For this reason we discuss no other calculationsat C
signal from 1.3 to 2.2 eV is from photodetachment of isomergeometries. At the MP2 level, therefore, the only electronic
(Il), ONNO™, based on comparison with the spectra ob-states which have stationary points along all coordinates are
tained when ions are produced from NO seeded in at@jon. the ground state’B,, and the first two excited statés,,
This isomer is not present under the gentler conditions of aand ?A,. Frequency calculations at these stationary points
electron gun ion source as used in Refs. 7 and 16. reveal that, just as at the UHF level, the first two states are
The photon energies used to dissociaON are indi-  bound along all coordinates, while tHfé, state has one

J. Chem. Phys., Vol. 104, No. 13, 1 April 1996
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TABLE |. Ab initio results: Optimized geometries, energies, and vibrational frequeticéegiencies are in units of cr).

. Te w; (Ay) w, (Ay) w3 (Ay) wy (By) ws (B wg (By)
X%B, Energy (Hartreey (S (eV) Ryn (A) Ryo (A) 2ZNNO° (NN str) (NOstr) (NO,bend (NO,a.s) (N,Oa.b) (umbrellg

UHF ~258.494495 0920 0.0  1.253  1.253 1192 1582 1086 692 1434 654 836
MP2 -250.165961 0926 00 1270 1253 1203 1411 1241 679 1538 609 998
QCISD -250.190341  1.022 00 1267 1296  120.0

QCISD(T)®  —259.215226  1.022 0.0

AZB,

UHF -258.438789 0778 1.52 1352 1220 1201 1029 1404 735 1659 783 837
MP2 -250.124816 0797 112 1.354 1274 1206 990 1219 687 1389 800 713
QCISD -250.132971 0798 1.56 1.345 1274  120.7

QCISD(T)®  —250.161024  0.798 1.47

B2A,

UHF ~258.407553  1.404 236 1255 1320 126.6 1364 1018 707 i1668 685 470
MP2 250066859  1.161 270 1.131 1479 1303 2177 613 472 i1559 666 716
QCISD -250.101678  1.306 241 1194 1417  128.7

QCISD(T)®  —259.133796  1.306 2.24

C2A,

UHF ~258.325524  0.882 4.60 1205 1347 1223 1113 884 659 2264 655 689

2QCISD(T) energies are evaluated at the QCISD/6+& geometry.
bAll calculations use the standard 6-8G* basis set.

imaginary frequency. In order to treat electron correlationcompare these bond lengths with that of the photofragments
more rigorously, geometries for the lowest three states werebserved in this study. In JO, Ryy=1.128 A, Ryo=1.184
further optimized at the QCISD/6-31G* level of theory, A,3 while for NO and NO the respective bond lengths are
with a single point QCISDT) calculation at this geometry. Ryo=1.151 A, and 1.25 &?
No vibrational frequencies were calculated at this level of  To determine the degree of confidence that one can place
theory. Finally, vertical excitation energies from the groundin the ab initio results, one can examine both spin contami-
state are also shown at each level of theory in Table Il.  nation and the sensitivity of the calculated geometries and
The results in Table | show marked differences in thefrequencies to the level of calculation. The unrestricted
structures of theX, A, andB states. The ground state struc- Hartree—Fock wave functions of all states suffer from some
ture (Ryy=1.27 A, Ryo=1.30 A) is best described as an degree of spin contamination by states of higher multiplicity.
N—N double bondRyy=1.254 A in (CH;),N, (Ref. 3]  As shown in Table I, spin contaminagiql(lsz)=0.75 for a
and an N-O distance intermediate between singlgure doublet stajes quite large for theB(%A,) state, small
(Rno=1.398 A in CHO-NO) and doublgRyo=1.212 Ain  for the A(°B,) state, and somewhere in between for the
HNO) bond character. In th&(?B;) state, the N—N bond ground state. In terms of structural parameters, for the
length increases tByy=1.35 A, indicating that it too is now ground state the largest change in bond ler(@tb4 A) and
intermediate between singl®Ryy=1.447 A in NH,) and  bond angle(1°) is relatively modest for the different treat-
double bond character. The N-O bond length is very similaments. In theA(?B,) state the only significant change is in
to that of the ground state, differing by only 0.02 A. In both Ryg, which increases by 0.05 A between UHF and the two
the X andA states the geometries are not strongly dependertdorrelated methods, the latter two calculations yielding es-
on the level of theory. In th8(°A,) state, the bond lengths sentially identical geometries. For ti&(%A,) state the re-
and bond angles change quite drastically when electron cosults are less satisfying: the bond lengths and angles change
relation is included with the MP2 or QCISD methods. Theby significant amount0.06—0.12 A; 2—4rat the three lev-
QCISD optimized geometriRyy=1.19 A, Ryo=1.42 A is  els of theory. The percent change in each vibrational fre-
characterized by an N—N bond intermediate between doublguency(wyye/wyp) for the X and A states is at most 19%,
and triple(Ryy=1.094 A in N,), and an N—O bond signifi- while in the B state four of the six frequencies change by
cantly longer than a typical single bond. It is also useful to50—60 %. Therefore one must treat i initio results with

