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Resonance Raman spectroscopy in the dissociative A band
of nitrosyl chloride
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Resonance Raman spectra measured for CINO photoexcited at 212.5, 219, and 222 nm produce
evidence that the strong transition at the vacuum ultraviolet end of the mérdmohd system
dominates to wavelengths as long as 222 nm. The spectral resolution is sufficient to enable definitive
assignments of excited vibrational levels in the ground electronic state, several of which have not
been previously observed. A curvilinear coordinate model of the ground state potential surface
around the Franck—Condon region has been constructed. This model yields vibrational eigenvalues
in excellent agreement with all known transitions. 2001 American Institute of Physics.
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I. INTRODUCTION results published to date come from a low resolution study at
an excitation wavelength of 266 nm by Bell and Flét

Ultraviolet photoexcitation of nitrosyl chlorid€CINO)  this far red edge of thé band the absorption cross section

in the A band (~180-250nm) produces Cl and NO has dropped to 1410 **cn?, ~0.2% the value at band

photofragments.(The band was named before current nam-peak. These experiments revealed a sequence of about 12

ing conventions were established, and so #dand lies  vibrational features out to a Raman shifte8400 cm %, the

abovetheB, C, etc., bands in energyThe A band is intense, isolatedv, peak at 332 cm'* being the most intense. The

with an absorption cross section of approximately 6.5fyndamental(1800 cm*) was completely absent. Their in-

X 10 *en? at its peak near 196 nm wavelength.The  strumental resolution was insufficient to cleanly resolve the

breadth of the ban@~5000 cm* full width at half maxi- v, (~596 cmi'l) and 2v4 (662 cmY) bands, and there were

mum (FWHM)] and absence of structure indicate rapid andsjmilar merged features at higher Raman shifts. No detailed

direct dissociation following excitation. It has been SUg-analysis was possible at the time.

gested that as many as three electronically excited states may o, work examines Raman emission spectra of CINO

.. . . 4-6 . .
participate in the abs_orptlo”n, with the proportion from —;qing significantly higher resolution and shorter wavelengths
each state varying with wavelength within the band. This; ¢ “toward the center of tha band. At 212.5, 219, and

supposition is not unequivocally established, however, ang,, ny the absorption cross sections are, respectively, about
runs counter to the prediction @fb initio calculations on 21x10°Y 1.0x10° Y and 0.% 10 Y cn?.23 There is no

CINO.8 o i .
striking evidence of electronic interference at these wave-

Despite 2_6 ;?Ige number . of studies of _ the lengths, suggesting that a single electronic state is important
photofragments,™~""“a complete picture of the photodisso- i, the direct absorption in this wavelength range. This result

ciation is still elusive. Raman spectroscopy, while it cannot piaced in the context of recent assignments in a discussion
resolve all the mysteries, can in certain cases identify overgg o\

lapped transitions through interference in fundamental tran-

sition intensities viewed as functions of excitation ment of a model capable of accurately reproducing all of the

wavelengti>* In addition, when the excitation is into a vibrational levels that have been observed. Of these, a sig-

dissociative continuum, Raman spectra produce long P'%ificant fraction are reported for the first time. The large-

gressions of ylbr_atlonal mOdeS in the ground electronic Sta.teﬁmplitude vibrational model is fully curvilinear, with nu-
thereby yielding information about the ground state potentia

. merically converged three-dimension@D) eigenvalues all

energy surfacdPES. At the same time, Raman spectros- . . y converged m _ na&D) eig .
) . - ; ; "> giving transitions within a few cm' of the experimental
copy carried out with sufficient care is able to provide unique . . .
Jon . . ... values. A unique aspect of this model construction turns out
insight into the early femtoseconds of direct dissociation in . . . .
the excited stat&5—17 to be the appropriateness of curvilinear Jacobi coordinates

While such results have now been obtained for a varietf°" the vibrational motion in the vicinity of the ground elec-

of directly dissociating moleculé€ the only CINO Raman tronic st_ate equilibrium geometry. This model WI|| serve as
the basis for a subsequent treatment of the dissociation dy-

) namics using solution of the time-dependent Sdhrger
Permanent address: Micron Technology, Inc., MS 306, 8000 Federal Wayg ; ; ;
uation in a wavelet basis.
Boise, Idaho 83707-0006. q . . .
YPermanent address: The Dow Chemical Company, Bldg. 2504, P.O. Box |n_ Sec. |l Of this paper, the experlm_ental apparatus is
400, Plaquemine, Louisiana 70765. described. Section Il contains the experimental results and

