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fluorescence spectroscopy and zero point energy of some
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We have measured the rotationless photodissociation threshold of six isotopologues, of NO
containing'“N, N, 10, and'®0 isotopes using laser induced fluorescence detection and jet cooled
NO, (to avoid rotational congestipnFor each isotopologue, the spectrum is very dense below the
dissociation energy while fluorescence disappears abruptly above it. The six dissociation energies
ranged from 25 128.56 cm for 14N€0, to 25 171.80 cm® for N80, . The zero point energy for

the NG, isotopologues was determined from experimental vibrational energies, application of the
Dunham expansion, and from canonical perturbation theory using several potential energy surfaces.
Using the experimentally determined dissociation energies and the calculated zero point energies of
the parent N@ isotopologue and of the NO prod¢stwe determined that there is a commbg
=26051.170.70cm ! using the Born-Oppenheimer approximation. The canonical perturbation
theory was then used to calculate the zero point energy of all stable isotopologues S0 and

O3, which are compared with previous determinations. 2@4 American Institute of Physics.

[DOI: 10.1063/1.1792233

I. INTRODUCTION for its isotopologues. In the Born-Oppenheimer i is
equal to the difference of th&ZPEs of the parent (N£ and
Stable isotopes have a rich history of applications inproduct (NO) molecules(see below. Therefore,AD, is a
chemical physics, biogeochemistry, and cosmochemistryirect test of the BO approximation at high energies and an
The observed shift in vibrational frequencies between a molaccurate measurement of ZPE if this limit is realized. In
ecule and its isotopologues was utilized in early spectrosaddition, precis®, and AZPE values are important for cal-
copy to obtain accurate force constants and bond afglesculating the isotopic effect in photodissociation processes on
Urey” and Bigeleisen and Mayépioneered the theoretical Earth and other planetary atmosphetés.
basis for determining the differences in the thermodynamic  Shifts in ZPE and non-Ramsperger, Rice, Kassel, and
and kinetic properties of isotopologues through the use of th&#larcus(RRKM) density of states distributions have recently
isotopic reduced partition function. The temperature depenbeen suggested as the source of mass-independent isotopic
dence of these differences results in isotopic compositionfractionations(MIF) that are known to occur during the for-
that are utilized as geochemical thermometers, biochemicahation of 0zon€1° These observed mass-independent frac-
tracers, and the ability to constrain budgets in biogeochemitionations show approximately equal enrichment$’6f and
cal system$.The calculation of the partition function relies 180 where the standard theory based on partition function
on approximations, specifically ignoring the electronic parti-ratios predicts that’O fractionations should be approxi-
tion function and application of the harmonic oscillator andmately half of those if®O when normalized t6°0.** Recent
rigid rotor approximation models. These calculations assuméheoretical studies on MIF mechanisms have suggested that
the validity of the Born-OppenheimdBO) approximation the reduction of symmetry upon isotopic substitution is the
and make predictions about the zero point end#ZR§E) for root cause of the eﬁe@tForsz triatomic molecules such as
isotopically substituted molecules and their relative differ-O3, NO,, SO,, the reduction of symmetry fror€,, to Cg
ences(AZPE). by a single oxygen isotopic substitution must be considered
The shift of the ZPE between isotopologues is not di-from both the energetic and dynamical points of view. The
rectly accessible experimentally; rather they are derived fronenergetic aspect is related to the energy splitthgPE, be-
model dependent extrapolations of spectroscopic tatp, tween the two different dissociation channels, e.g.,
Dunham expansionsin contrast, for a few molecules, par- *0*0%0—%0'"%0+%0 and %0%0+0 for which
ticularly NO,, the dissociation energ, can be precisely AZPE~22 cmi L. In this energy gap oAZPE, only one exit
measured and its isotopologue shiftd,) may be obtained channel is energetically open and should not result in a MIF
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effect since thé’O isomers will haveAZPE shifted by half nhumberJ can be determined because rovibronic mixing has
as much. However, in the case of ozone, recantinitio become extensiv¥ This mixing has been described as rovi-
calculations have predicted that long lived resonances malyronic chaos. Nonetheless, most of the rovibronic eigenstates
exist in the energy gap afZPE leading to anomalous isoto- located neaD, can be detected experimentally, and the di-
pic distributions’ The dynamical aspect is related to the den-rect determination ob, and the density of states up, is

sity of rovibrational levels[p(E)], a key parameter in €xperimentally possible because modern techniques provide
RRKM theory. It has been suggested théE) may be larger ~ Spectral resolutions of 0.005 crh'®

for the asymmetric isotopologusroviding the excited state These characteristics make hhe ideal molecule to
asymmetric ozone a longer predissociative lifetime and ent€st some of the recent MIF theories and also to numerically
hanced quenching to ground state ozone. Since symmetry ¥&rify the accuracy of the Born-Oppenheimer approximation
broken by eithet’O or X80 the enrichment is approximately With respect to classical isotopic fractionation models for
equal. These studies also emphasized the importance of efjtolecules with low lying electronic states. Here we present
channel energies that are directly relatedA@PE and that the precise determination 8, for six isotopologues of N©

the existence of two different exit channels in asymmetricuSing jet cooled laser induced fluorescefict). Then, we
isotopologues is the key to the observed overall isotopic enelate the variations ob, (ADy) to the shifts in the ZPE
richment when conventional theory predicts overall(AZPE) of NO; and of the NO products by assuming that the
depletion'?*3However, there has been no direct experimen.Born-Oppenheimer approximation is valid. We also compare
tal test of eitherAZPE or p(E) in ozone at the dissociation the ZPE andAZPE obtained by two methods, namely, the
threshold; rather they are derived from the culmination of2nharmonic Dunham expansion and canonical perturbation