TABLE II. Vertical excitation energiegenergies in ey,

UHF MP2 MP4SDTQ QCISD QcIsm)
c(®Ay) 4.90 3.90 411 3.78 3.52
B(?A,) 3.07 3.86 4.08 3.30 3.24
A(’B) 1.72 1.46 1.40 1.67 1.59
X(2B,) 0.0 0.0 0.0 0.0 0.0
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TABLE Ill. G1 and G2ab initio energies and heats of reaction.

Species E, [G1] (hartrees E, [G2] (hartrees
>:((282)N202’ —259.525 136 —259.525 952
)~((2Ag) trans-ONNO 2 —259.527 065 —259.527 948
X(*4)N0 —184.437 103 —184.437 117
X((II)NOP —129.739 12 —129.739 95
X(34)NO™ P —129.736 89 —129.737 52
(G lom —75.03385 —75.03341

Reaction AH, [G1] (eV) AH, [G2] (eV)
N,O5 (C,,)—O ™ +N,0 1.47 1.51
N,O; (C,,)—NO™+NO 1.34 1.32
O +N,O—NO" +NO —-0.14 -0.19
N,05 (C,,)—trans-ONNO (Cyy) —0.05 —0.05

#The cis (C,,) isomer lies 0.1 eV higher at the MP2/6-BG* level of theory.
PEnergies taken from Ref. 39.

some caution, particularly for th@ state, in which all three ence. Thus, while guantitative branching ratios cannot be ob-
criteria show signs that the single-configuration picture maytained, it is clear that O+N,0O is the major product channel.
not be sufficient for a quantitative description.

For comparison with the thermodynamic information ob-
tained from the data in Sec. IV, we have also performeds. pissociation energies and product energy
Gaussian-1G1) and Gaussian-2G2) calculations®®® giv-  distributions
Ignlgs)t r:)? )g(()(tzaézil?\lczt(r%n’|(;~(za2rlAegr)g; ;?;Zlgﬂ&nﬁé?rgn%%?tl; 5;9 r From the translational energy dist_ributioﬁSET) _in Fig. _
N,O. These calculations are summarized in Table Ill. The™ we can extract both th(_armodynam|c_data and information
ONNO™ configuration is included because it is also strongly®" Product state energy disposal resulting fropON photo-

bound and has been implicated as a reaction intermediate m‘ssociation. By conservation of energy we may write
reaction(1). The G1 and G2 procedures, due to Pople and  hy=D(N,0, —~O~ +N,0) + E{E;,«(N,0), (7)
co-workers, are quite successful in predicting dissociation B B
energies to within a target accuracy 0.1 eV (2 kcal/mo) hv=Do(N,0; »NO™+NO) + E7+Ei(NO)
for a wide range of neutral and ionic species. Within the -

) +Ein(NO™), 8
accuracy of these calculations,,® (C,,) and ONNO _ _ _ o
(C,,) are essentially thermoneutral. This differs from theWherehw is the photon energy, is the dissociation energy

lower-level calculation in Ref. 8, which predicts thg,Gso-
mer to be more stable by 4.4 kcal/mol.

IV. ANALYSIS

for the specified channek is the energy in product trans-
lation, andE;,, is the rotational, vibrational, and electronic
energy of the molecular fragments. We assume in Efgs.
and(8) that the supersonically cooled,®, parent ion con-

tains negligible internal energy. If for some translational en-
ergy E; it can be ascertained th&;,,=0, the dissociation

In Fig. 4, the ratio between the peak areas for channetnergy in the aforementioned equations can be deduced.
1:channel 2 at the higher laser fluence is about 1:1. Howevetiven these thermodynamic quantities, the total internal en-
the extraction of quantitative branching ratios from this dataergy of the fragments corresponding to each endfgy)is
is more complicated in the case ob®, photodissociation determined, and in some cases this energy can be further
than in our previous studies of free radical photodissociationdelineated among rotational, vibrational, and electronic de-
As mentioned in Sec. Il, only neutral fragments can be degrees of freedom.
tected with our time- and position-sensitive detector. Al-  The most detailed information can be obtained from Fig.
though both product channels result from single photon dis6, showing an expanded picture of tR¢E) at 570 nm for
sociation,detectionof O™ +N,O requires a second photon O™ +N,O. This distribution shows a series of peaks with
(to detach the O fragmen}, while NO™ (v>0)+NO detec- spacings close to that of the bending mode of the O
tion does not require another photon due to autodetachmeptoduct. The resolved vibrational structure is significant, as
of the NO fragment. The channel l:channel 2 peak areghis spectrum offers substantially more information than the
ratio increases with laser fluence over the entire range avaijualitatively similar spectrum shown in Fig(&. At 570 nm,
able to us, indicating that the two photon process producingo signal is observed fd&; > 0.78+ 0.03 eV= ET'®. Be-
O+N,0 is not yet saturated. Therefore the branching raticcause the disappearance of signat@t* is quite abrupt, we
stated above should be taken as a lower bound to the trugessign it to the translational energy corresponding to ground
channel 1:channel 2 branching ratio at 532 nm, because netate fragments, i.e., O(?P5/,) +N,O (v=0, J=0). We there-
all of the O is photodetached even at the highest laser flufore obtain