The primary result of the current paper is the develop-
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compares the Raman spectra at three different excitatiodirection in the system. The gas flow and the incident laser
wavelengths. The significance of the results with respect téight are both capable of being positioned to match this axis.
recent interpretations of th& band is discussed. Section IV The light passing through the monochromator impinges
presents the vibrational analysis, including both a Dunhanonto a solar blind photomultiplier tub@MT), Hamamatsu
expansion and a potential expansion in Jacobi coordinatesodel number R166HA, operated af750 volts to~1200
believed to be accurate in the Franck—Condon region andolts depending on signal strength. The output of the PMT

somewhat beyond. Section V gives the conclusions. passes through a SRS-250 gated integrator, then through a
coax cable delay line to allow the prior arrival of a trigger
Il. EXPERIMENT signal from a fast photodiodé=PD) at the data acquisition

Light generation for these experiments begins with g€duipment. The data acquisition system and a stepper motor

Questek 2670 XeCl excimer laser operating at 308 nm, Witrgoverning the angle of the monochromator diffraction grat-

10 ns pulses of 100-300 mJ energy. Shot-to-shot fluctuatiorf39 aré both controlled by a LabView prograhational

in the total output energy for a given set of operating param/nstruments o _
The Raman emission from the sample is collected at an

eters are on the order of20%. The rectangular (2.5 ) N TMIE
x1.3cm) excimer beam enters a Lambda Physik FL 300§mgle of. approxmately 17.0 from.the incident laser propa-
dye laser, which converts the light to visible wavelengthsdation direction. In an optically thick sample, such a back-
with a roughly circular profile(~1.5 mm and energies on scat_ter geometry is preferred since the emission comes pri-
the order of 2 mJ per pulse. Coumarin 440 and Stilbene 4281rily from target molecules near the “surface” of the
dyes were used in this work. The visible light from the dyesample, where there is a greatly reduced chance of reabsorp-
laser passes through a beta-barium bord®BBO) tion. The coaxial gas flow provides a rather sharp boundary
frequency-doubling crystal to produce ultravioléuy) — region ~1 mm thick between the sample and purge gas
wavelengths down to about 207 nm. Unconverted visiblelOWS. o _ _ .

light and UV light are separated by passing the mixed beam  Nitrosyl chloride is easily synthesized by placing an ap-
through a self-compensating set of four-prisms, and blockingProximately stoichiometric mixture of chlorine and NO in a
the visible light. Typical pulse energies after conversion and€action vessel in a dry ice—acetone béttiquid CINO
separation range from 5—6@J/pulse. The UV light is condenses on the vessel walls in a few minutes. When the

steered into a scattering cell where it intersects the sampleressure drops significantly below one atmosphere, mare Cl
flow at 90°. and NO are added until the desired amount is obtained, typi-
A ﬂowmg gas system is used to prevent Samp|e dep|eca”y about 50 mL of ||CIU|d CINO for our experiments. The
tion by the UV pulses and to avoid the buildup of significanttotal pressure is kept low to maintain safety. CINO is purified
concentrations of photoproducts that may provide spectraty slow warming while some of the vapor phase is pumped
interference. The gas flow system is designed to bring theff. The remaining CINO is distilled into a new vessel, leav-
gas phase sample into the target region of the flow cell in &g insignificant amounts of less volatile components. CINO
highly reproducible and controllable manner. Carrier gadhas a boiling poin{—5.5°CQ which is much above that of
(He) flows into a wide-diamete(~2.5 cm fritted bubbler ~ either Ch(—~35°C) or NO(—101°Q. Both reactants are
immersed in liquid CINO held at approximatety58 °C by a  therefore easily removed. The resulting CINO has a narrow
refrigerated ethanol bath. This provides a stable concentranelting range, indicating the absence of impurities, and no
tion of CINO mixed with the carrier gas and carried into the significant unidentifiable interferences occur in the Raman
cell through a vertical 1/4stainless steel tube. A roughly spectra. Temperatures are always kept sufficiently high to
cylindrical shell of carrier gas surrounds the flowing sampleavoid condensation of NO, as violent reactions can occur in
to keep it collimated and localized at the center of the cellthe liquid state.
The flow rate of the coaxial shell is roughly twice that of the ~ Nitrosyl chloride is extremely corrosive, as are the reac-
sample gas, optimal conditions being determined beforehariént gases used to produce it, especially in the presence of
from examination of the white smoke produced by passagwater. Materials used in production and storage of CINO
of pre-mixed NH/HCI with helium as a carrier gas. Win- must be kept free from moisture and should be resistant to
dow purges of pure He protect the front and rear cell win-attack by acid and chlorine. Our gas regulators are made
dows and an internal light collection lens. from special corrosion-resistant alloys. Other materials used
All gases exit through an aperture at the bottom of thein various components of the apparatigdass, viton 3/6,
cell for release into a fume hood. During data acquisition, thestainless steel, Teflgrare all resistant to short-term chemical
total pressure in the cell remains at approximately one atmaattack’® The primary manifold and reaction vessels are
sphere. glass. Teflon stopcocks with viton O-ring seals control the
The data acquisition system includes the light collectiongas flow in the vessels. The main gas lines supplying reac-
optics, a grating monochromator, a photomultiplier detectortants from their storage tanks are made of stainless steel,
and computer hardware/software for storing the data and rurwith a few brass components. Brass O-ring adapters of our
ning the experiment. The Czerny—Turner monochromatodesign are used with Cajon Ultra-torr seals to connect the
(Spex model 1402has a focal length of 0.75 m. A Spec- delivery lines with the reaction vessel manifold. The CINO-
tronic Instruments 100 mm square holographic diffractionsaturated helium vapor flows through Teflon tubing from the
grating with 2400 sinusoidal grooves per mm was used. Thetorage vessel to the sample cell and from the cell to the
optical axis of the monochromator provides a fixed spatiakxhaust hood. Prior to production, all gas lines and reaction
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FIG. 2. Resonance Raman spectra of CINO.
FIG. 1. The absorbance of the CIN®band, measured by Ballast al.
(Ref. 2. The three vertical lines at 212.5, 219, and 222 nm indicate the
wavelengths used in this study. tral feature and the band origin must be determined by per-
forming a rotational band contour analysis, for which the