23 H H
experimental data on isotopic effects observed during th&heory (CPT).”" The CPT method is then used to determine
formation of ozone (see reviews by ThiemeHs and the ZPE of all isotopologues of several triatomic molecules
Mauersbergef). important in atmospheric chemistry30S0,, and CQ. In

For ozone, it is difficult to spectroscopically assess® forthcoming paper we will address the effect that symmetry
AZPE andp(E), using enriched®0,, for two reasons. First, Nas on the density of states néag for the NG, molecule
because of O atom exchange with Qvhich occurs~10° ~ @nd its relevance to current MIF theory.
faster than @ formation2® four symmetric and two asym-
metric isotopomers are produced. Thus, spectroscopic anal)l)—' EXPERIMENT
sis of rovibronic density is unattainable due to spectral con- The LIF experimental setup has been detailed
gestion. Second, direct ozone dissociation is not observed gteviously?* Briefly, an Ar" pump laser(Spectra Physigs
the Dy threshold but only via predissociation, i.e., through agenerates=15 W of 512 and 488 nm light that is used to
barrier. NG is anotherC,, molecule whose symmetry can excite a tunable, monomode, cw Ti:sapphire la&wherent
be isotopically reduced t64 and should simulate the anoma- 899). The Ti:sapphire crystal lases and generates a spectrum
lous isotopic compositions observed in oz8riearge mass  of light spanning~700—1000 nm, which can be tuned using
independent compositions have been observed in atmdwo etalons and one Lyot filtefthree platesto a spectral
spheric HNQ (the main sink of NQ), but have been attrib- width of few megahertz with an output power ef2 W. A
uted to O atom transfer mechanisms during oxidation bysmall portion of the beam is split and passed through both a
ozone'’ This model assumes that there is no fundamentaFabry-Perot etalon @ha 1 miodine cell (at 800 K. The
MIF process occurring during NOphotochemistry. Isotopic  etalon is used to check and calibrate scan linearity, while a
studies on the photodissociation dynamics of N&btopo-  custom-built 8-digit lambdameter is used to measure wave-
logues are significant as NOs a prototypeC,, molecule lengths to within 150 MHZrelative and 500 MHz(abso-
that may be used to test current MIF theoretical predictionsute). The iodine cell refines the calibration of the absolute
of non-RRKM density distributions. In addition, isotopic ef- energy scale using the known spectral atlas for energies
fects arising fromAZPE or dissociation dynamics are impor- between 11000 and 14 000 ¢ The main portion of the
tant for understanding mass dependent isotopic fractiontuned beam is then frequency doubled using a lithium dibo-
ations in NQ and their applications in biogeochemical rate(LBO) doubling crystaldoubler: laser analytic systeins
systems involving NQ. giving an output beam spanning 380-410 nm with few

NO, is highly amendable to spectroscopic studies beimegahertz of linewidth and an intensity up t6200 mW.
cause of its fluorescence properties up 2 2°NO, fluo-  The doubled beam is directed through a jet expansion cham-
rescence occurs in the visible spectral region for the elecber whose internal pressure is maintained-dt0~ 2 Torr us-
tronic transitions from theA?B, state back to theX2A;  ing two root pumps(1000 and 250 ritb) and a mechanical
state. TheX ?A; ground state has maximum Franck-Condonpump.
overlap with theA 2B, state around 3 eV, which, by chance, A 1% mixture of NG in a He carrier gas is injected into
is close toD, at 25 128.56 cm' (3.115 eV). The eigenstates the chamber through a 1Q@m pinhole jet with a back pres-
observed by optical excitation are not fully assignable aboveure of 3 bars. The gas passes through a pinhole jet and
~12000 cm? (Ref. 21 because of a conical intersection undergoes supersonic expansion that rotationally cools the
between theA 2B, and X A, potential energy surfad®ES NO, down to~1 K. The laser beam intersects the molecular
that promotes vibronic mixing between the two states. Thiget ~3 mm after the pinhole. This produces a fluorescence
leads to vibronic chaos abovel6000 cm? (Ref. 22 and  “flame,” the length of which depends on the lifetime of the
by ~24 000 cm* only the total angular momentum quantum excited level. This flame is imaged out of the chamber and
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screened with a narrow observation st#300 wm in width

and 4 mm long, and detected using a photomultiplier tube.
This slit allows one to observe only the excited molecules,
which travel perpendicular to the laser beam and for which

2
W

LIF Intensity (a.u.)

the Doppler shift effect is zero. The flame width and the slit ’;
adjustments allow a residual Doppler width-60.005 cmi ™. < 05 0.01
Among the isotopologues of interest, or§N*¢0, and - B2nE 20 251280