A. Product branching ratio
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Do(N,0, =0~ +N,0)=hv—ET®=1.40+0.03 eV, The vibrational structure in the experimental distribu-
(9)  tions is not as well resolved at 532 nm as at 570 nm, and at

500 nm it is difficult to pick out any vibrational structure.
This blurring can again be attributed to either increasing
product rotational energy, or a breakdown in the assumption
that all vibrational excitation of O occurs as bending mo-
tion. In the absence of resolved structure, we do not attempt
to fit the P(E,) distributions at the higher excitation energies
with Eq. (10).

We next consider the translational energy release distri-
utions for channe2). In contrast to channéll), for which

. . . all the P(Ey) curves peak at the low energy cutoff of our
Based on the bond dissociation energy in E3), the instrument, in channe(?) it is clear that with increasing

thresholds for O+N,0 (1,=n) are indicated by the comb in hoton energy the peak in the translational energy distribu-

F'g' 6 Th? correspondence with the exp_erlmental peak SpaE’on shifts to higher energy. Furthermore, each increase of
ings is quite good fon<6. All the experimental peaks are

foot { e ¢ \ational than the threshold hoton energy, which corresponds to a 150 meV increment,
? s€ (;]wq:) st_owelr :a?s aTlr?na ftfenetrgy an ebl reds Ot hifts the peak of th®(Ey) distributions to higher energy by
or each vibrational state. This OlSet IS presumapbly due Oapproximately 150 meV. In other words, even though the 570
rotational excitation of each J® vibrational level. Hence,

L o nm P(E;) distribution peaks at or below our low-energy
from this wbra_tlonally r_esolyetﬂ’(ET) d|str|l:_)ut|on we WOUl.d . cutoff, with little of the available energy going into fragment
like to determine the vibrational and rotational energy distri-

: translation, the extra energy available at 532 and 500 nm is,
bution of t.he NO fragment. : o on average, channeled into translational energy.
The simplest way to e.xtr'act'sqch information is to as- o P(E;) distributions for channel2) [Figs. Sd)—(f)]
sume that all of the pD excitation is in thes, mode. We then can be fit in the same manner as those for chafeThese

construct an e”_‘p'“ca' model of th¥(Ey) distribution USING * fits are underdetermined due to the lack of vibrational struc-
a set of Gau55|a7n1 peaks separated by the k_nown V'brat'onﬁ!re and the fact that there are two molecular fragments, NO
spacmgs(588 cm ) of the v, modg. A G?‘“S.S'af.‘ functional and NO', which may both be rovibrationally excited. Even
form is phosen to modgl the rotatpnal distribution pur(_aly .Onso, the density of vibrational product states is smaller for this
t_he basis o.f mgthemauc’:al convenience. The model d'smbuéase of two diatomics than for the products €N,0. The
tion F(Ey) is given byn’+1 Gaussians such that

absence of resolved vibrational structure and the observation

wherehv=2.175 eV. This value agrees to within 0.1 eV of
the calculated Gaussian-2 value given in Tablg1lb1 e\j.
From the 0 K heats of formation of O (1.10 eV} and NO
(0.88 eV\,*° we obtain the heat of formation of
N,O; : AH?’O=0.58t0.04 eV. FromAH,, for reaction(1)
we find thatDy(N,O, -=NO™ +NO)=1.25+0.04 eV. These
values ofD, yield the maximum allowed values fdf; at
each dissociation wavelength, which are shown by the arg
rows in Fig. 5.

n’ that the P(E+) distributions fall to zero well belovwET®*
F(Ey)= 2, anfn(E7), implies that both fragments have considerable vibrational
n=0 and rotational excitation. At all three wavelengths there is

1 [Er—(hv—Dg—nw,—A))\2 very little p.roba.bility of finding both diatomic fragments in
fn(ET):ex;{ ~3 ( 72 345 ) } (10) thelr v=0 V|brat|0nal_stat_es. We vv_|II §h0\{v in Sec. V thgt a
: high degree of NO vibrational excitation is consistent with