individual rotational lines are convolved with the spectral

vessEIs are thorgughlg clezqcfed _and oven d;ﬁd'bA!l mﬁte”al(sransfer function of the monochromattrinertial constants
are then pumped out by a diffusion pump while being heateg, - so|acted vibrational states of CINO are available from a

well above 100 °C to drive away adsorbed water. variety of source€*3-% The asymmetry parameter for

lll. CING RAMAN SPECTRA TABLE I. Raman shifts from this study compared to bands from previous
A. Results IR absorption and IR Raman dafRefs. 23—-3f

The absorption spectrum of CINO from 15 000 ¢hio Vibrational frequenciegcm™?)
53000 cm* was measured by Goodeve and Khfthe A
band was later remeasured by Balla&tal, and by Tyndall
et al?® Figure 1 shows the spectrum of Ballashal, with v3 329.5 332.0

Level This study Previous

vertical lines indicating the three wavelengths of our mea- ;i 221'8 5959
surement$212.5, 219, and 222 nmThese excitation wave- in1}3 926.3
lengths were chosen fagil) experimental accessibility(2) 3, 983.5
resonant enhancement in theband, and(3) avoidance of  2v, 1184.2 1186.5
absorption bands of free N(see Okab®) that might be vot2vg 1249.1
present in the cell. Raman shifts were measured out toi”igz?’ iggg'g
~3000 cm*, S 1640.4
The Raman spectra for the three excitation wavelengthss,, 1767.6
are given in Fig. 2. The spectra are vertically scaled to give », 1799.7
the same difference in height between the maximum at 332272+ 2vs 1833.9 1831.2
cm ! and the minimum at-500 cm *. The three spectra are ;2+f”3 ;gg;f 1894.5
qualitatively similar, especially for the first 1000 chof Vfi V:3 ' 21311
Raman shift. Each spectrum was collected several times t02y,+3v, 2150.9
ensure reproducibility. The centers of the Raman features forv,+ v, 2396.7 2395.6
the 212 nm excitation are given in Table | with the corre- *172vs 2458.7
sponding IR absorption results and previous nonresonant Ra—glﬂﬁ”3/3”’2+3”3 27235 a5636
man dat&>?° The spectrum with excitation at 212 nm was 251 v 3894.6
chosen for comparison since it is the least congested. This2y,+ v, 4159.7
study adds 12 previously unobserved bands to the 16 known2v,+2v, 4752.0
bands for CINO(not including a difference band reported by 371 5292.9
Joneset al,*%in 1968. 2”11 Vs gggg'g
Since our spectrometer could not resolve individual ro- 42 " 60852

tational lines, the relationship between the center of a spec
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CINO in its ground vibrational level isc=—0.9912, i.e., what in question, even near band center. The existence of
very close to that of a prolate symmetric top. We calculatedwo channels with different values @ and different distri-
band contours with symmetric rotor energy levels and relabutions ofE; seems to be unambiguous. Hasl. say this