15\160, are commercially available and both isotopologues % Energy (em’)

were used with no further purification. The other isotopo- 3 5o\ "0

logues were synthesized in a Pyrex vacuum/purification line 16 14N1

as described below*N*®0, was produced by mixing high = WMU} O O
—

purity N, (99.99%, Airgay and 99% pure'®O, (Sigma-
Aldrich) in a 1:15 ratio at a total pressure of 100 Torr. A
recirculation pump flowed the gas mixture in a circular path
that ultimately passed between two wire electrodes powered
by a Tesla coil. The electrodes genedateN and O plasma

in which the ions recombine to form small amounts of
NOX(NOw_L l\_IOZ) that was_collec_tec_l as JD; (noted by its Energy (cm'l)

characteristic blue colpusing a liquid nitrogen trap. Excess

180, was then added to the system, theQ) trap was FIG. 1. (Colon Overlay of the LIF spectra of‘N*0, (black, negative
thawed, and the gases were allowed to react,@N O, intensity, N0, (blug), and*®O™N 8O (red). Inset is an expansion of the
—.4NOy). NO, was then cryogenically isolated and the pro- "e9ion belowD; of ¥N*0, and shows thal®O*N™0 spectra contain ex-
cedure repeated until abbd | at 1 atm Of14N1802 was citation lines from all threé“N isotopologues.

produced.'®0'N®0 was produced by mixing 99% pure
180, with *N*®0 and waiting~20 min for the 2NG- O,
—2 NGO, reaction to occur. The NQOwas repeatedly distilled
at 220 K until only a pure white solid remained. Several

studies have indicated that this reaction results in the formaﬁwolecule and oxygen atom appé%li"S The fluorescence
tion of the predominantly asymmetric NGnolecules. Our spectrum for thel N isotop,ologues of N (¥N0,

results sh_ow that isotopic scrambling occurs rather. q_uickIyMngozy and 1%0'“N'%0) near D, is shown in Fig. 1.
so that this pr_ocedure reSL_JIted in a N@ixture containing The N80, sample shows clear fluorescence up to
all three possiblé“N/'1%0 isotopologues. The same proce- about 25 1228 56 cmt where dissociation into NG(Iy)
dure was carried out using®N*®0O (98% pure, Sigma- +O(P,) occursi®2 The LIE spectrum of theleoleléo
Aldrich) and 'O, (99% pure, Sigma-Aldrichto generate a samplezis extrerﬁely dense up to about 25 130.3 crafter

H 15p;/16,1 i H i
52&(};*(;8 (X thls_.\ th;eewll/\:lgl fso |f]o[t\(|)po_loqtues,l including which both line density and fluorescence intensity are greatly
2. An aliquot ( ) of each NG isotopologue was reduced. In addition, for energies above 25 130.3tthere

][etam_e(? to ge tu sdgd n Afllljt:lre _h|gth-re|solut|on Fourll(er E“’?‘“Sis a one-to-one correlation between the fluorescence lines of
orm inirared studies. @ isotopologues were kept in o sample containingfOLN#0 and those of théN'f0,

preclegned glass vials and s_tored in the dark p_rior to analysi§ample up to the latter’s dissociation thresh@ide below.
Prior to each LIF experiment one of the isotopologues From these spectra, it is clear that our various,Ned-

was transferred to a high-pressure stainless steel tank a'?(Sjpologue samples are not pure because of two reasons:
high purity He(99.99% purgwas added to a total pressure First, because scrambling of oxygen atoms from self-

of ~30 bars._Beca_use_z pure, rare i_s_otope gases are eXpen_Sl%()?change occurs during formation of the®} dimer, and,
and only available in limited quantities we added a Cry0geniGacond. because of isotopic contamination of our “pure”

trap (77 K) just ahead of the root pump outlet attached to thegases. This is evident when examining closely the region of

laser vacuum chamber in order to trap the residuaj y&x. the 1“N10, spectra belowD,, with the °OMNI80 spectra

3

_18014N180

¥ T Y T y T T T i T y
25,128.0 25,129.0 25,130.0 25,131.0 25,132.0

NO, fluorescence when the photon energy increases to ener-
gies aboveD,.® Correlatively, just abovéd,, it has been
shown that LIF signals of the dissociation products, the NO

%uperimposecﬂinset of Fig. 1. The spectra show that there
are also coincident lines with exactly the same excitation
Bnergy. It is clear that after the synthesis of the asymmetric

NO, fi ith mi taminati f th isot isotopologue complete isotopic scrambling occurred so that
2 TUX-With minor contamination of the oXygen IS0lOpes y,q 4qymmetridf0N80 sample actually contains all three

from either HO absorbed on the metal surface or from re'possible14N/16'180 isotopologues. Isotopic scrambling was

sidual NG, from previous runs, allowing for multiple analy- 5, onserved in thn/16.1%0 isotopologues spectra. There-
sis of each isotopologue. fore, in order to spectroscopically establiBl of the two
asymmetric isotopologues the spectral resolution and energy
scale must be of sufficient precision to allow subtraction of
the symmetric isotopologues spectra’s from those of the
The NO, dissociation energy thresholdD§) corre- mixed gas containing the asymmetric species. Similar diffi-
sponds, experimentally, to the abrupt disappearance of theulties arose from contamination of a few percent of light

main trap to collect the N©Ofor reuse without exposing the
vacuum chamber to the atmosphere. The liquid nitrogen tra
installed after the expansion cavity recovere@0% of the

IIl. EXPERIMENTAL DISSOCIATION ENERGIES (Dg)
OF SIX 6 NO, ISOTOPOLOGUES

Downloaded 04 Oct 2004 to 193.48.255.141. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



7156

J. Chem. Phys., Vol. 121, No. 15, 15 October 2004

Michalski et al.