Heren labels the number of )D bending quantal’ is the the photoelectron spectroscopy results of Posey and
full width at half maximum(FWHM) of the combined rota- JohnsorT, in which no evidence for the NO+NO channel
tional envelope and instrumental resolution, dnib the en-  was evident.
ergy difference between the maximum possiBlefor each
n [ET®{(n) = hv — Dy — nw,] and the center of theth Gauss- V. DISCUSSION
ian. Eachf ,(Ey) is truncated foE; > ET#{(n), the limit cor-
responding to BO (J=0). The coefficientsa, give the v,
product state vibrational distribution. The solid line in Fig. 6 We first consider the nature of the excited electronic
shows the best fit to the 570 nf(E;) from a nonlinear state of NO, accessed in these experiments followed by a
least squares fitting procedure, with paramefer$.045 eV, discussion of how this state dissociates to4N,O prod-
I'=0.058 eV. Note that the same valuesdodndI” were used ucts. To assign the initial electronic excitation we compare
for all vibrational states. our experimental results with thab initio calculations sum-

The fit is excellent folE+<<0.35 eV. The less than satis- marized in Tables | and Il. The transition to the first excited
factory agreement below this energy may reflect excitation oftate, A(’B;) —X(°B,), with a calculatedT,=1.47 eV, is
other N,O vibrational modes. In fact, it is difficult to tell not electric dipole allowed. The lowest allowed transition,
from the 570 nnmP(E-) if excitation in the stretching modes B(?A,)—X(?B,), has a calculated energy d%,=2.24 eV
is occurring at lowEr, because the frequencies of theON  (A=553 nn), and a vertical excitation energy of 3.24 eV
v, and »y; modes are nearly integer multiples of teefre-  (A=382 nm). The photodissociation cross section in Fig. 3
guency:w;=3.8w, and w;=2.2w,. The possibility that there starts near the predicted, for this transition, and rises
is excitation in all the NO modes has important implications steadily towards the blue as would be expected when the
for the dissociation mechanism and is discussed in more derertical excitation energy is considerably larger tian Fur-
tail in Sec. V. thermore, we measure a negative photofragment anisotropy

A. Dissociation mechanism: N ,05 +hv—0~+N,0
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relate with the remainingd’ state, and must instead be

matched with anA” state that adiabatically leads to
Ca O(3Pg)+NZO‘(2A’). These products are not energetically ac-

cessible at the photon energies used in the present study. The

remaining A’ state arising from O(ZPU)Nwith NZO(lzg)

most likely correlates with the unbour@(?A,) state, al-

though it is possible that a Iower—lyin?@2 state exists.

The key feature of Fig. 8 is that tH&(%A,) state, which
we assign as the initial excited state in our experiment, does
not correlate to ground state @ N,O products. A nonadia-

3.5

3.0

1

Energy (V)
S
=

1.5 ) R batic transition to another electronic surface is required in the

% Te - d?ssoc?at?on mechanism. The question remains as to whether
. ! NO- + NO dissociation occurs on an excited state surface, such as the
' T, repulsive C(?A,) state, or if internal conversion to the

ground state occurs prior to dissociation. The translational

energy distributiond®(E+) in Fig. 5 can, in principle, help

distinguish between these possible mechanisms.

The excited state mechanism appears reasonable at first

Ay glance. Given that pO is linear, whereas thid—N—O moi-
[ONNOJ~ ety in N,O, is strongly bent, one would expect significant

excitation in the NO bend from excited state dissociation on

a repulsive surface, which is consistent with the vibrational
FIG. 8. One-dimensional projections of potential energy surfaces of tetructure seen in the translational energy distribution at 570
N,O, system. The nuclear coordinate is approximately represented by them. This mechanism would also result in relatively little
structures shown along the bottom' of the diagram. E_’,elow the label for eaclNzo rotational excitation, since the departing @n cannot
symmetry gr_oup(Cs, C,, C’Zf‘) are listed th(-_:‘ electronic states (_)f that sym- apply much torque to the JO fragment; this is again con-
metry, showing the correlation of electronic states. Energy differences be-" . . . .
tween theX(2B,) minimum and the two asymptotes are those derived from SiStent with the observation of resolved vibrational structure
this experimentthick lines. Thin lines are based on tlab initio results and  in the P(E;) distribution, at least at 570 nm.
molecular orbital correlations. Surfaces depicted by dashed lines are plau- However, photodissociation studies of many small mol-

sible guesses for which no calculations have been successful. According . ..
our calculationgTable ), the B(?A,) state does not have a local minimum thUIeS have shown that when dissociation occurs on a repul

in C,, symmetry, but this may be a symmetry-breaking artifsee text sive potential energy surface, the translational energy distri-
bution peaks well away froniE;=0. In contrast, all three

experimental distributions for this channel peak near zero
parameterg, indicating that the initial electronic excitation translational energy, and their overall shape is relatively in-
is a perpendicular transition. TiB{?A,) < X(?B,) transiton  dependent of photon energgompared to chann€), for
has the required perpendicular character, involving the proexamplég. This trend is what one might expect if the disso-
motion of an electron from the doub|y occupied 0ut-0f-p|aneCiati0n mechanism were internal conversion to the ground
1a, orbital to the singly occupied in-plané5orbital. Based state, followed by statistical decomposition without an exit
on these considerations, we assign the electronic excitatioparrier. The absence of a barrier is certainly reasonable for
of the N,O, ion in our experiment to the first optically al- bond fission yielding an ion/neutral fragment pair, which will
lowed transitionB(2A,) «— X(%B,). be governed by an attractive potential proportionat-tb'r .