tive oscillator strengths, assumiagpxis type rotational tran- can arise either from initial excitation into two different elec-
sitions. Theab initio results of Baiet al. place the transition tronic states or from initial excitation to a single excited
moment near the inertiala axi€ for the Sg(4'A’) electronic state followed by nonadiabatic leakage of part of
—Sy(1*A") transition. The calculated band contours are in-the amplitude onto a second PES. They favor the first of
sensitive to the inertial asymmetry and to snialixis com-  these possibilities and speculate that one channel may pro-
ponents of the transition moment. The Raman spectrum aduce ground-state CIP5,) and the other excited CIPy,,).
methane was used to obtain an experimental instrument To a first approximation, the angular distribution of
function for purposes of the convolution. The line shape obproducts is a snapshot of the initial distribution of orienta-
tained for the methane fundamentall Q branch is com-  tions of the transition moment in spaced-fixed coordinates
pletely dominated by instrumental broadening and servegaveraged over the ensemble of rotational sjatdence, the
quite well as the spectral transfer function for use withidea that excitation at band center involves two excited elec-
CINO. The CINO rotational contours thus produced are intronic states in proportions of about 1:5 seems fairly compel-
good agreement with the spectra actually measured. For dihg. It is, however, at odds with thab initio calculations of

the vibrational levels we simulated, the band centers correBaj et al. on the CINO moleculé® While Bai's results indi-
sponded to band origins to well within the limits of experi- cate three excited electronic states with roughly the correct
mental error. The same is expected to hold for all of theenergy, the relative intensities are calculated to be in the ratio

vibrational states measured in these experiments. 1:10°3:0 (the last value because the excited state is a trip-
_ _ _ let). Despite any shortcomings of the basis sets used and the
B. Relation to previous studies absence of spin—orbit terms in thaé initio calculation, it is

It has been known since flash photolysis experiments ififficult to see how the results could be off by such a large
the early 1960's that photodissociation of CINO at shortfactor in the relative intensities. An alternative explanation,
wavelengths produces vibrationally excited KfOThe de- ~Whose plausibility is difficult to assess, is initial excitation to
tails of energy partitioning between product rotation, vibra-2 Single PES with subsequent evolution into two separate
tion, translation, and electronic energy appear to vary a gre&omponents with different average rotational periods during
deal with wavelength across the band. A good overview ofthotodissociation, either remaining on the same PES or with
what has been done with respect to photofragment studiegne of the components representing nonadiabatic transfer to

can be found in the paper of Skorokhodetval® and refer- ~ another electronic state.
ences given therein. Felder and Morley used the same apparatus as Hass,

At 193 nm, near the center of the band, the most definifelder, and Huber for PTS at 248 nm. At this wavelength,
tive and unambiguous results are the photofragment transldhe absorption cross section is only about>31®~ *cnr,
tional spectroscopy(PTS results of Haas, Felder, and Which raises a question whether it should be considered part
Huber* They found a bimodal distribution in the product of the same band at all. They found a bimo&al distribu-
translational energ# and were able to fit their data to two tion (actually a single peak with a long tail to o), with
separate components with differing values of the asymmetr§he minor component having a relative importance of 20%.
parameteB for the angular distribution of photoproducts. A The asymmetry parametg for the major component was
component with 3~0.95 and (E)~37.4kcalmol! ac- ~1.2. Theg value for the minor component was less well
counted for about 17% of the products. A second componerdetermined, but appeared to be about the same. Felder and
with 8~0.45 and(E;)~43.1kcalmol! made up the re- Morley proposed a total of three excited electronic states to
maining~83%. The overal{ E1) was about 42.1 kcalmot.  account for the entird band. They called thes®,, A, and
The measuredE distribution was decomposed into indi- A. in increasing order of energy, and attributedto the Bai
vidual vibrational components by assuming that the mol-et al. strong S5(4 IA")—Sy(11A") transition. A, and A,
ecules had a distribution of rotational energies with an averwere assigned asS,(3 IAT)—Sy(11A") and T5(33A")
age rotational energlzr~5 kcalmol't and FWHM of ~4.6  «Sy(11A"), respectively.
kcal mol%, irrespective of vibrational state. The result is an These authors proposed that the absorption at 193 nm
estimate of about 63.6 kcal mdifor (Ey). This is a signifi- owes 83% toA. and ~17% toA,. At 248 nm, they assign
cantly higher value than would be derived from the results 080% toA, and 20% toA,. Noting that the average internal
Gillan et al,'* who used laser induced fluorescence on rota{rovibrationa) energy of the NO is a much larger fraction of
tionally and translationally relaxed NO products to determinethe total energy at 193 nm than at 248 nm, they predicted
(Ey). Their vibrational distribution is, in turn, skewed to- thaf “the Raman spectrum at 248 nm, in contrast to the one
wards highew” than the distribution given by Moset al,’°  obtained at 266 nm, should begin to show a weak progres-
who measured infrared emission from rotationally relaxedsion in ther; mode,which should become even more impor-
products. Gillanet al. persuasively show, however, that at tant at shorter wavelengttis This prediction is not borne
least the lowest” states observed by Moset al, were  out by the present investigation. The mode is seen only in
produced by secondary processes and were not present in tbembination bands with the other modes.
nascent distribution. Thus, the details of the energy distribu-  Skorokhodovet al® performed two kinds of measure-
tion amongst the product’s degrees of freedom is still somements that allowed specific detection of €Hg;,) and
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CI* (2P1/2)' (1) Photofragment imagm’@ using REMPI de- TABLE II. Dunham coefficients for CINO: Jones al. (Ref. 30 this study,
: : . . . d standard deviations for this study. All values are intm