TABLE I. The D, energies from this study, the ZPE of NO isotopologues derived from spectroscopic data
(Refs. 34 and 36 and the ZPE of N@derived from spectroscopic data (ZRF (Ref. 4) and GF calculations

and from CPT calculations (ZRE.res) Using the PES of Ref. 43. Dissociation energiBg)(using either ZPE

from Dunham coefficients e py) Or ZPE from CPT D¢ cprres) are calculated using Ed1). (De pun
=26051.28-0.44 cm ; (D cprrest=26051.22-0.36 cm 1.

14N1602 N oN 15\160, 15\180, 16014\ 180 16015\ 180
Dy (this study 25128.56 25158.70 25141.50 25171.80 25130.92 25143.86
ZPE? 948.53 923.58 931.64 906.29 923.58 906.29
ZPEyyn 1871.08 1816.60 1841.26 1785.88 1843.95 1813.54
ZPEcprRess 1871.05 1816.43 1841.06 1785.82 1843.91 1813.63
(ref)
De bun 26 051.08 26 051.72 26 051.12 26 051.39 26 051.29 26 051.11
De cprResc 26 051.08 26 051.55 26 050.92 26 051.33 26 051.25 26 051.20
(ref)
Diff from 0.00 (ref) 0.47 —-0.16 0.25 0.17 0.12
14N1602

®References 34 and 35.
PReference 41.
‘Reference 43.

isotopes in our enriched gases; however these also could iector of 100. There is a clear one-to-one correspondence
resolved using intensity changes and correlations with enbetween strong fluorescence lines in t¢*é0, spectra and

ergy at high spectral resolution. The determination ofl2Qe

weak lines occurring after the last strong fluorescence line at

energiessummarized in Table) Ipresented in the following 25158.70 cm? in the **N'®0, gas, confirming that these
sections will consider the symmetric isotopologues first, asninor lines are indeed from trace amounts d§'20,.
these are the least ambiguous. The excitation lines caused by The N80, spectra become less congested in the final

isotope contamination in the enriched samples natural

abundance if“N*0,) are very minor in intensity for these
spectra. After establishing theBg, energies, the more com-
plex asymmetric isotopologud3, energies will be attained

by peak subtractions from complex spectra.

A. D, of symmetric isotopologues
15N1802, and 15N1602

The LIF spectrum of thé*N'80, isotopologue in the last
~3 cm ! below Dy is typical of the spectral resolution for
the enriched symmetric isotopologuésig. 2). The D, of
19N80, has been precisely determined at 25 158.0M3
cm ! with the minor lines above 25158.70 chattributed
to fluorescence by th&N®0, isotopologue, the only NO
isotopologue expected to have a gredbgy than N0, .

14N1802 , 14N1602 ,

~2.3 cm ! where only theR, lines remain, as previously
observed for thé*N*60, isotopologue. The first clearly as-
signableP,, line is located at 25 156.06 cm, with two pos-
sible P, lines at 25156.21 and 25156.41 ch However,
these latter two lines are of low intensity and on the shoulder
of largerR, lines and absolute determination of their assign-
ment is tenuous. The 25156.41 chP, line would corre-
spond to a 2.24 cit shift from the corresponding, line at
25158.65 cm™. This is in agreement with 6 82.25 cm %,
the difference between the=2, K=0 and theN=0, K
=0 of the*N*®0, ground state, B being measured at 0.375
cm ! by Brand, Chan, and Hardwick.

The determination o, for the 1*N*®0, isotopologue at
25128.56-0.03 cm ! (Fig. 3 is in excellent agreement with
the previously published valué5128.57 cm?).'81° The

We have reflected th®N'#0, spectrum on the same energy 0.01 cmi* difference is not the result of experimental uncer-

and relative intensity scales &0, in the inset of Fig. 2
(note the artificial enhancement of th&N*€0, lines by a

ty (a.w.)

1

LIF Intens:

FIG. 2. D, of the 1*N*0, isotopologue with inset showing the minute lines

0.04+

>

/7

k4
vS

LIF Intensity (a.u.)
=
=

o
&

W J

\

25,1590
Energy (cm™)

18~ 153 718
b, h:wrfmc\cpeaksﬁomo N"O

e 18014N18O
ISOISNlSO

25,160.0

18014N180

D =25158.70

25,1570  25.158.0
Energy (cm™)

25,159.0

originating from trace contamination of tHeN®0, isotopologue.

tainty but rather it was determined that the last minor line in
the cluster beginning at 25128.58ee Jostet al. (1996 ]
belongs to the!®N'®0O, isotopologue. Several other very
weak lines observed beyorid, of 1“N'®0, have been sus-
pected as being the result of trace of other isotopologues. A
comparison between tHéN®0, and®N'®0, spectra above
25128.0 cm® shows a direct energy correspondence be-

~02
=
=
145,16,

g N_ 02 18015N180
§ D= 25,128.56 D,=25171.80
k=]
= /
=]

0.01

25,128.0 25,1285 25,1713 25,172.0

Energy (cm’)

FIG. 3. D, of the 1*N*%0, and'°N'®0, isotopologues.
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0.2 i 16014N180
D =25,130.90

|

tween these minor lines and strong lines in {#e¢'°0, spec-
tra, with a intensity ratio in good agreement with the known
natural abundance 8N (0.3%. These lines were confirmed
to be due t0"®N'®0, by observing the difference in the line
shape due to the hyperfine splitting in the=0 ground state,
which is different for the"*N and >N isotopologues. As was
observed in previous studies of tHt\N*0, isotopologue the
fluorescence transitions belowDy,—0.5cm ! are con-
gested, irregular, and unassignable using vibrational or rotar=—
tional quantum number€:?’ In addition, the region below [y
(Do—2.53cm 1) has three types of rotational transitions be- =3
causeP, andR, lines can be detected in addition to tRg
lines that are observed up @,. The energy shift of 2.53
cm ! between the two thresholds corresponds to 6 B, which
is the rotational energy of thd=2 (K=0) rotational level

of the 2A; (0,0,0 vibrational level(the ground state Note : 0.034
that oddN does not exist in the ground states '8RO,
14N1802 , 15N 1602 , and 15N 1802 .