In order to consider the dissociation dynamics subselt is useful for the moment to bypass the first step in this
quent to electronic excitation, it is important to understandmechanism, internal conversion to the ground state, to deter-
how the electronic states of,, correlate to product chan- mine if the observed translational energy distributions are
nels. Figure 8 represents the adiabatic picture of the relevagensistent with statistical theory.
surfaces, where the lowest states of each symmetry are cor- .~ =
related to asymptotic states to determine the evolution of thé- Prior distributions
electronic wavefunctions. As dissociation begins towards the  The most straightforward comparison one can draw is
O~ +N,O asymptote, the extension of the N—O bond lowerswith the prior translational energy distributiinfor the
the ion's symmetry from &, to C,, such that the in-plane photofragments. This model is expected to be most appropri-
orbitals(a; andb,) becomea’ while the out-of-plane orbit- ate for a potential without an exit barrier, in which the tran-
als (a, and b,) correlate toa”. On the other hand, if one sition state lies far enough in the exit channel that the nuclear
approaches from the asymptotic region (¥ is formed by  configuration is essentially that of the products. One can then
combining O (?P,) with N,O (12;), resulting in three elec- use the rotational constants and vibrational frequencies of
tronic states of Csymmetry:A’, A’, andA”. By adiabati- N,O in computing the prior distribution.
cally correlating the lowest states of each symmetry, the In order to compute the prior translational energy distri-
X(?B,) ground state becomés’, WhilqtheA(zBl) excited bution, the vibrations are treated as discrete quantum states,
state matches witi\”. The third stateB(%A,), cannotcor-  while to good approximation the translational and product

0.5

0.0

J. Chem. Phys., Vol. 104, No. 13, 1 April 1996



Osborn et al.: Photodissociation of N,O; anion 5035

rotational degrees of freedom can be treated as continuodis Eq. (10) indicates that the rotational envelope for each
distributions. Based on the treatment by Levih@ne can state is about the same, and is considerably narrower than
show that the prior translational energy distributief( E;) that resulting from the prior distribution.

for the O +N,O channel is given by This discrepancy may simply indicate that the rotational
distribution reflects the dissociation dynamics on the ground
E,<Eavai—ET state surface, and that the constraints g/® Notation im-
PYE;=C° D g(vy,v5,v3)(Ep) Y2 (11)  posed by energy and angular momentum conservation alone
v1,vp,03=0 are physically unreasonable. While there is some rotational

excitation of the NO, in the ion beam, if we assume that the

Here E,,=hv—Dy is the total energy available to the prod- total angular momentud=0, then the NO rotational angu-
ucts andg(v;, ) is the degeneracy of the specifiegO  lar momentumj is approximately equal in magnitude ko
vibrational level; at eaclE;, the sum is over all energeti- the orbital angular momentum of the separating fragments.
cally allowed NO vibrational levels. Consider, for example, the ® (1,=4) level, for which the
The prior distributions resulting from Eq11), convo- ~ Maximumegy is 0.48 eV at 570 nm. The value §fa=lmax
luted with a 0.025 eV FWHM Gaussian instrument resolu-determined by energy conservation alone i#,96hile |
tion function, are superimposed on the experimental distribudetermined by considering the maximuimat which the
tions in Figs. %a)—5(c) and Fig. 6. The prior distributions translational energy is greater than the centrifugal exit barrier
peak nealE;=0.1 eV (our experimental cutoff decreasing (assuming the appropriatel/r* long range potentials only
towards higheE+ . Overall, the agreement between the priorslightly smaller, 9. The corresponding impact parameters,
and experimental distributions is quite good, except at th@iven by uvbma=Imay, are 1.84 and 1.79 A, respectively,
very lowest values oE; where the error bars on the experi- both of which are considerably greater than the radius of the
mental P(E;) are large. The prior distributions match the N2O molecule, 1.156 A. Given that the Ois originally
general shape of the experimental distributions, and at eadppund to the central N atom of the,® fragment, these
wavelength both distributions drop to zero at approximatelyalues appear to be unreasonably large even if there is sub-
the same value oE;. Moreover, there is observable vibra- stantial large amplitude vibrational motion on the ground
tional structure in the 570 nm prior distribution which be- State surface prior to dissociation. In this context it is not
comes less prominent at lower wavelengths, in agreemer@together surprising that the experimental rotational distri-
with the experimentally observed trend. butions are narrower than those predicted by statistical mod-
In Fig. 6 one can make a more detailed comparison be€ls.
tween the prior and experimental distributions at 570 nm.  Based on the reasonable overall agreement between the
Like the experimental data, the prior distribution containséxperimental results and prior distributions, we believe that
periodic structure on an interval that matches #heending  the O +N,O channel results from decay on the ground state
mode of NO. Even though all three vibrational modes aresurface rather than dissociation on a repulsive excited state.
excited, thew, mode dominates the statistical distribution be- While the latter mechanism certainly cannot be ruled out, it
cause it iSn+1)-fold degenerate whem bending quanta are Would be unusual for the translational energy distribution
populated. Because of this effect, combined with the diffi-from such a process to be so similar to that predicted by a
culty (see Sec. IYin distinguishingy, excitation from exci-  simple statistical model.

