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These experiments and complementary electronic structure calculations seek to probe the early
dissociation dynamics of )D, excited in the strong 186 nm ultraviolet absorption band. Laser
photons of 199.7, 203, and 205 nm are used to dissoci#de tolecules expanded in a free jet. The
emission from the dissociating molecules is dispersed in a spectrometer and collected with an
optical multichannel analyzé©OMA). We observe a strong progressionuig, the N—N stretching
mode, consistent with electronic structure calculations and a previous observation of N—N bond
fission leading to N@photoproducts in this band. We also observe emission to combination bands
in v,, the torsion, andvg, the out-of-phase antisymmetric NGQtretch, which we attribute to
vibronic coupling to aco™* excited state configuration. Analysis of our data allows for an
assignment of the torsional frequency of®J. Around 200 nm nitric acid, nitromethane, angQy

all exhibit a similar absorption to an adiabatic surface that changes electronic character from
Wnb,oﬂﬁoz at short QN-R (R=CH;, OH,NG,) internuclear distances tmo* at extended

internuclear distances. We compare our present emission spectri®gfaith previous emission
experiments on nitromethane to understand how the character of the Franck—Condon region of the
excited states in these two molecules differ. 1©99 American Institute of Physics.
[S0021-960609)01442-1

I. INTRODUCTION planar conformatiori:'°=* The calculation of an accurate
value for the N—N bond length has proven difficult; only

Molecules with NQ functional groups and molecules . .
well described as covalently bonded clustariay a key role recently, by considering the effect of electron correlation,
have theoretical bond lengths become consistent with the

in atmospheric chemistry, yet much of their photochemistryex erimeni-20
and photophysics is still poorly understood. In this work we P '

seek to compare and contrast the early photofragmentationt dB_Ef(:que iggussm% the te_:lectt)ron(ljc cZatrr? ct_e; QON::):_— f
dynamics of the N@ dimer, N;O,, upon excitation in the cited in the hm absorption band anad the interpretation

strong 186 nm ultraviolet absorption band with those of ni-the few experiments probing the resulting dissociation dy-
tric acid and nitromethane excited in the analogousnam'cs’ we note that the symmetry labels of the relevant

b0 NG, @bsorption barfdcharacteristic of molecules with molecular orbitals and the symmetry Iabell given to the ex-
’ 2 cited state accessed depend on the coordinate system chosen

Nlozhfunctlongl grloups.. Of pa(rjhculgr mterest.m this S:]L,de Aor the N,O, molecule. Unfortunately, no single convention
(1) how torsional motion and antisymmetric stretching A€or the choice of coordinate axes has been uniformly

coupled in the early dISSOCIatlon. dynamics ‘?‘@ how adopted, and this had led to considerable confusion when
Franck—Condon access to the excited electronic state from &perimentalists studying the photofragmentation

ground state with an unusually long equilibrium N—N bondchannelél’zz have compared their results to the only avail-

length *COUId probe*the region of aqued_ crossing of the,p e eycited state electronic structure calculations, those of
b, 0TNO, and no™* electronic configurations along the

o . ) i Mason? The top frame in Fig. 1 depicts the convention for
N—N bond fission excited-state reaction coordinate. coordinate axes most commonly used by experi-
__The structure of BO, has been studied by Xx-ray mentalistd" and most electronic structure theorists!>2*
diffraction,” neutron _d|ffr§1ct|on in the crystdl.and gas- yjth the planar molecule in th&Z plane and thez axis
phase electron diffractiofr.? The lowest-energy structure of gjrected along the N—N bond. The next frame down in Fig. 1
this molecule ha®;, symmetry with an exceptionally 1ong shows the coordinate system adopted in the calculations of
NN bond, 1.75-1.782 A. Addltlonaloly, the NO bond, 1.190 the excited states of J0, by Mason?® with the molecule in
A, and the ONO bond angle, 135.4°, are little changed frompg x7 plane but theX axis directed along the N—N bond.
the values in ground state NO1.199 A and 13377, _ Thus, the symmetry of the excited state accessed at 186 nm
respectively’ Theoretical studies have attempted to explaing given as 1B,, in the work of Mason(with a transition
the unusual features of ,: the long N-N bond and the ginole oriented in her axis direction, in the molecular plane
but perpendicular to the N—N bopdout when that label is
dElectronic mail: 1-butler@uchicago.edu transformed into the coordinate system used by other elec-
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Transition dipole oriented along
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dominant electronic configurations, one in which an electron
is promoted from ther nonbonding oxygen molecular or-
bital to the#* orbital (a delocalized version of the transition
resulting in the strong 190 nm absorption in nitromethane
and nitric acid and the other contributing configuration cor-
responding to promotion of an electron from a nonbonding

(b) Coordinate system used in-plane molecular orbital localized on the O atoms to an
by Mason. Transition dipole orbital that haso* character with respect to the N—N bond.
oriented along Z-axis. . .
Thus, in the most commonly used coordinate system, the
11B,, excited statgMason’s 1'B;,) accessed in the 186
nm absorption band is an admixture of two electronic con-
figurations in the Franck—Condon region,
(©) Standard coordinate system 2 2 1 2 2 1 0
oy inate .+ (4bg,)%(4b2g)*(1b1g) (1a,)*(6g)*(2b,) (6byy)
X(2b3g)o,
the 7, o 1byg) — 7* (2b,,) configuration,
and
(@ Coordinate system used for 2 1 2 2 2 0
assignment of vibrational ---(4b3y) (4b29) (1blg) (1ay) (6ag) (2b2)
mode symmetries. X (6by,) 1(2b39)0’

the ng(4byg)—o* (6by,) configuration,

FIG. 1. Common coordinate systems in use fgON We use(a) the coor- with the_ trans_ition moment directed perpendicular to the

dinate system used in electronic spectroscopy throughout f05,Nand (c) N-N axis and in the molecular plari&awasakiet al** and

for NO,. Sisk et al?? mistakenly described Mason’s assignment as
o(6ag) — o™ (6b,,) because they did not realize that Mason
was using a different coordinate system than most other

kers])

tronic structure theorists and experimentalists it should b&'°" . . . .
P The photodissociation of JO, has been investigated

redesignated as the B, state. Neither Kawaski and . . ; .
co-worker$! nor Johnston and co-workérsioticed that Ma- Frv?/\elzlr?gigrm b;;z;riiiiGbgrga%EQS?er;Znigé:/%f daerl:ilen ftc?rea
son was using a different coordinate system than they, so the 9y P :

interpretation of their experimental results with respect tocompetition between N-N fission and N-O fission upon ex-