Determination of theD of the N80, isotopologue is
not made more difficult by the isobaric lines observed in the
N0, and “N*0, isotopologues, because it contains all
heavy isotopes producing the highd&xg as a result of its
zero point energy being the lowest one in %#A, potential
energy well. Therefore, any fluorescence line due to traces Od_).03
the more abundant light isotopes of N and O would be below
the dissociation region. We could not obtain the isotopically
enriched gases to synthesize thdI'®0, isotopologue, so . .
our ability to determine it is a fortuitous result of isoto- 25131.0 . 25131.5
pic scrambling. The reduced signal to noise ratio in the B
15N180, spectra(Fig. 3 is due to the decrease in concentra- Energy (cm )
tion of this isotopologue relative to that in a pure sampleriG. 4. (i) LIF of 0MN*0 isotopologug(positive intensity and N0,
(statistically only~25% of the scrambled gas is expected toisotopologue negative intensjityearD,. The final, definitive, excitation
be 1°N'80,). The *N'0, D, is found at 25171.80 cit  lines of the 0N 0 isotopologue aD, (@) and also contains trace
(Fig. 3), with the line shape of th®N80, R, lines reversed ~2mounts of N0, . Possible®0*N™0 lines lying above the theoretical

. 1ny : - . D, are evident(?). (ii) An expansion of the energy range containing these
relative to the™™N isotopologues. This is due to the differ- gp rius lines shows three to four possible fluorescence lines above the
ence in nuclear spin of the nitrogen isotopes, wherg for  expected, of °0*N 0 indicating possible long lived resonances for the
YN andl =1 for *N as discussed above. Note that hyperfineasymmetric isotopologue.
splitting and line intensities have been calculated by Persch,

Vedder, and Demtroeder only for tHéN isotope?®

In the LIF spectrum of thé®N'®0, sample there was
evidence of a significant contribution ot*O(~ l%%), which the intensities dramatically drop. Above 25130.2
mainly 5‘_516015'\'180’ but with a trace amount dPN* O2- cm™! there is a one-to-one correlation, with a fluorescence
This assignment lreqwred subtracting out the asymmetric ISQntensity ratio of ~1:3, between the two spectra from
topologue,**0*™N*0(~10%), and symmetn_& N0, is0-  samples containing dominantly eitHE0MN%0 or N80, .
topologue(<1%) spectra. The same subtraction was requiredazn expansion of this region between 25 128.0 and 25 130.5
for determining theD, of **O™N®0 and *O'™*N*®0. The  m~1is shown in Fig. 4. Since this is above tHN60, D,
spegtral stripping process will pe Q|scussed in the fo”OW"f‘gthreshold and®N has already been shown to k&l%, only
section, but the spectral resolution in §gm leads to}?e assighe fluorescence interferences between ¥@“N80 and
ment of D of *N*°0, at 25141.50 cm, +£0.05 cm ™. 14N*80, isotopologues are considered. Two correlations are
observed. The first are those lines in the scrambled(lgas
beleda) that correspond to lines 8f0N*€0 in the nominal
14N*80, sample spectra and exhibit an intensity ratih0:1.

The second correlation is between those lines in'théeo,

Due to the oxygen exchang@r “scrambling”), the  spectra that are reflected in the scrambled gas with an inten-
analysis of the nominat’O*N'®0 spectra requires a com- sity ratio of ~1:5. This is evidence that the nominal
parison of spectra from samples with different oxygen iso-1°0'*N*0 sample has appreciabféN*0, and that the
tope ratios. Figure 1 shows that, for energies higher than theominal *N*®0, sample contains several percent of
14N€0, D, limit (25128.56 cmt), the scrambledN/'%1%0  60N®0. TheD, of *0™N®0 is where the first correla-
spectra remain dense and intense up-5 130.2 cm* after  tion ends and the second continues unperturbed. This occurs

ntensity (a.u.

0.0 va\m

a
18014N180 + traceléolltNISO
1 L 1

25,130 25,131
DO‘—‘ 25,130.90

u.)

0.00

IF Intensity (a

B. D, of asymmetric isotopologues  60N*0
and 16015N18O
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at the two prominent lines at25 130.90 cm?, which leads Do(NO,) =D+ ZPEyo-ZPEyo.. (1)
to the proposed ,= 25 130.92 cm? for the 1°0'“N*80 iso- 2
topologue. In Eq. (1), Dy and ZPk, are specific to each NO