tation .in.thevl_an.dvglmodes of NO, it is possible for even , Angular distributions and RRKM lifetimes
a statistical distribution of product states to support a 588 o . .
The angular distributions and their dependence on exci-

m~= (i.e. vibrational ing in the translational ener . . BT . -

cm - ( © » @) vibrationa spacing the translationa energy tlat|on energy provide further insight into the dissociation dy-
distribution. We make this point because the experimental . ST . :
namics. Recall that the angular distribution is essentially iso-

data at 570 nm may also be modeled quite convincingly b){ropic at 570 nm and that the anisotropy increases with

Eq. (10) (solid line in Fig. § to represent excitation of pure L o
N,O bending motion, an interpretation that is irreconcilableS"€"9Y: This indicates that the lifetime of the®J complex

i a sttistical dissocision mecharism
However, a closer comparison shows that structure in the ' P y

: PR , , haracteristic rotational period of the complex. If we assume
prior distribution is broader than the experimental rotationa .
. . . : a rotational temperature of 60 K and treat the complex as an
envelope at 570 nm, particularly at high . This broadening

. . . oblate symmetric top with rotational constants determined
arises because for each® vibrational level(v;,1,,15), the
) . . . from the ground state geometry, the average value of rota-
corresponding term in the summation of Hd1) begins tional quantum numbed is 11. The corresponding classical
abruptly atE;=E_,—E,. For this reason the thresholds in 9 ' P 9

the prior distribution line up well with the vibrational comb rc:r?g;)cz?;rpti)rltc;]i a?;gésthgéax'i of the complex(i.e., per-
in Fig. 6. In addition, for each vibrational state the priorp X . P -2 PS. . .
distribution extends all the way #B8;=0, i.e., the maximum . It is of interest to compare the rotaﬂona! pgrlod o the
E; allowed by energy conservation. This yields very broad Jce—Ramsperger—Kassel-MarcURRKM) lifetime  of

] 27 o N,O; in its ground electronic state. The RRKM dissociation
rotational energy distributions for low vibrational states of ratek(E) is aiven b
N,O, with narrower distributions only for the highest vibra- (B)isg y
tional states. In contrast, the fitting of the experimental data  k(E)=N*(E*)/hp(E). (12)
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HereN*(E") is the number of accessible states at the transithe relative thermodynamics of these two isomers, we can be
tion state ando(E) is the density of NO, states at total certain that the anion potential energy surface has a well in
energyE, both of which can be calculated from the Whitten—an ONNO™ configuration.

Rabinovitch expressiofsif the vibrational frequencies of Based on the discussion of chanf#), the first mecha-
the transition state and reactant are known. Because no batism which must be considered, aside from the initial elec-
rier to dissociation is expected, we choose a loose transitiotronic excitation, is that the dynamics for chanii&l occur
state with four vibrational frequencies set equal to th®N entirely on the global ground state potential energy surface
frequencies and one low frequency vibration correspondingor the O +N,O—NO™+NO reaction. Specifically, elec-
to the in-plane O—BD bend (the O —N,O asymmetric  tronic excitation would be followed by internal conversion to
stretch is taken to be the reaction coordinaiéne calculated the N,O, ground electronic state, after which isomerization
vibrational frequencies at the MP2 level are used to calculateto ONNO™ and bond fission to NO+NO occur. The result
p(E) for N,O, . If the O—N,O bend frequency in the transi- of this mechanism would be experimenR(E;) distribu-

tion state is assumed to be 50 ththe resulting lifetime of  tions which, like those for channdll), should reflect a
the complex at 570 nm is 0.13 ps, considerably shorter thatargely statistical decomposition mechanism for a process
the rotational period. We note that the preexponemtidhc-  with no exit channel barrier.