L . citation at 280 and 265 nm in the lower absorption
Mason’s work is in error. In this paper, we adopt the most . .
pap b bands®>?82%We review only the photofragmentation results

common coordinate systefifrig. 1, top used for the elec- o . .
ystetig P upon excitation in the 186 nm absorption band since they are

tronic configuration of NO,, with the molecule in thexZz . .
plane and the axis along the N—N bond, and where neces.most relevant to our emission spectroscopy studies, per-
' formed at excitation wavelengths near 200 nm.

sary transform the work of Mason to this coordinate system. ) . .
Y y Kawasakiet al?! observed the time-of-flight spectrum

We also use the nearly universally adopted coordinate sys- : .
tem for the NQ product, with the molecule in th€Z plane %phootlof[ragt]n;e&ts frpm %?4 d|ssoc;ate|,-d r? t 3?3 and 2,[48 nrrr:'. h
and theZ axis along theC, axis [Fig. 1(0)]. ey detected the signal from neutral photofragments, whic

The electronic configuration of O, in the ground state gave NG upon electron bombardment ionization, but were

, : - : .~ . not able to observe a signal at N@r O*. This limitation
i(;/gzth the coordinate system as depicted in the top of Fig. 1prevented them from probing a potentia®4+0 product

channel. Slow photofragments were obscured by a laser-
..(4b3,)2(4byg)2(1b14)%(1ay)?(6ag)%(2b4,)°(6by,)° independent but time-dependent background, presumably
X (23,)° from the pulseo! beam_source. Four_ direct dissociation chan-
9’ nels were considered in these studies:
where we also show the lowest unoccupied orbitals in the

energetic order determined by von Niessral?* The ab- N2O4+hv—NO,+NO,, 2)
sorption spectrum of pO, has been previously studied be- N,O,—N,03+0, 2
tween 240 and 500 nthand between 185 and 390 rffiThe

spectrum of Bas®t al?’ shows a strong broad absorption, ~ N20;—~NO3+NO, ©)
indicative of a dissociative transition, peaking between 185 N,0,—NO,+NO+O. @

and 190 nm and extending to 230 nm. CNDO/S electronic
structure calculations of Masthsuggest that the excited Based on the available energy after dissociation and the ob-
state reached is of B;, symmetry[Mason’s 1'B,, label is  served translational energy distributions of the photofrag-
for a nonstandard coordinate system, Figh)land is best ments, only(1) and (3) could result in the fastest observed
described as a configuration-interaction mixture of twosignal at NG at either 193 or 248 nm. Since no NQvas
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detected, Kawasaldt al?! concluded thatl) is the primary  Quantel YG580-C series Nd:YAG laser operating at 20 Hz
channel at both wavelengthéThis is a problematic argu- pumps a Lambda Physik FL3002E dye laser with an intra-
ment because a vibrationally or electronically excited,NO cavity etalon to reduce the bandwidth of the dye laser to 0.05
product is knowA’ 32 to also produce NO daughter ions, cm . Rhodamine 640 dye was used to generate light be-
and because energetic considerations only precluded theveen 609 and 615 nm. The output of the dye laser was
other channels for the fastest products. One cannot concludeequency doubled in a KDP crystdlambda Physik FL 30

that some of the slower signals at Bl@o not result from the ~ giving between 7 and 9 mJ per pulse. The 300 and 600 nm
other channels; the lack of data at any other ion precludebeams were frequency summed in a BBO cryftaiad 561-
any further analysig Kawasakiet al. note that the maximum 044). A Pellin—Broca prism then separated the colinear 200,
energy released to product translation at 193 nm is consisteB00, and 600 nm photons.

with the formation of NQ molecules in either thé 2B, or The 199.7 nm light was generated by Raman shifting the
B 2B, states. However, based on fluorescence measuremerg6 nm output of an injection-seeded Nd:YAG lag€on-
they believe the 2B, is largely formed from the photolysis tinuum PowerLight 902Din Hz. A 50 cm focal length plano-

at 193 nm. Finally, the 193 nm photodissociation resulted iffONVex lens was used to focus the200 mJ/pulse 266 nm

a parallel photofragment angular distributig=1.2. This is light into the Raman cell. This cell, a 70 cm long stainless

particularly surprising since the electronic structure calculaSte€! tube fitted with 3/8 in. thick Suprasil windows at either

tion of Masor®® indicated the absorption at 193 nm is carried €Nd: i filled with H to pressure of 50 psig. The divergent
by a transition moment perpendicular to the N—N bond output of the Raman cell contained colinear Stokes and anti-

similar to that for nitromethari@and nitric aci32but Ka- Stokes shifted light as well as the 266 nm fundamental; this

wasaki’s paper misses the discrepancy because of the conflit was recollimated with a 16 in. focal length plano-
sion over the symmetry label of the excited state in the dif-CONVex lens whose position was optimized for the 199.7 or

ferent coordinate systems used by the two groups. 218 nm light. The light to be used in the experiments was
Sisk et al? later studied the fluorescence of Kl&om separated from the other wavelengths using a Pellin—Broca

the photodissociation of J0, at 193, 248, and 351 nm. By prism and finally focused with a 16 in. focal length lens so
coanalyzing their photolysis-induced fluorescence data witfh€ light would overlap well with the free jet expansion.

the time-of-flight data of Kawasalkt al, they determine that The NG;/N,O, was introduced into the vacuum chamber
photolysis at 193 nm leads to two §Ciragments in the as a free jet expansion from an IOTA ONE pulsed valve

~ 5 . (General Valve Corpwith an open time of 200—26Qs for
A'B, sta_lte.[They note that the assignment of the prOdu(.:teach gas pulse. The excitation light interacted with the free

< 2 .S 2 %t expansion about 1.0 cm from the pulsed nozzle orifice.
the product channel to be NOX“A,) +NO3 (B “B;), where  \jgat NG, (Matheson 99.5%was used for most experiments,
the NO(B ?By) is vibrationally excited. Sisk et al** mis- byt some were performed with 10 % N@ He (Matheson
takenly refer to the 186 nm electronic transition Ca'CU'ater confirm that the observed spectra were from)mand not

by Mason asr(6ag) —o* (6by,), missing the change in the higher-order clusters. The backing pressure of the gas was
coordinate system described above, so their subsequent digaried between 150 and 800 Torr to control the amount of
cussion of a possible electronic curve crossing in the dynamNQ, in the expansion and provide further evidence against
ics is in error. emission from this species.