tection, and2) VUV—LIF determination of the Cl/Cl ratio. an

The results indicated a TICI ratio of ~0.9 for dissociation Coefficient Jonest al. This work Std. dev.

at 212.56 nm, of~0.45 at 235 nm and of1.1 at 248 nm.

For photodissociation at-235 nm, both CI and CI have Z; 1232:2 1:3&? §_'98
bimodal distributions oE. The lowE; component for Ci w3 336.4 331.2 2.9
had 8~1.8 and the highEr component hagd~1.5. The X11 -17.8 —-17.4 0.5
angular distribution for Cl was similar, leading to the inter- X12 0.0 12 0.9
pretation that all four components arise from a single elec- 213 :g'g _2'77 3'?
tronic transition, i.e., the state callég, by Felder and Mor- X _43 _31 0.7
ley. The signal for dissociation at211 nm was too poor to X33 -1.0 -05 0.3

obtain a definite value g8, though it was reported to be low.
This similarity to the situation at 193 nm led Skorokhodov
et al, to assign all the action at both 193 nm and 211 nm to
the single dominant surfadk,. They attribute the dissocia-
tion at 235 nm toA,, and that at 248 té\, and A, .

The lack of any significant electronic interference in the
Raman fundamentals measured here suggests that only o
state is dominantalthough possibly multiple states charac-
terized by nearly parallel PES’& the region 212—-222 nm.
This abuts the wavelength region assigned by Skorokhodo

The results of our fit are compared with the observed
peak positions in Table Ill. The largest magnitude of devia-
tion is 4.1 cm L. For features that were present both in our
ﬂ%ta and the previous data, the more precise IR data were
used in the fitting procedure.

The ability of this simple Dunham expansion to fit the
l(;vels might be taken as an indication that CINO could ad-
equately be described in terms of normal coordinates. We

etal, and so would b under their assignment. This then know, however, that the highest energy levels observed must
requires that the crossover to dominance ofaheransitions ’ ! 9 9y .
correspond to large amplitude excursions from the equilib-

must occur in the narrow wavelength range 222-235 nm.i m metr ituation that i ldom if ever well d
Further analysis of the electronic state implications must'UT geometry—a situation that IS seido ever wetl de-

: L . : scribed by normal coordinates. What is more, even in the
await quantitative modeling that is beyond the scope of th(?ower-ene);gy ground state vibrations, normal coordinate
present paper. '

analyses have produced controversy about the assignment of
the modes. McDonal@t al, have recently and definitively
assignedvs (330 cm't) as a CI-N stretching mode ang

IV. VIBRATIONAL ANALYSIS (600 cm'}) as a “scissoring” motion pivoting on nitrogen,

A. Background
Bailey and Cassie measured the first IR absorption SpeCT_ABLE Ill. Spectral features, the predicted locations from our Dunham
trum of CINO in 19347 Since that time, upwards of 20 €XPansion, and differences. All values are in ¢m

individual studies have dealt with various aspects of the vi- | gyg Observed Calculated Difference
brational and rotational absorption spectrum. A comprehen