tor calculated with these transition state and reactant frequen-  As one test of this mechanism, the experimemRéE-)

cies is only 2¢10™ sec* (at T=300 K). This value is some- distributions can be compared to prior distributions for chan-

what low for dissociation without a barrier; more typical nel (2), using a version of Eq(11) appropriate for two di-
values are 11 sec *.*3 Thus our assumed transition state is, atomic fragment§! The comparison in Figs. (8)—5(f)

if anything, too “tight.” It might be more realistic to use a shows that, in contrast to chann@), the prior and experi-
lower bend frequency or an internal rotor to model the relamental distributions are very different. The experimental dis-
tive motion of the O and NO fragments at the transition tributions show that the fragments have considerably less
state, in which case the dissociation lifetime would be eVeRranslational energy, on the average, than predicted by the
shorter. prior distribution. Moreover, although the 570 nm distribu-
The large discrepancy between the apparent dissociatiofon peaks neaE;=0, the maxima in the other two distribu-
lifetime implied by the angular distributions and the RRKM tions clearly move towards highdt; as the excitation en-
lifetime suggests that dissociation on the ground state poterergy is raised. More specifically, as was pointed out in Sec.
tial energy surface is not the rate-limiting step. A possiblejy A, the magnitude of this shift is very nearly equal to the
explanation is that internal conversion from the initially ex- additional excitation energy, indicating that this additional
cited B(*A,) state to the ground state occurs on a time scalnergy is efficiently channeled into product translational en-
of several picoseconds and is therefore rate limiting. Weargy.
would then attribute the decrease in lifetime with increasing Taken together, these observations cast serious doubt on
excitation energy to an increased internal conversion ratg statistical decomposition mechanism for chari@gl Sta-
arising from more highly excited vibrational levels of the tistical decay should lead to translational energy distributions
B(*A,) state. that are, at most, weakly dependent on the excitation energy.
Moreover, the high level of product vibrational excitation
suggests a rather sudden dissociation beginning from a
nuclear configuration in which the N-O bond lengths are
The description of product channé®), which yields very different from those in the separated products. Exten-
NO™ +NO, requires a discussion of several of the same issive product rotational excitation should also be expected if
sues raised in considering chanfiel. However, channel2)  the nuclear configuration changes rapidly from g 6truc-
is clearly more complex, as it involves rearrangement andure to the trans-ONNO intermediate on the way to prod-
elimination, rather than the simple bond fission process oficts, due to the significant torque such motion exerts around
channel(1). A key issue in the mechanism of chanii@l is  the noncentral N atom of JD, . A possible mechanism con-
the role of the ONNO isomer. Posey and Johndoshowed  sistent with these results is one in which the initially pre-
that this isomefwhich they denote NONO) is a stable spe- pared NO, excited electronic state interacts with another
cies on the global potential energy surface of the negativexcited state that correlates asymptotically to NENO
ion. There is no experimental evidence for the exact energproducts, and that dissociation to chan(®ltakes place on
of this isomer relative to the D, (C,,) well. The only pre- this second excited state surface. Even though we postulate a
viously published calculation, by Hiraokat al. at the second excited surface that is repulsive, it has been
ROHF/6-31+G level, finds the ¢, structure more stable demonstratetf that extensive vibrational and rotational exit
than trans-ONNO (C,;,) by 4.4 kcal/moP Our G1 and G2 channel interactions, such as those qualitatively described
calculations described in Sec. Ill B show that at this moreabove, can effectively channel the majority of available en-
accurate level of theory the two isomers are essentiallyrgy into internal states of the products.
isoenergetic, with the trans-ONNQOisomer more stable by Unfortunately, we have little information regarding what
only 0.05 eV. The depth of this well on the potential energyexcited states may play a role in N@&@NO production. To
surface depicted in Fig. 8 is based on the G-2 calculationdurther explore this product channel it would be useful to
Although the photoelectron spectrum offers no clues as tdorm ground state ONNOn the ion source, dissociating it

B. Dissociation mechanism: N ,05 +hv—NO~™+NO
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at the same three wavelengths used in the current studgoncentration, th€(E;) distributions of Fig. 5 would show

However, repeated attempts to create this species from theome intensity at the highest possible translational energy

same NO/Ar mixture used in the photoelectron spectroscopfwhich corresponds to NO(v=0) productg. The complete

studies have not yet been successful on the fast beam trarlack of intensity at these translational energies further sup-

lational spectrometer. ports our conclusion that NO+-NO arises unambiguously
One issue raised by the mechanism proposed above fsom (C,,)N,O; photofragmentation.

why statistical decomposition to chann@) does not seem

to be occurring, given that we believe chan(iplto proceed D. Comparison with photodissociation of CO 3

by dissociation from a ground state®; (C,,,) complex. The

statistical(i.e., ground stajemechanism for channgR) re-

quires passage over an isomerization barrier to form th

ONNO - complex, representing a much_tighter transmonexamined for twenty yearsOne might therefore expect to

state than that for bond fission to @N,O. Thus, unless the . Lo - . .
isomerization barrier is considerably lower than gain further insight into the D, photodissociation dynam-