In this paper we report the dispersed emission from pho- | ight scattered at 90° to the incident laser propagation
todissociating MO, excited at several wavelengths near 200djrection was collected whita 4 inch focal length lens and
nm. The emission spectra evidence activity in the N—Nfocused with a 10 inch focal length lens onto the entrance slit
stretch and in progressions in antisymmetric stretchingf a spectrometeActon SpectraPro 235which dispersed
modes in combination with torsion. The spectra presenteghe light using a 2400 gr/mm holographic gratifidilton-
here allow us to correct the literature value of the groundRroy). The dispersed light was then imaged onto an optical
state torsional mode frequency and, when combined withnultichannel analyzer, OMA(EG&G PARC 1456B-990-
other workers’ results, give a gas phase frequencygothe  HQ) equipped with a blue-enhanced intensifier and 990 ac-
out-of-phase N@rocking mode. We also report complemen- tive pixels. Spectral resolution is limited by the spectrometer
tary CISab initio electronic structure calculations of some of |ength and grating and is about 25 chusing a 2400 gr/mm
the relevant excited states of,®. In the discussion we grating. The linear dispersion in the spectra here were cali-

attempt to elucidate the origin of the early part of the dissoprated using the laser line and the known Hg line at
ciation dynamics revealed in the emission spectra and we30.2065 nm.

speculate how it may influence the branching to different
final product channels. Ill. THEORETICAL METHOD

Ab initio electronic structure calculations were per-
formed using thesAUssIAN 94°° program package to charac-

The instrumentation used in these experiments has bedarize the excited state accessed in the experiments and help
discussed previousR#°so we give only a brief description understand the emission spectra. The vertical excited-state
here. The laser light used was generated either by anti-Stokeslculations were based on ground state equilibrium geom-
Raman shifting 266 nm light in jor by tripling the output  etries obtained from gas phase electron diffraction stuftlies.
of a Nd:YAG-pumped dye laser. The 532 nm output of aA configuration interaction with single excitatid€IS) cal-

Il. EXPERIMENT
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FIG. 3. Emission spectrum of /@, formed in a neat N@expansion with

FIG. 2. Emission spectrum of X, formed in a 10% NQin He expansion . itation at 199.7 nm. Labels are the same as in Fig. 2.
with excitation at 203 nm. Peaks are labeled as the final vibrational eigen-

states, assuming the molecule was in the lowest vibrational eigenstate before

excitation(for hot bands the assignment corresponds to the change in vibra-

tional quanta in the final stateLabels are 3:n vibrational quanta in the

N-N stretch normal modeys; 4,:n vibrational quanta in the torsional -~ quglitative features of these two spectra are the same. Both

n_ormal modey,; 5,:n vibrational quanta in the out-of-phase antisymmet- spectra show a progression assigned as the N—N stretch and

ric stretch normal mode;s. Starred features are fluorescence from the NO . L . .

y band(see the discussion in Sec. I.EThe features in this spectrum are & SETES Of combination band? mvolylng the OUt'.Of'phas_e an-

due to NO, (see the discussion in Sec. IJA tisymmetric stretch and torsiofassignments will be dis-
cussed in the following sectipnThus, the identical features

in the 203 nm spectrum taken using neat N&@e due to

culations using a 6-31.G(d,p) basis set generated the os- N2O4. Hence, all later spectra were collected using neat
cillator strengths, orbital symmetries, and vertical excitationNO>, Which we found to give a better signal-to-noise ratio.
energies presented here. Symmetry and bonding character of

the orbitals contributing to the excitation were classified us-
ing the linear combinations of atomic orbitals output by the
Gaussian program.

Potential energy curves depicted in the paper were gen-
erated by repeating the vertical excitation calculation at in-
cremental bond separations or angles. At each geometry, the
program computes the ground state energy at the MP2 level
of theory.

)

IV. RESULTS

A. Eliminating the contribution of NO , and higher
order clusters of N ,0,

Intensity (Arb Units

The absorption cross section of M@ about two orders
of magnitude smaller than that of,8, around 200 nn3?
Thus, we expect the contribution of NQo our emission
spectra to be much less than the contribution fropON
Furthermore, the features in the emission spectra collected in R Mrj\’L .
this wavelength region are very easily assigned to either in- ¢ 1000 2000 3000 4000 5000 6000
dividual N,O, normal modes or combinations of them, while . 1
an assignment to the modes of Nfroved impossible. We Vabs ™ Vermit (1)
checked for the contribution of higher-order (B)gn=3) FIG. 4. Emission spectrum of J@, formed in a neat N@expansion with

clusters in the observed emission spectra by minimizing th@xcitation at 203 nm. The top spectrum was taken with 600 Torr backing
number of higher-order clusters in the expansion. 8iséll.  pressure. Labels are as in Fig. 2. The similarity of this spectrum to that in

observed that higher-order clusters could be minimized b)lfig. 2 indicates that the features are due $®N The bottom spectrum was

; 0 ; 2 i i taken with 750 Torr backing pressure. The reduction in intensity ofvthe
using 10% NQ seeded in HE Figure 2 presents the emis + v, combination bands with highest torsional motion indicates these result

sion SpeCtrum_ at_ 203 nm using 10% N H_e- and Fig. 4 fom molecules with a thermal population in higher torsional levels of the
shows the emission spectrum at 203 nm using negt N®e  ground electronic statesee the discussion in Sec. I\.B
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Figure 4 presents the emission spectra taken at 203 nm

v~ 205 nm & f under two different expansion conditions. The peaks are as-
+ /mm signed similarly to those in the 199.7 nm. The spectra again

show a progression in the N—N stretaly. Again, out-of-
phase antisymmetric stretch and the torsion are present in
combination bands. In the top spectrum in Fig. 4, the com-
bination bands appear as a series of “quartets.” We note that
. the spacing decreases between the peaks in the serjes 5