sive overview of work up to 1986 is given by McDonald z3 ggg'g ggé'g 2'2
et al,* although a number of further studies have occurred 23,3 661.9 659.2 27
since this paper was published. vyt vy 926.3 922.6 -3.7
Joneset al, published the first Dunham expansion for 3vs 983.5 985.9 24
the vibrational terms of CINO in 1968, giving harmonic fre- 2%z 1186.5 1186.0 —05
quencies and first order anharmonicity constdhheir fit fof’f 1532'3 Egg"g 72'129
used 17 transitions fdfO™N*CI (all that were known atthe ', %3, 1569.0 15711 51
time), including thev,—v, difference band. We have com- 5., 1640.4 1639.1 -1.3
bined our Raman data with earlier data to produce a revised3», 1767.6 1769.0 14
Dunham expansion: vy 1799.7 1801.8 21
2v,+2v, 1833.9 1829.8 -4.1
3 3 3 vyt Avg 1892.8 1895.4 2.6
G(v1,02,03)= X, (v +12+ 2> D Xyj(v+1/2) 3vp+ v 2089.1 2088.6 -05
k=1 k =k v+ vg 2131.1 2130.3 -0.8
o1 o e R o
J ' vty . . .
Table Il gives the Dunham coefficients found by Joaesal,, it 2vs éggg'; gggg'; _0%0
our Dunham coefficients obtained from the larger set of lev- 231+ Ve 3894.6 3894.0 06
els, and the standard deviations for the parameters in our fit.2,,+ 1, 4159.7 4159.8 0.1
There are nine independently adjustable parameters to fit 28w, +2v, 4752.0 4751.2 -0.8
spectral features. Al values are well determined, as are 3" 5292.9 52915 —14
X11, X2, andX,3. The values ok,,, X;3, andxsz are poorly g’;li Z3 gggg'g gggg'g 8'8
determined. The value afy; is not significantly different " 6985.2 6985.4 02
from zero.
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since the angular momentum of the parent molecule must be
conserved. Jacobi coordinates have been used to describe
the dissociation in other bands of CINO which show
little rotational excitation beyond the initial thermal
distribution#°-5?

The lengths ; andr; and the angle between; andr
provide thregcurvilinear but orthogonalvibrational coordi-
nates for describing the vibrational modé€$he subscripts
on the Jacobi coordinates are chosen so ithaorrelates to
the v, vibrational mode and; to v3.) In general, all three
Jacobi coordinates will be coupled in the molecular region of
the potential surface, though there are some indications that
r, is only weakly coupled to the other two coordinates: the

FIG. 3. The CINO Jacobi coordinates. NO bond is found to have similar lengths in the diatomic

(1.1508 A, Herzbertf) and triatomic(1.1405 A, Jone¥)
molecules; thes; mode is found to be a very minor player in

but they point out that this leads to an unusually low stretchthe resonance Raman spectra, indicating that there is not a

ing frequency and an unusually high bending frequency for @reat deal of change of the NO bond length during the early

molecule with constituent atoms of these masaesis rare  femtoseconds of the excited state dynamics.

but not unknown for a bending mode to have a higher fre-  For z=cos() and for volume elementir, dr,dz, the

quency than a stretching mode. Our Raman spectra A&vith vibrational kinetic energy in Jacobi coordinates is

band excitation reflect dynamics in the excited swtéol-

lowing absorption of a photon. These spectra show more - - - - -

overtone and combination activity in; than in v,, thus 21 07@ 2p3 drg

supporting the assignment of this mode as largely a CI-N 52/ 1 1\ g J

stretching motion. - ( —+ _2)_(1_ %) —, 2)

In their exploration of the stretch vs bend issue, MilT  ual3) oz 9z
McDonald et al., performed a number of Calculatio?ﬁs. WhereMl is the reduced mass of NO am is the reduced
First, they attempted a normal mode fit assigning the  mass of Cl and NO. Kinetic coupling between the coordi-
mode as the bend and thg mode as the N—Cl stretch. The npates occurs only from thg 2 andr ; 2 terms in the bending
result failed to reproduce the observed rotational distortiorkinetic energy. Replacing these by and r32, respec-

constants. Another attempt, using the bend #grand the tjyely, allows an approximately separable model for describ-
N—CI stretch forv; produced satisfactory results with four jng the vibrational levels.

adjustable parameters, including an interaction term coupling  For a crude first approximation employing this separable
the N—CI StretCh and the bend. Fina”y, a thlrd force fleld Waqdnetic energy expression’ we used the potentia|

generated, using the three bond lengtNs-Cl, N-O, and L ) )

Cl-0) as (nonorthogonal coordinates. A potential energy V'=Cood 1—exp(—ay(r1—rae)) ]+ Coadr3— )
distribution analysis for this model indicated that thenor- +Cood 2— 20)2, 3)

mal mode was a strong mixture of the N-Cl and N-O

stretches. In their words “It is clear that the choice of aWherérie= _1-1405'&’ r3e=2.2828A: andz,=—0.607 49.
model and the interpretation of the physical significance of a N remaining parameters were adjusted to optimize a fit to
model must be done carefully especially for a molecule liketh® known bands. Since the anharmonicity 1af is well-

ONCL.” determined from the Dunham expansion, themode was
modelled as a Morse oscillator. This procedure yielded a
B. Jacobi coordinates physically reasonable starting point in the iterative optimiza-