There is some uncertainty in this propodeg value be-  isotopologue and ZRE, specific to each possible NO disso-
cause of the sparseness of the line density between 25 13Qc@tion product, whileD,, is assumed to be the same for all
and 25130.92 cm'. The absence of strong fluorescenceNO, isotopologues. The precid®, values of the six N@
lines over such a relatively significant energy range was noisotopologues given above are used to confirm the validity of
observed in the spectra of the other NiSotopologues. The Eq. (1), which is based on the Born-Oppenheimer approxi-
LIF experiment using thé®0'N*0 gas was reanalyzed af- mation, by determining if th®, are constant for each of the
ter addition of varying amounts of*N*®O, in order to  NO, isotopologues. The BO approximation is often tested by
change the relative ratio of the symmetric to asymmetric speassuming theoretical or semiempirical potential energy mod-
cies. In the sparse region, we observed at least eight weals and comparing predicted vibrational bands with those
fluorescence times that could be attributed tof@*“N*®0  observed via high-resolution spectroscopy. For example, iso-
isotopologue including the two prominent ones neartopologues of water largely agree with the BO approxima-
25130.90 cm'. Therefore, 25130.92 cil is the estab- tion; however improved data fits were obtained by including
lished D, value for the'®0'*N*0 isotopologue. The asym- various non-BO correctiorn&. It has also been shown that at
metric isotopologues are unique in that they possess two ditow energies @ also closely follows the BO
fering dissociation limits, one corresponding to theapproximatiort? but whether this holds at higher energies is
separation of thé®0 atom from'N*0 and the other to the not known because thB, of O; cannot be measured at
separation of thé®0 atom from**N*®0. For asymmetric spectroscopic accuracy. In addition, nonspectroscopic meth-
1501N*®0, this second dissociation channel is expected abds for determinindd, have uncertainties that are large rela-
25155.87 cm' (24.95 cm! above the first dissociation tive to theAD, (~10 cm %), e.g., on the order of-0.02—
channel and at 25 169.21 cit for the %0°N'80 asymmet-  0.05 eV(160—400 cm?) for ozone? Additional difficulties
ric isotopologue(25.35 cm™® above the first dissociation arise from the presence of conical intersections, where ex-
channel; see belowThese two differences, 24.95 and 25.35cited vibrational states occur on multiple electronic surfaces
cm %, are the differences between the ZPE®I'%0 and  and are known to cause a breakdown in the BO approxima-
N80 and betweer®N®0 and*N'®0, respectively. Here tion. Using Eq.(1) and the precis®, energies allows for a
the question regarding the differences in quantum mechanstringent test of the BO approximation at high energies. Once
cal properties between symmetric and asymmetric iSotoEq. (1) is validated, it can be used to predid, for the other
pomers arises. Recent theoretical work suggesting an exsotopologues of N@that contain theé"’O isotope.
tended predissociation lifetime(longer lifetimg for The ZPEp can be expressed by a Dunham expansion:
asymmetric molecules relative to their symmetric counterG(0)=1/2we+ 1/4wXc+ 18wyt . The we, weXe,
parts opens the possibility for long lived resonances abovend w.y. (the zero order frequencies and anharmonic con-
D, that are capable of fluorescerié€:’® For the main stants for the main isotopologues of NO have been previ-
14N%0, symmetric isotopologue, estimates on the fluoresously analyzed spectroscopicafly® and the corresponding
cence lifetime (10 ®s) relative to dissociation lifetime ZPEs are given in Table I. The} , wexs , andweys for the
(few 10 1%s) suggest that dissociation occursl0®*~10"  NO isotopologuegwhere* denotes the raréheavy isoto-
time faster than fluorescence, resulting in negligible fluorespologues can also be calculated from the main isotopologue
cence. However, the expected lifetime fluctuations are veryalues and utilization of the powers of the square root of the
large®® and resonance with long lifetime aboig (i.e., with  reduced mass ratio.Globally, the relative values of NO
significant radiative probabilitycannot be fully excluded for ZPEs may be estimated to within a few Fxm™ ! and these
asymmetric isotopologues. uncertainties may be neglected because they are much lower

The same energy and intensity correlations were obthan the errors on ZPE of NOQisotopologues, which are
served in the scrambled N@as containing théN isotope.  discussed below.

The global decrease in intensity and constant energy corre- The ZPE for each N@ isotopologue can be obtained
lations between the mixed and pure gases at 25 143.86 cmeither by methods using PESs (ZR& see below or from

is thus assigned to dissociation ofO*N*0 into °0  experimental results using the Dunham expansion (ZPE
+1°N'0. The same technique was used to differentiatavhich for polyatomics without degenerate mode is
15N1%0, fluorescence lines from those BN *0 and led

: : ; 1 1 1
to the previous assignment of theN'®0,’s D at 25 141.50 _ _ s 4z )
em L ZPEpy,=G(0,0,0) 22 Wi 4% Xij 8i£]zsk Yijk
1
+1_6' E Zijk|+“" (2)
IV. ISOTOPIC EFFECTS ON DISSOCIATION i<j<k<I

ENERGIES AND THEIR RELATION -
TO ZERO POINT ENERGIES Herex;; , Yijx» andzy, are the anharmonicity constants

determined from a fit of experimental vibrational energy lev-

Within the BO approximation, the isotopologue depen-els. For triatomic molecules, each isotopologue has its own
dence ofDg, the dissociation threshold of the N®hv  set of three normal harmonic frequencies, which can be

—NO(?I1,,,) + OC3P,) process is given by calculated using the GF matrix method detailed by Wilson,

Downloaded 04 Oct 2004 to 193.48.255.141. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 121, No. 15, 15 October 2004 Dissociation energies of NO, 7159