T v 5,+4,, 5,+4,, and 5+4¢. This is likely due to the an-

w \ harmonicity of the oscillator though the resolution of the
\ / detector limits this analysis. We repeated the 203 nm spec-

trum using neat N@ at higher backing pressures around
| j 750-800 Torr, shown in Fig. 4, bottom spectrum. The com-
M A,/V\N\ . bination bands o5 and v, in this spectrunm(Fig. 4 bottom)
0 1000 2000 3000 4000 5000 6000 appeared as a series of “triplets” corresponding to the first
v three peaks from the “quartets” in Fig. @op) spectrum.
Vabs = Vemie (™) The final peak in the combination bands is evident, though
much reduced in intensity. The increase in backing pressure
should favor additional cooling of molecular rotation, and to
a lesser extent, vibrations. The changes in the spectra under
these different experimental conditions may result from a
B. Emission features at 199.7, 203, and 205 nm decrease in the contribution of hot bands to the spectrum
taken at the higher backing pressure. If a low-energy motion
uch asv, is present in the molecule, then a significant vi-
rationally excited population exists at 298 K. Thus, if a
ﬁnolecule in the 4 vibrational state is excited with a photon
and shows emission intensity in the band labeled- 8,
then the actual vibrational state of the molecule after emis-
sion is 5+4,. We explicitly indicate bands with a contri-
ution from hot bands in our 203 nm spectrum with the
otation §+4,,/hb, but we do not indicate these in the
other figures in the paper.

It is interesting to consider how we can see emission into
rPands with odd quanta img. To understand the origin of
Smission intensity into odd quanta in an antisymmetric
mode, nominally an electric—dipole forbidden in emission
spectroscopy, we consider the emission in a time-
independent formalism in which the intensity is proportional
to the square ofys;(w,),

5
5;+4,
53t 4

Intensity (Arbitrary Units)

FIG. 5. Emission spectrum of 0, formed in a neat N@expansion with
excitation at 205 nm. Labels are as in Fig. 2.

The emission spectra of 8, collected with laser exci-
tation at 199.7, 203, and 205 nm are presented in Figs. 3—
respectively. The emission spectra ofQy all share several
interesting features. All of the spectra show a progressio
with the first peak near 260 cm and the spacing between
subsequent peaks of about 255 ¢nSince Dyer and Hendra
assigned the frequency af;, the N-N stretch, as 254
cm 13" this progression is easily assigned as a progressioR
in vz, the N=N stretch. The 199.7 nm spectrum shows
long progression in the N—N stretching motion, with re-
solved peaks extending to ten quantavin The 3; (when
referring to the change in the number of vibrational quanta i
a given normal mode, we use this notation throughout, wher
3, refers to an additional seven vibrational quantadrafter
photon absorption and emissjopeak comes at slightly
larger shifts than the fundamental of, the out-of-phase
antisymmetric stretch, and is not labeled in the spectrum.

A second progression appears in these spectra, starting at (f| pom €5INY(N| pap- € i)
about 1725 cm'. The vibrational frequency ofs, the out- ari(w)=2, Etho —E _iAiT
of-phase antisymmetric stretch, is 1712 ¢m® The only : Lo
other mode near 1725 crhis the in-phase antisymmetric The subscript stands for incident an8 stands for scattered,
stretch, v, which occurs around 1735 crhbut it is disal-  andI is a lifetime factor. We consider only the second term,
lowed by selection rule¥ Thus, the fundamental peak in responsible for emission, making the assumption that all
this progression is assigned as. We discuss how emission molecules emit from the same excited electronic state. The
into odd quanta ofvs may be vibronically allowed later in intermediate staten), and the final state(f|, can be ex-
this section. pressed as a product of rotational, vibrational, and electronic

The next peaks in this progression are spaced by a frestates. Assuming that the rotational part can be factored out
quency of about 135 cit. This corresponds closely to our (neglecting Coriolis coupling the intermediate and final
value for 2v, (see the discussion in Sec. I\JDThe next states become
peak is thus assigned ag-54,. The peak near 3570 cris
assigned as bt+4,. Assuming the torsional frequency in- Im=[(ve)n), ©®)
creases with excitation afs (which we observe in the case (f]=((ve)|. )
of 5,+4,), then this value is about 15 ¢rh lower than
expected. The next peak is again about 135 taway and  Finally, we assume that the initial'B,— X lAg excitation
is assigned as 5+4,. The final peaks in the spectrum ap- is from theay ground vibrational level in the ground elec-
pear at 5400 and 5530 crhand are assigned as54, and tronic state, so the operative transition momepy is bs, [as
53+ 4¢, respectively. in Fig. 1(@)] and the intermediatén), vibrational symmetry

®
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is thenay. Then emission to &, vibrational state ¢s) of ~ TABLE I Fluorescence energy of NO.

anAg elect_romc state from aay vibrational level of theBs, Literature NO 7wy Fupe¥urs Emitted photon enerdyiun
state requires a dipole momer;g to have the symmetry of thg:_\» pand heads (cmr )  (cm ) (cm Yy
productb,q® Ag®ay® B, =b,,” (note that we are assum-

ing the electronic coordinate systdifig. 1(a)] and use the 0-0  44197.48 50075 5835 44240
ibrational symmetry obc in this coordinate systemThus 0-0 44197.48 49247 5020 44 221
vibra ymmetry obs Yy ' 1-0  46539.36 50075 3430 46 645
the term for emission becomes 1-0 46539.36 49247 2665 46582
<b29Ag|b1u|angu>- (8) @Values are for th&,, from J. Danielak, U. Domin, R. Kepa, M. Rytel, and

. . . M. Zachwieja, J. Mol. Spectrost81, 394 (1997).
According to Table II, the ninth excited state MAg, Sym-  onciermined from our spectra.