_ . _ tion of parameters for the more general potential of the form
We have chosen to describe the system in Jacobi coor-

d!nateg. This choice is natural for describing the atom-— VZE. E 2 Cijl 1—exp(—ay(r;—r10)]'
diatomic molecule products as the system proceeds towards T T K

dissociation but also turns out to provide an adequate de- X (Fa=T gl (2= Zo)¥ @
scription in the neighborhood of the ground-state equilibrium 8 '3 €

geometry. Jacobi coordinates explicitly include the ability tosuitable for modelling all observed bands including combi-
describe large amplitude motioffsin the specific case of nation bands. The kinetic coupling in E@) was also fully
CINO, the two Jacobi vectors arg, which points from N to included at the same time. Vibrational eigenvalues for this
O, andr; which points from the NO center of mass to Cl potential were then determined using a large-amplitude vi-
(see Fig. 3. In a purely impulsive model of the dissociation brational basis.

taken strictly along thé; direction, there is no torque on the We followed the strategy of Johnson and Reinté&rit

NO fragment upon dissociation since the impulse is"a-in using Laguerre bases of exponential arguments for radial
gainst” the NO center of mas$This does not mean, how- coordinates and Jacobi polynomial bases for the angular co-
ever, that the NO fragment will have no rotational motion, ordinate. Basis set parameters and number of configurations
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TABLE IV. Nonzero potential parameters for the fit in Jacobi coordinates.

a; 2.7924 K1 Ca00 47874 cm?

Co20 26325 cm*A? Co30 —336.3 cmtA3

Coo2 74555 cm'! Coos 0.7083 cm*

Co02 4750 cm'? Cozz 170.8 cmtA—2 r

(products of primitive basis functions in the three individual
vibrational coordinatgswere optimized in bootstrap fashion
to ensure convergence to within0.1 cm ! of the eigenval-
ues corresponding to all observed vibrational transitions. A
total of 898 basis functions were ultimately used. For a fixed

set of parameters describing the basis functions and a fixe 245 b) ; 84
basis size, the potential parameters were varied. The optimi 2:407 14
zation was occasionally interrupted to verify that all of the 2357 20
relevant eigenvalues were well converged. The potential opr, 2.30 (2@
timization, as judged by mean square error of the calculatec 7 25 5, —24
transitions, first emphasized the fundamentals. Then over ., | 16218 ‘
tones were added, and finally the combination bands. Sever: 10= 132
T I [ 1 I I I T

higher order and cross terms in the potential were tester 2157

individually and in combination to see whether they signifi-

cantly improved the fit. 2.05 2.10 2.15 2.20 0 2.25 2.30 2.35 2.40
The best fit balancing the competing goals of minimum

error and minimum number of parameters was achieved with!G. 4. The ground state wave function contougs.r; vs 6 with r; fixed

a potential that had eight adjustable parameters. The best ﬁt 2.2 A.(b) r3 vs A with r, at fixed at 1.14 Agis in radiansy, andr, are

values of these parameters are given in Table IV. Table V'

compares the fit to experimental data. The rms deviation for

the whole set of vibrational terms is 2.71 ¢ The largest

deviation from a spectral feature is an underestimate b%lbout 5 cm

! for the 3v,+ v, combination band. Contour
plots of the ground state and selected excited state wave
functions are shown in Figs. 4-6.
TABLE V._ Obs_erved spectral features, calculated values from fit, and dif- A small-amplitude expansion of our potential allows a
ferences, in units of cfi. normal modes calculation that can be compared directly to
Level Observed Calculated pifference  that of other investigators. Figure 7 compares our stick dia-
grams obtained in this way with those arrived at by Mc-