Decius, and Cros® Note that the GF matrix method re- quantum numbers for symmetric stretch, bend, and antisym-
quires four force constants for nonlinear ABA molecules andmetric stretch, respectively, and the energies of the system
does not consider anharmonicities. Unknown isotopologueare just obtained as a polynomial function of these quantum
anharmonic constants can be estimated from the empiricalumbers[see, for example, Eq2) for the energy of the
relations®’ ground statg This is also the case for SOIn contrast, in

the case of @, the symmetric and antisymmetric stretches

* * * * *
Xi’] :X”M, yﬁk:yijkm. (3) are coupled by a 1:1 Darling-Dennison resonance, while in
W 0] Wwjwy the case of CQ the symmetric stretch and the bend are
Here* denotes the Dunham parameters of the minor isotocoupled by a 2:1 Fermi resonance. These resonances must be
pologue. taken into account in the canonical transformations, so that

Experimentally only the main isotopologué4l‘@1602) one quantum number is lost forsCGand CQ. Since the
and two of the minor N isotopologues ®™N'®0, and  ground state is not coupled to any other state, this has, how-
14N*0,) have been studied in the IR to evaluate variousever, no influence on the calculation of its energy, which is
vibrational frequenciegs__“o These data are, however, too Still obtained from the evaluation of an expression of the
sparse to enable a proper determination of the Dunham p&erm of Eq. (2).
rameters. In contrast, using the laser induced dispersive fluo- The ZPEpr obtained by applying CPT to the quartic
rescence spectrurfiLIDFS) technique, Jost and co-workers PES of Hardwick and Braffdare similar to ZPE,,, but are
have observed about 300 vibrational levels of #ig%0,  systematically larger by about 3 ¢h(2.88 cmi* on aver-
isotopologué’! Combined with previous IR measurements age, while the ZPEpt obtained from the PES of Tashkun
the Dunham expansion up to tlag,, coefficients have been and Janséf are systematically larger by about 6 chcom-
determined*? A comparison of various sets of Dunham pared with ZPE,, This latter PES has been designed to
parameters exhibits significant differences due to the fact theeproduce a large number of high lying vibrational levels, at
various Dunham parameters are not independent, but depetite cost of a less accurate description of the bottom of the
instead on the maximum ordéup toX;; or to yjj, Or t0 Z;j PES. The same arguments hold for the PES of Schryber
or to--+) and on the set of fitted levelsee Table V of Ref. et al,*® while the recentb initio PES of Kurkal, Fleurat-
41). The Dunham parameters also depend on how’Bye  Lessard, and Schinf&results in still much higher ZPEs,
potential is taken into accoufft.For the purpose of deter- because it was not adjusted against experimental energies as
mining the ZPE of!“N0, the preferred set of Dunham the three former PEE~*° Therefore only the ZP&+ from
parameters is that of the first column of Table V of Ref. 41,the PES by Hardwick and Brand PERef. 43 are consid-
from which ZPE{*N'®0,)=1871.05cm? is obtained. The ered below.
14N60, ZPE was evaluated for stability=2 cm 1) by vary- At this point, two comments are in order. First, the ac-
ing the set of fitted level§from 25 to 75 and the number of curacy of CPT results are limited by the quality of the PES.
Dunham parameterdrom 9 to 23. For example, when the Errors in the PES are, however, systematic ones, in the sense
NO, levels are fitted with a Dunham expansion upx¢ that they are essentially independent of the isotopologue un-
only, the ZPE of'“N'®0, is evaluated to be 1872.87 ¢y  der consideration. Therefore, these errors are almost not re-
1.82 cm ! higher than that obtained using the Dunham ex-flected in the computed isotopic energy shifts. This implies
pansion up toy;j . In contrast, the contribution of thg;  that the isotopic energy shifts are computed with a much
terms to the ZPHfrom a global fi} is only 0.25 cni*. The  higher accuracy than the energies of the ground states them-
De values calculated using the preciBg energies and the selves. The second remark deals with the fact that the kinetic
ZPEp,, calculationgEgs. (2) and(3) and GF matrix above  energy operator, which is used in CPT calculations, is an
are given in Table |. It is noteworthy that theZPE,,, are  approximate one. For example, the so-called potential-like
nearly additive, e.gAZPE®848) is close to AZPE846), or  kinetic term, which arises from the nonlinear relationships
AZPEB858) is close toAZPEH848 +AZPH®656). between Cartesian and valence or Jacobi coordinates, is not
taken into account. This results in an additional error in the
computed ground state energies, which can reach a few
cm 1. Again, this error is essentially systemati®., almost
isotopologue independentso that it affects only very

The ZPEs of NQ isotopologues were also calculated by weakly the computed isotopic energy shifts.
applying canonical perturbation theoRj(ZPE.py) to the For NO,, these arguments lead us to use rescaled ZPEs,
PESs of Hardwick and Brafidl (Table |), Tashkun and defined as ZPEr.ress= 0.998 393ZPEqr for the determina-
Janserf? and Schrybeet al*® Briefly, the PESs and the ki- tion of D,, instead of ZPE,,, The scaling factor 0.998 393
netic energy operators are first Taylor-expanded around this the ratio ZPFE,,(646)/ZPEp{646), which rescales
minimum of the PES, and the GF matrix metfdis applied ~ ZPE.pt with respect to ZPE,,, for the 646 isotopologue, the
in order to express the resulting polynome in terms of theonly isotopologue for which precise experimental vibrational
dimensionless normal coordinates. A series of canorfaral energies(and thus ZPE,,) are known. The ZPE&.rescare
unitary) transformations is then performed in order to rewritelisted in Table | and used to determine the “best” setlnf
the Hamiltonian of the system in terms of as complete avalues, and the initial ZP&+ and AZPEpt (not rescaled
possible a set of good quantum numbers. For, Ntbe trans-  can be found in Table 1.
formed Hamiltonian thus depends uniquely on the three good It should be noted that even if the Zpk& are systemati-