metry and a very large oscillator strength. This state seems a
likely candidate for the intensity borrowiffyrequired for
vibronically allowed emission into these antisymmetric Vi- 64 cnil, in addition to a mode around 1725 Gh(since we
brational modes. observe a mode near 130 chcoupled with a motion near
Finally, we investigated the dependence of the emission 700 cm ). The molecule GNNO has a torsional frequency
intensity on the polarization of the 203 nm excitation laser.agt 63 cm! but does not have a mode around 1725 &3
This technique has proven useful in the identification ofThe antisymmetric NO dimer, ONON, has vibrational fre-
emission features resulting from a state with a transition diquencies of 116 and 1690 ¢h*2 However, this molecule
pole oriented perpendicular to that for absorptidfi:Using  was observed in the presence of strong Lewis bases at 77 K
600 Torr of neat N@ (conditions known to give “quartets”  and is unlikely to occur in our free jet. Thus, we assign this
in the antisymmetric stretch/torsion progressjone found  feature as 4. This is the first observation of the torsional
that the second peak in each quartesssigned as p  motion in N,O, not in combination with any other band; the
+45n;n=1,2,3) was reduced in intensity when the incident previous assignment of the ground state torsional frequency
laser light was polarized parallel to the plane defined by theyas obtained from a combination band wit.**** Both
detector and the direction of propagation of the laser beamyroups observed combination bands assignedigs- 1)
These peaks in the quartets must then result from two differ-_,_n/,,"‘_nn,,z (vg is the out-of-phase NQrock, v} is the
ent transitions from the excited state, one with a transitiongrsional frequency with theg vibration singly excited, and
dipole oriented perpendicular to that for absorption and Ong refers to the torsional frequency withs in the ground
oriented the same as for absorption. However, we have begfprational statg The vibrational frequencies were then fit to
unable to find another assignment of these peaks. EmiSSiq:Sbtentials modeling the torsion withy in its ground and first
by a vibronic mechanism requires the polarization of thegycited state. Both groups assumed the valuesdb be 480
emitted photon to be directed along the N-N bgsidceb,,  ¢m! (a value taken from a combination of liquid and vapor
transforms as th& axis in the electronic coordinate system; phase date®4 However, with our more direct observation
Fig. 1@]. Thus, the intensity of the combination bandssf ,,, the value of the torsional frequency should be revised
should depend upon the polarization studied. However, if thgg 64 cni'. Using our value of the torsional frequency and
emission occurs slowlfon the time scale of molecular rota- the frequencies of the first two peaks in the work of Bibart
tions) then the intensity dependence on polarization will begng Ewing®® we can derive a value forg. The difference
reduced. between the value fowg+v,=554.3cm?* and (vg+ v})
Figure 5 shows the emission spectrum g excited at vy~ vy=547.7cm* gives v,— vj= — 6.6 cmi . Combin-
205 nm. Again, we observe a feature in this spectrumaat  jg our value for the ground state torsional frequency with
255 cm * assigned as 3 A progression invs, the N-N  the gifferencev,— /= — 6.6 cmi * gives a value for the tor-
stretch, appears with a spacing of 255 ¢nand extends 10 gjonal frequency withvg singly excited of about 57 ciit.
four quanta. A progression in combination bands of the OUtCombining this result withve+ v, =554.3cmi * gives a gas

of-phase antisymmetric stretch with even quanta of torSiorbhase value o as 497 cm?, in close agreement with the
also appears. The combination bands appear as a series\@fj,e obtained using Ne matric&s.

“doublets” spaced by about 140 cm or 4, (the peaks are
assigned as discussed and not discussed in detall. liére ]
nally, a relatively weak line appears at 128 ¢mwhich we - Assignment of NO fluorescence

again assign as the torsion. The spectra taken at 199.7, 203, and 205 nm all exhibit
_ ) two broad peaks that we attribute to N@)( fluorescence.
C. Gas phase assignments for the torsional The wave numbefy,,., of the excitation energy and position

frequency, w»,, and out-of-phase NO , rock, ve of the maximum . Vemit, fOr these peaks in the spectra

The first feature in the 203 nm spectrum is shifted fromare given in Table I. Table | also presents @g(0—-0) and
the laser line by 128 cit. The only vibration with a fre- (1—0) band head positions for fluorescence of NO from the
quency under 250 cht is the torsiore® and while a single y band, @A 23 —X 2I1).%8 The energy of the maximum for
guantum in the torsional mode is symmetry disallowed forthe two broad features corresponds quite well with the en-
both Raman and IR spectroscopy, even quanta of any motioergy of the band heads. Thus, we assign the feature around
are symmetry allowed. The only other possibility is that this44 230 cm* in these spectra to the (00) transition of they
peak is due to an impurity with a vibrational frequency nearband of NO and the feature around 46 600 ¢nio the
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TABLE II. Vertical excitation energies for )O,.

Excited Electronic Excitation Oscillator
state character energy(eV) strength
11B,, 4.6 0.0
1A, 5.3 0.0
1By 5.7 0.0
1'Bg, 6.2 0.0
11B,, b0/ NON-N 6.9 0.1474
1By 7.2 0.0
2By, 7.3 0.0
21A, 7.6 0.0
11B,, oo* 8.1 1.0257
21B,, 9.3 0.5149

(1—0) transition of they band of NO. Though the peak
positions are in fair agreement with tlag;; branch of each
I!up.rescenc':e band, our resolution is too low to make a deIEIG. 6. Orbitals involved in the excitation at 200 nrta) Dominant
initive aESIQnment' ) Wnbyo’n'.’,\]oz electronic configuration leading to an additional N—N bonding
The A state of NO from which we see fluorescence maycharacter(b) ne* electronic configuration leading to an antibonding N—N
result from secondary photodissociation of the nascent NOcharacter.(c) Minor ToTNo, electronic configuration leading to an anti-
product if it absorbs another photon, or by unimolecular dis-bonding N-N character.
sociation of the N@ photofragment to give NO{) +O,
with the NOX) then fluorescing after absorption of a second - .
photon. We judge the former to be more likely since thedeometry, the transition shows a considerahté character.

f the NOA) . hlv ind dent fWhen the N—N bond length is contracted to 1.3 A, nearer the
energy orthe Of) fluorescence is roughly independent o equilibrium bond lengths for nitromethane and nitric acid,
excitation energy.

the character of the 1B, state ism,,7*, analogous to both
nitric acid and nitromethane.