D(O™=N,0), bond fission will dominate over isomerization ics through a c;)r_npanspn with the GQvork. The stu_dy by
once the ground state complex is formed. Unfortunately, weS nodgraset al.” is parucularlx relevant for comparison to
were unable to locate the isomerization barrier between thg.ur qbata}. The):j me?STred dthﬁ OCO, translatlonarll energy
two potential minima in our calculations, which precludes a |s_tr| ution and calculated t © C_gO%ec?metry at the unre-
more quantitative analysis of the possible ground state rea tricted Hartree—Fo_ck level, f_mdmg A; grou_nd_sta_te W'th
an Symmetry. Their translational energy distributions, like

tion path. _ _
P ours, peak neaE;=0 and decrease steadily towards higher
E+, indicating a high level of C@internal excitation: How-
C. Comparison with photoelectron spectroscopy ever, they find that the average translational energy release

he ob . f both prod h Is sh .. decreasess the photon energy is increased from 514 to 476
The observation of bot pro uct channels shown in F'gsnm, finally increasing again at 458 nm, which differs from
4 and 5 warrants a comparison of our results to the photo

our results and the predictions of statistical models. Based on
electron spectroscopy of Posey and Johr{sBhey observe

i the 532 h I ol ¥ these results, they concluded that this dissociation occurs on
In the nm photoelectron spectrum of®y a single PEaK " an excited state surface, rather than by statistical decompo-
due to the detachment of Qions. They conclude that this

. . _ ) sition of the ground state as we have proposed for
isomer photofragmentexclusivelyto O +N,O. At first N,O; O~ +N,0.

glance, our obser'vatlon. O,f NG-NO 'products at 532 nm A closer look at both ions indicates that there are impor-
seems to contradict their mterpretatlon._one must quespo&nt differences in the electronic states involved in the two
why signal from NO' photodetachment is not observed in v, \qitions. The visible excitation in GOs assigned by Sn-
the photoelectron spectrum if this fragment ion is in fact dgrasset al. to the 2E’ —2A}, transition. In G, symmetry
produced. The explanation can be found in the translationq e 2A! staté correlates tﬁéz implyiné thatv the groun’d

2 L

energy release Q|str|but|ons for chgnr(é) shoyvn in the states for CQ and NO, have similar electronic structure.
right column of Fig. 5. The small fraction of available energy However, the?E’ excited state of CQ correlates to &A,

in translation for this channel requires that the fragments,  1>p iate neither of which corresponds to e excited
2 [}

have a high degree of vibrational excitation. Because th% ; - : .
- . tate that we believe provides the oscillator strengthJ@N
1
detachmgnttthrlfsholls Otf. NO(|1$f34 eni™) (Rff'lézals Snlal‘" dissociation. Instead, 8, state correlates t6E” in Dj,
compared to its vibrational frequerffyo €M " symmetry, although th&E”—2A} transition is not optically

NO™(x>0) spontaneously autodetaches an electron to 9V&llowed. The excited states formed by electronic excitation

N ;o _
primarily NO(v/=v—1)+€”. The slow electrons produced in the two experiments are therefore quite different, which
from autodetachment are below the low-energy cutoff of the

i f-fliaht photoelect ¢ ¢ d by P Fﬁould certainly account for the different dissociation mecha-
Ime-ol-iight photoelectron spectrometer used by FOSey anfliq g proposed for the two anions. This comparison shows

hat while rough predictions about a molecule can be made

tional ¢ ) s int t th | %ased on properties of isoelectronic species, the detailed dy-
lonal Spectroscopy experiments into account, the onty muthamics of each system can be completely dissimilar.
tually consistent explanation is that photodissociation o

NZOZ_ at 532 nm QOes_ produce NObut_none of this product V. CONCLUSIONS
is in its ground vibrational state, and is therefore not detect-
able in the photoelectron spectrometer. The photodissociation of }D, (C,,) has been investi-

To further support our argument, we note that Posey andated using fast beam translational spectroscopy. Two prod-
Johnsondid observe the unmistakable photoelectron specuct channels are observed: “®N,O and NO +NO. Ab
trum of NO at 532 nm from photodestruction of the initio calculations have been carried out for the lowest state
ONNO™ isomer. As explained earlier, NQv=0) is the only  of each symmetry in this ion. Based on the agreement be-
product vibrational state which could produce this signal intween experiment and theory, the transition in the total dis-
their experiments. Therefore, if the ONNGsomer were sociation cross section spectrum is assigned to
present in our electric discharge ion beam at any appreciabB(?A,) — X(°B,).

The CGQG ion, which is isoelectronic with pD, , also
gissociates in the visible region, yielding"®CQO,. The
photodissociation dynamics of GChave been extensively
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