V. DETERMINATION OF ZPE FROM CANONICAL
PERTURBATION THEORY
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TABLE Il. The zero point energies of the main isomers of oxygen symmetric triatomics antZfE of their
isotopomers/isotopologues as calculated by CPT, bi@®face(Ref. 43 (Dunham expansion, sixth-order CPT
O; surface (Ref. 32 (Dunham expansiohDarling-Dennison resonance, sixth-order GPBO, surface:
(VQZ+1) (Ref. 47 (Dunham expansion, sixth-order CRPTO, surface(Ref. 48 (Dunham expansiohFermi
resonance, sixth-order CPT

Terminal oxygen atom pair

AZPE symmetric isotopomers AZPE asymmetric isotopomers
Central atom
X 6ox 160 Tox Yo Box 0 1%0x 10 60X 0 0ox 80
NO, 1N 1874.06 28.75 54.71 14.33 27.18 41.69
5N 30.04 59.11 85.36 44.52 57.51 72.19
O, 150 1450.00 23.22 44.21 11.16 20.75 33.33
0 19.68 42.99 64.19 30.82 40.52 53.21
%0 37.13 60.85 82.21 48.53 58.35 71.15
SO, 825 1529.82 30.78 58.62 15.35 29.17 44.67
335 7.48 38.39 66.35 22.90 36.78 52.34
s 14.55 45.59 73.66 30.03 43.96 59.59
365 27.68 58.95 87.24 43.27 57.30 73.06
co, 2c 2533.85 35.01 66.62 17.47 33.16 50.78
3¢ 52.73 88.19 120.21 70.42 86.32 104.16
c 99.01 134.89 167.30 116.91 133.01 151.06

cally larger than ZPE,, the isotopologueshifts AZPE.pr  +0.06cmi . This dispersion is close to the experimental
and AZPEcprresc are close to the shifts obtained from uncertainty(=0.05 cmit) on the measureB,. These results
ZPEy,, Wwith a largest difference of only 0.25 and 0.20 reinforce the validity of the BO approximation, though some
cm %, respectively. The 1.6 cit difference inD, relative to  minute systematic non-BO energy contributions cannot be
determination of Josdt al.at 26 049.36 cm® (see Ref. 18is  excluded.
mainly due to the ZPE of*N'®0,, ZPE being taken at These results show that the isotopologue shifts of ZPEs,
1869.45 cm* in Ref. 18, instead of the 1871.05 chvalue ~ AZPE, determined by CPT calculations are precise to within
used here. The small differences between thébsixsee the a fraction of a cm ! Given the confirmed accuracy of the
two last lines of Table)lmay be tentatively interpreted in CPT method for the isotopologues of BOve next used the
terms of two small systematic errors KMZPE-prrese The  same method to determine the&/PE for three molecules,
first one is an overestimation of 0.22 cifor a'%0 to %0  which are important in atmospheric chemistry, namely, O
substitution. The second is an underestimation of 0.16'cm SO,, and CQ. Results can be found in Table Il. The recent
for a'*N to N substitution. Assuming thAZPE is additive  surfaces of Tyutereet al3? for ozone, of Martift’ for SO,,
upon isotopic substitution, these two corrections applied t@nd of Zunigaet al*® for CO, were used in CPT calcula-
the five isotopologuel646) is used as referentéead to six  tions. These calculatedZPEs are compared with previous
values for D,, which are very close(D.)=26051.07 experimental determination, available in Fig. 5. There is an
overall good agreement between CPT calculations and spec-
troscopic data, with differences usually smaller than Ttm

2 486 . CPT calculations thus provide preci®ZPE for triatomic

1 ¢ ses o8 molecules where no spectroscopic data are available.
"_E . 8328‘[!848 82
I‘—J ° . 2. m.s.” Oese A6 VI. CONCLUSIONS
% -11 648 828 667 Using jet cooled conditions and LIF techniques the dis-
> u . sociation energies of six isotopologues of N@ave been
g - 676 determined. These energiéis cm™%) are
£ -3 . 14716, 1516,
w 238 685 25128.56 'N™0;), 25141.50N-"0,),
< 4 []

25158.7Q“N*®0,), 25171.84'°N*0,),
'5 T T T T T
420  -100  -80 -60 40 .20 0 25143.8G%0N*0), 25130.920YN*0)
AZPE cm’™

with a precision better thart0.05 cmt. A common(D)
FIG. 5. A comparison oAZPE calculated by the CPT method compared =26 051.22 cm' with a maximum deviation of+0.33
with those derived from available experimental data for,G®) (Ref. 2, cm1is derived using calculated ZPEs. This small dispersion
O; (M) (Ref. 53, (#) (Ref. 52, NO, (0J) (Refs. 38 and 39 SO, (A)  of D, suggests that the BO approximation is valid for this

(Refs. 50 and 5llusing either zero-order frequencies and Dunham expan- . )
sions (Refs. 2, 38, 39, and 50-52r fundamental vibrationgRef. 52. prObIem' Tentatlvely’ an even better agreement can be ob

Numeric notation indicates the isotopologue configuration, for examplet@ined by applying two empirical corrections, which reduce
668="1501°0'%0. the dispersion irD, estimations to the experimental uncer-
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