E. Computational results Figure 7 shows a cut along the'B5, excited statgthe
state accessed in the 186 nm bawersus N—N bond length.

Table Il gives the vertical excitation energy and symme- o higherBy, states, the lowest of which forms an
tries for the excited states calculated using the CIS methOdSe’ivoided crossir13u with th,e IB. state. are also depicted in
Each state in this calculation, which includes configurationF g Su ' P

. . . I ig. 7. The avoided crossing at the equilibrium geometry
interaction, can contain contributions from one or more elec- : o )

. X ) o results from a configuration interaction of three one-electron
tronic configurations of one-electron excitations from the ref-

. ) : excitations. The dominant one-electron excitations,
erence configuratiofiground state The CIS expansion for * N -
the bright state accessed in the transition near 200 nm nb.0NO, ¢ andno™, are shown in Figs. @ and b). The
(11Bj,) is shown in Table Il and the relevant orbitals are
depicted in Fig. 6, as visualized using the program
SPARTAN*’ Figures @a) and 6c) are the in- and out-of-phase 15 ¢
linear combinations of the same orbitals. Figufe)&orre- [
sponds to the dominant#* configuration in the excitation
and contributes a bonding character to the N—N bond. Figure
6(b) shows the orbitals contributing to tmery_y, electronic
character of the excited state. This configuration contributes
antibonding character to the N—N bond. The symmetry la-
bels are based on the coordinate convention in Fig). 1
When the results of Maséhare translated to this coordinate
convention, they are in qualitative agreement with the orbit-
als presented here. The calculated vertical energy of the
1'B3,—'A, excitation is greater than 6.67 gthe 186 nm
peak in the absorption spectriinmowever, CIS can overes-
timate the excitation energy by as much as 1-2&V.

In both nitric acid and nitromethane, a broad absorption Iy (A)
is present in the neighborhood of 200 nm. This transition has
been previously assigned as,,7*, localized on the N@  FIG. 7. Excited state potential energy surface for tBg, excited states of
moiety2 The 186 nm transition in D, is similar in charac-  N20s Vs N-N bond length. The 1By, is the surface accessed in the tran-
L. . . sition near 200 nm. The vertical arrow is drawn at the ground state equilib-

ter, although the excitation is delocalized onto both ;NO yjym geometry to show the Franck—Condon region of the excited state.
groups. However, in pD, at the ground state equilibrium Note: CIS energies typically overestimate the excitation by 1-2 eV.

CIS Energy (eV)

Downloaded 18 Mar 2002 to 128.135.85.148. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 111, No. 18, 8 November 1999 Spectroscopy of photodissociating N,O, 8493

D,, Correlation Diagram 9
1'B_ /B
1u 1
8 F - 7
—~— - —_ - _ _ — a—
9 ; =-/\
N2
1
a>6 1 B3u/B3
Q
— 12A,+12A, 5 6F
12A, + 1B, @2 | R
O
12A,+172B, 1T i
e 1 2‘AI + 1 2A1 O X A
—
1A, —— 0 30 60 90 120 150 180

FIG. 8. Adiabatic correlation diagram for,, in D,;, symmetry dissociat- Torsional Angle (degrees)

ing to two NG, molecu_les. DO, D2y symmetry I_abels are for J0, in the FIG. 10. Potential energy surfaces for the ground stag, 1'Bs,, and

>’\(IZOp Ianer\év_l:]h ttheZ aﬁf:s ﬁ:onﬁ thre gl_'t\l b(;?g:'?r' 1|(ag],| ther sfta;ntc;ar?r 1!B,, excited states as a function of torsional angle. Bands involving the
20, coordinates, while the pro uct symmetry 1abels are lor the irag- antisymmetric stretch appear to result from a vibronic interaction between

ments in the¥Z plane[Fig. 1(c)]. The solid line indicates the correlation for 11B,, and 1'B,, . The interaction between these two states in nonsymmet-

. ; ) u u-

the excited s;ate accessgd at 20.0 nm. The re_Iatlve energies of Wa@s. ric geometries may contribute a force along the torsional coordinate, leading

are taken using the vertical excitation energies from MRSDCI calculanonﬁO the observed combination bandssgfand v

from Ref. 49 using the ground state Bl@eometry ~ ONO=134° and 5

N-O=1.193A.

plot of the potential energy as a function of torsional angle
third configuration has a much smaller coefficient in the eX-ho|ding all other bond |engths and ang|es fixed at their equi_
pansion and is depicted in Fig(d®. Figure 8 shows the |ipbrium values.
adiabatic correlation diagram for,8, in D,, symmetry go-
ing to 2NO, and Fig. 9 shows the adiabatic correlation dia-
gram for NO, in D, symmetry going to 2N@ The relative
energies of the N@states were determined assuming N©
its ground state equilibrium geometty Finally, because of Emission spectra of D, in the region around 200 nm
the presence of combination bands with multiple quanta iry|| show a strong progression iry, the N—N bond stretch.
the torsional mode, we calculated the excited state potentiatye potential energy surface for thé B, state accessed in
as a function of the torsional angle from planat<0°)  tnjs transition is repulsive along the N—N bond coordinate,
through ¢=90° to planar (p=180°). Figure 10 shows a gas shown in Fig. 7. The CIS calculations indicate that as the
N—N bond stretches, only the'B;, excited state has appre-
ciable oscillator strengtkiTable 1) if one restricts the mol-