1’2 ggg:g ggg:g :(2):2 Donaldet al®! The two sets of normal coordinates are quite
20, 661.9 658.0 38 similar. The twov; normal coordinates are virtually identi-
vyt vy 926.3 9224 -39 cal, as they should be since both coordinate systemsggake
3v3 983.5 985.8 23 as the pure N—O stretch. Perhaps the most prominent differ-
2v, 1186.5 1185.1 -14 ence in the diagrams is thg mode. Our assignment for the
'2’3:31;3 Egg:é Egg:i 70'37.4 v fit is obviously the Jacobi stretch, involving no change in
Vzi3vz 1569.0 1573.5 45 the N—O distance. The results of Jomesl. for v3 is a mode
51, 1640.4 1638.5 -1.9 that appears to have some slight bending character, with ni-
3vy 1767.6 1768.5 0.9 trogen relatively stationary while chlorine and oxygen move
V1 1799.7 1800.2 0.5 generally away(and towargl each other.
i;’ﬂi? iggg:g igg% _1'42_8 Because of the relatively weak coupling between the Ja-
3yt vg 2089.1 2090.2 11 cobi coordinates in the numerically converged large-
vi+ vy 2131.1 2129.7 -1.4 amplitude vibrational calculations, the Jacobi coordinates are
2v,+3vg 2150.9 2155.1 4.2 identified as "“good” coordinates for the ground electronic
vt e 2395.6 2394.5 -11 state of nitrosyl chloride. The potential in these coordinates
;+2v3 ;‘5‘22:; 2‘5‘2‘;:3 ’Oﬁl is physically reasonable, has relatively small coupling con-
Zyiﬂs 3894.6 3895.3 0.8 stants, and sufficiently describes all measured vibrational
2v,+ v, 4159.7 4159.4 -0.3 spectra to good accuracy. Moreover, the modal structure of
2v1+2v, 4752.0 4749.0 -3.0 the vibrational wave functiongFigs. 4—6 clearly aligns
31, 5292.9 5295.4 2.5 along the appropriate coordinate axes with no significant dis-
g:ﬁ:z gggz:g gggg’:g 75_10'0 tortion. This is salutary because Jacobi coordinates are the
4v, 6985.2 6989.0 38 natural choice for describing the photodissociation process in
the A band.

Downloaded 02 May 2002 to 195.134.76.74. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



6638 J. Chem. Phys., Vol. 114, No. 15, 15 April 2001 Mackey et al.

2.15 -

2.10

2.1

2354 by .
2.30 ./ .
2.25
2.20 -
2.15 - AN Pid

210 T T T T T T

2.1 2.2 2.3 2.4 9

2354 ¢€) - .-
2.4 CN ~ \ . e \
2.30 oS ! ’

P r 34
2.25 1 SN s 23
73} w 1 2
o 2204 L 2.2 - NO N:)

2.15 - 2.1

s

2.10 T T T

2.1 2.2 2.3 2.4 &}

3 FIG. 6. The 17th excited state, corresponding to one quantum of excitation

) . . I in the v; mode and three gquanta in thg mode. Shown is; vs 6. 6is in
FIG. 5. The first excited state, corresponding to excitation ofithenode, radians,r in A. (@ r;=1.14 A, (b) ;= 1.2 A, (0) r,=1.25 A. This cor-

fhgvingggvs r3. fisinradiansy;in A. @ r;=1.14A,(b)r,=1.2A, (0 responds to the 15th entry in Table V.
=1 .

V. DISCUSSION of the strong evidence of vibrational excitation in the NO
Resonance Raman spectra have been obtained for CINghotoproduct. The’; mode does show up in overtones and
at three wavelengths in the ultraviolatband. Twelve pre- combination bands. This is reminiscent of the behavior of the
viously unobserved vibrational levels in the ground statev, umbrella bending mode in GH>® i.e., absence of the
have been observed. These new levels, together with previundamental, but appearance of the mode in combination
ously known vibrational levels, allowed the construction of awith the C—1 stretch. This was taken to indicate that motion
large amplitude vibrational model valid in and beyond thein the umbrella angle did not occur immediately upon exci-
Franck—Condon region. The ground state surface shows tation, but started to develop only when the C—I bond angle
large degree of separability in Jacobi coordinates even in thead lengthened from its ground-state equilibrium value. The
triatomic molecular region; this finding bears directly uponsame reasoning would apply for CINO. The behavior of the
previous difficulties in identifying the, andv; modes. This v, mode seems to indicate that motion in thecoordinate is
ground-state PES and its vibrational eigenvalues will becomaot occurring in the first few fs of evolution, but develops
the foundation of an effort to model the photodissociationlater in the course of the photodissociation.
dynamics in the upper electronic stae The Raman spectra may also have some bearing on the
Although the work reported here concentrates primarilyquestion of whether more than one electronically excited
on the vibrational levels of the electronic ground state, therestate is operative near the center of thband. Simultaneous
are a couple of clues to the dynamic behavior of electroniexcitation of more than one excited electronic state sets up
cally excited CINO in the pattern of levels observed andthe possibility of interference between amplitudes evolving
their relative intensities. The absence of any observable adn the two different states. This has clearly been seen in the
tivity in the », fundamental is somewhat surprising in view case of CHI (Ref. 14 and higher alkyl iodide$® No such

Downloaded 02 May 2002 to 195.134.76.74. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 114, No. 15, 15 April 2001 Raman investigation of CINO 6639

= and Fourier transformation to obtain Raman scattering
O a) Q b) amplitude$>~1">"provides for comparison with the observed
: patterns of intensity.
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