D, Correlation Diagram ecule toD,,, symmetry. Thus, the only dynamics yielding a
pure progression in the N—N stretch to which we are sensi-
tive are on this state. The explanation of a progressiorin
is then simple: when the molecule is initially prepared on the
11B,, adiabat, it feels the repulsive potential and dissoci-
ates, giving two N@molecules. A small fraction of the mol-
ecules emit light and return to the ground state instead of
dissociating, yielding the observed progressidet
1%A,+17A, Previous workers?> have observed NQOphotoproducts
tentatively assigned as either théR, or the 1°B; state. As
previously discussed, CIS calculatidhperformed at the ex-
124, + 1B, perimental ground state geometry show the excited state ac-

cessed in this transition h&g,, symmetry using the standard
1A +12A coordinate conventiofiFig. 1(a)]. This transition has two
— ! ' dominant contributions: one from aw* electronic configu-
ration and the other from a«* electronic configuration,
FIG. 9. Adiabatic correlation diagram for,l9, in D, symmetry corre-  consistent with the calculations of MasthThe 11Bg, po-
sponding to the molecular symmetry with the NgPoups twisted out of the  tantial energy surface correlates adiabaticallpi symme-

original plane of the molecule. This corresponds to the lowering of symme- <2 2 . L .
try by torsional motion. The reactant and product molecules are in the samfY 0 NO,(X ?A;) +NO,(12B,) but, as in nitric acid’ pho-

coordinate systems as Fig. 9. tolysis, the dominant product channel may not be the

V. DISCUSSION

1'A ————
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adiabatic channel. We are presently pursuing photofragmenhat N,O, has considerables* character in the Franck—
velocity and angular distribution experiments to determineCondon region.
the dissociation products.

The speptra also ev@ence str-ong compmaﬂon bands Ny CONCLUSIONS
volving torsional and antisymmetric stretching. In the results
described in Sec. IV B, we noted that emission to bands with We reassign the torsional frequency as 64 ¢rand,
odd quanta irvs may be vibronically allowed by coupling to using the data of previous worket$?*find a value forvg of
a higher electronic state witB,, symmetry. We noted a 497 cm %, consistent with the value found in Ne matriéés.
likely candidate upon examination of the vertical excitation\We observe combination bands involving and vs. The
energies presented in Table Il. The'R,, state, ofeo*  fundamental and second overtone appear to arise from vi-
electronic character, has a very strong oscillator strengttronic coupling with a nearby state 48, electronic char-
making it a likely candidate for this vibronic coupling. Fur- acter.
thermore, both théB,, and the'B,, states reduce t®, We have investigated the emission spectroscopy,af;N
symmetry as the molecular framework is displaced along th@t three wavelengths near 200 nm, where the excitation is to
vs mode, so the lower state may include a small admixture ofhe 1'Bg, surface. Computational results indicate this sur-
oo* character at these geometries. This vibronic couplingace is repulsive along the N—-N bond coordinate. Our emis-
with the 1B, state makes thes mode active in the emis- sion spectra taken near 200 nm all show that the early time
sion spectrum. To understand why our emission spectrynamics involve a change in the length of the N—N bond,
show vs in combination with the torsional modey,,, we !€ading to emission into higher overtones wf, the N-N
calculated the excited state potential energy surfaces alorigrétch. The adiabatic excited states accessed near 200 nm in
the torsional angle. The 3B, state we believe to be in- N2Os nitric acid, and nitromethane all change from
volved in the vibronic coupling mechanism has a minimum™mb.0Tno, at short GN-R (R=NO,, OH,CH;) bond
in the potential energy surface ét=90° (see Fig. 1D. Thus, lengths tono™ at extended bond lengths. The exceptionally
at nonsymmetric geometries the coupling of thtB], state  long N—N bond length of BD, makes the dissociation par-
with the 1B, state gives the molecules on the lower stateticularly sensitive to the dynamics near the avoided crossing
some force along the torsional coordinate, leading to emison the potential energy surface. Thus, the emission spectra of
sion into vg in combination withv,,. this molecule show strong activity in the N—N stretch normal

Nitric acid and nitromethane each have an absorptiornode, whereas the emission spectrum of nitromethane near
band around 200 nm Withnb,oﬂﬁoz electronic character lo- 200 nm shows only weak features involving the C—N stretch.
calized on the N@group? Both nitric acid and nitromethane 1N€ emission spectrum also shows combination bands in

dissociate into RNO,(R=0H, CH;) through two channels: aqd Vs, tentatively assigned to vibronic coupling with the
the first forms NQ(1 2B,) and the second channel has not1 Biu €xcited state.

been definitively assigned>® The adiabatic surface ac-

cessed in both nitric acid and nitromethane changes ele&CKNOWLEDGMENTS

tronic character fromr * . to ng* at an avoided cross- . . .
nb,07NO, o This work was supported by the National Science Foun-

. -%)I,?Z,BS H
ing beyond the Franck—Condon regiom=="As in N;Os  gation under Grant No. CHE-9619376. J. Mueller acknowl-
confined toD,, symmetry, the adiabatic surface accessed b3édges support from the Camille and Henry Dreyfus Founda-

nitric ?C'd and nitromethane near 200 nm leads t9on's postdoctoral Program in Environmental Chemistry. B.
NOZ(l*BZ)- The Franck—Condon region o8, has mixed  parsons would like to thank Dr. Fred Amold for assistance
Tb,07NO, 10 no™ electronic character on the bright state. with the SPARTAN program.
Thus, the emission spectra fop,®)} are sensitive to the dy-
namics at this avoided crossing. Previous studies on the ) )

L . . V. Vaida, G. J. Frost, L. A. Brown, R. Naaman, and Y. Hurwitz, Ber.
emission spectra of nitromethane obtained at 200 and 218Bunsenges. Phys. Che®®, 371 (1995
nm excitation show strong progressions in the,N¥@mmet- 2| E. Harris, J. Chem. Phy&8, 5615(1973.
ric stretch and much weaker combination bands of the NO jJ- S. Broadley and J. M. Robertson, Natdrendon 164, 915 (1949.
symmetric stretch and C—N stretéh®? The emission spectra sg' Sr‘(’:t;‘r'txﬁ;f;:d”}' iﬁ?g&igﬁ%ﬂ?}; Commi@ambridgs 1962
collected in solution-phase experiments showed weak fea-g; (1966 o ’ '
tures assigned as N@ntisymmetric stretch and features due °A. Kvick, R. K. McMullen, and M. D. Newton, J. Chem. Phyzg, 3754
to NO, bending motior?? The prominence of the progression (1982.
in the NO, symmetric stretch is not surprising because theg2: V. Smith and K. Hedberg, J. Chem. Phgs, 1282(1956.

. A . . B. W. McClelland, G. Gundersen, and K. Hedberg, J. Chem. P5s.
initial transition is to an electronic state nomlnaﬂybyow’ﬁ,oz 4541(1972.

in charactef‘.l'Sz Since the final products of the phOtOdiSSO- 9K. B. Borisenko, M. Kolonits, B. Rozsondai, and |. Hargittai, J. Mol.
. 30 . Struct.413-414, 121(1997).
ciation are CH+NO,, _the ext_:|ted molecule must eventu- 100 A" coulson and J. Duchesne, Bull. Cl. Sci., Acad. R. Bélg. 522
ally reach an electronic configuration repulsive along the (1957.
C—-N bond coordinate. The weak combination bands involv-‘H. A. Bent, Inorg. Chem2, 747 (1963.
ing C—N stretch and Nstmmetric stretch are possible evi- 2|, Pauling, The Nature of the Chemical Bon2hd ed.(Cornell University
K . . . Press, Ithaca, NY, 1960p. 349.
dence for this change in electronic character, butjJONhe 133 m Howell and J. R. \fan Wazer, J. Am. Chem. S86, 7902(1974).

pure N—N stretch progression is much stronger, reflecting®r. Ahlrichs and F. Keil, J. Am. Chem. So@6, 7615(1974.

Downloaded 18 Mar 2002 to 128.135.85.148. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 111, No. 18, 8 November 1999 Spectroscopy of photodissociating N,O, 8495

15C. W. Bauschlicher, Jr., A. Komornicki, and B. Roos, J. Am. Chem. Soc.**P. C. Ray, M. F. Arendt, and L. J. Butler, J. Chem. Phig89 5221

105 745(1983. (1998.
18, stirling, I. Papai, J. Mink, and D. R. Salahub, J. Chem. Pii@6, 2910 35\, F. Arendt and L. J. Butler, J. Chem. Phyi€9, 7835(1998.
(1994. 38M. J. Frisch, G. W. Trucks, H. B. Schleget al, caussiaN 94 Revision
i;R- Liu and X. Zhou, J. Phys. Cherfl7, 4413(1993. E.2 (Gaussian, Inc., Pittsburgh, PAL995.
19|\/|- L. McKee, J. Am. Chem. Sod 17, 1629(1995. S7C. Dyer and P. J. Hendra, Chem. Phys. LR&3 461 (1995.
A. Kovacs, K. B. Borisenko, and G. Pongor, Chem. Phys. 1280 451 3. Melen and M. Herman, J. Phys. Chem. Ref. C2ta831(1992).
(1997. 3%G. Herzberg, Molecular Spectra and Molecular Structyrend ed.

205, s. Wesolowski, J. T. Fermann, T. D. Crawford, and H. F. Schaefer, IlI, (Krieger, Malabar, FL, 1966 Vol. 3, p. 174.

21J. Chem. Phys106 7178(1997. } . 4w, s. Struve,Fundamentals of Molecular Spectroscofi/iley, New
M. Kawasaki, K. Kasatani, H. Sato, H. Shinohara, and N. Nishi, Chem. . 1989, pp. 246247

Phys.78, 65(1983. 4K Q. Lao, M. D. P P. Xayari L. J. Butl hem. Ph
22\."N. Sisk, C. E. Miller, and H. S. Johnston, J. Phys. Chei.9916 92%2368596 - Person, P. Xayariboun, and L. J. Butler, J. Chem. Phys.
(1993. 423, R. Ohlsen and J. Laane, J. Am. Chem. @), 6948(1978.

233, Mason, J. Chem. Soc. Dalton Trand.975 19. 43 ) i
24 ! . C. H. Bibart and G. E. Ewing, J. Chem. Phyd, 1284 (1974).
W. von Niessen, W. Domcke, L. S. Cederbaum, and J. Schirmer, J. Chen‘MJ_ Koput, J. W. G. Seibert, and B. P. Winnewisser, Chem. Phys. .

Soc., Faraday Trans. 24, 1550(1978. 183 (1993
2H, S. Johnston and R. Graham, Can. J. Ch&211415(1974). :
) (1974 “45F. Bolduan and H. J. Jodl, Chem. Phys. L&, 283(1982.

26T, C. Hall, Jr. and F. E. Blacet, J. Chem. Phg6, 1745(1952. 6 ) _ -
27A. M. Bass, A. E. Ledford, Jr., and A. H. Laufer, J. Res. Natl. Bur. Stand. J. Danielak, U. Domin, R. Kepa, M. Rytel, and M. Zachwieja, J. Mol.

80A, 143(1976. Spectrosc181, 394 (1997).
2814 H. Holmes and F. Daniels, J. Am. Chem. SB6, 630 (1934). 47spARTAN 5.0, Wavefunction Inc., 18401 Von Karman Ave., Ste. 370, Irv-
2G. Inoue, Y. Nakata, Y. Usui, H. Akimoto, and M. Okuda, J. Chem. Phys. _ine, CA 92612. _

70, 3689(1979. 48], B. Foresman, M. Head-Gordon, J. A. Pople, and M. J. Frisch, J. Phys.
301, J. Butler, D. Krajnovich, Y. T. Lee, G. Ondrey, and R. Bersohn, J. Chem.96, 135(1992.

Chem. Phys79, 1708(1983. 49H, Katagiri and S. Kato, J. Chem. Phya9, 8805 (1993.

31p. Felder, X. Yang, and J. R. Huber, Chem. Phys. [24f 221(1993.  °°D. Imre, J. L. Kinsey, A. Sinha, and J. Krenos, J. Phys. CH#8n3956
32T, L. Myers, N. R. Forde, B. Hu, D. C. Kitchen, and L. J. Butler, J. Chem. (1984).

Phys.107, 5361(1997). 51B. R. Johnson, C. Kittrell, P. B. Kelly, and J. L. Kinsey, J. Phys. Chem.
%K. Q. Lao, E. Jensen, P. W. Kash, and L. J. Butler, J. Chem. Fig/s. 100, 7743(1996.
3958(1990. 52D, L. Phillips and A. B. Myers, J. Phys. Che®5, 7164(1991).

Downloaded 18 Mar 2002 to 128.135.85.148. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



