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The electronic origin and vibrational levels of the first excited singlet state
of isocyanic acid (HNCO)
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The combination of vibrationally mediated photofragment yield spectroscopy, which excites
molecules prepared in single vibrational states, and multiphoton fluorescence spectroscopy, which
excites molecules cooled in a supersonic expansion, provides detailed information on the energetics
and vibrational structure of the first excited singlet sta®) (of isocyanic acid (HNCO).
Dissociation of molecules prepared in individual vibrational states by stimulated Raman excitation
probes vibrational levels near the origin of the electronically excited state. Detection of fluorescence
from dissociation products formed by multiphoton excitation thro8glof molecules cooled in a
supersonic expansion reveals the vibrational structure at higher energies. Both types of spectra show
long, prominent progressions in the-C—Obending vibration built on states with different amounts

of N—C stretching excitation andl—N—C bending excitation. Analyzing the spectra locates the
origin of theS, state at 32 449 20 cm ! and determines the harmonic vibrational frequencies of the
N-C stretch fp3=1034+20cm %), the H-N-Cbend ,=1192+19cni’}), and the N-C-O

bend s=599+7 cm ), values that are consistent with seveed initio calculations. The
assigned spectra strongly suggest that the N—C stretching vibration is a promoting mode for internal
conversion fromS; t0 S;.  © 2000 American Institute of Physids$0021-9606)0)00212-9

I. INTRODUCTION an electron from that orbital to the antibondingal@rbital
produces the first excited singlet electronic statelarge set

Isocyanic acid, the simplest of the isocyanates, is botlof theoretical and experimental studies of the ground
fundamentally interesting and practically importarithere  staté'° find that theS, equilibrium structure has a nearly
are several experimental and theoretical studies of its firdinearN—C—Omoiety lying along thea-axis with the H atom
excited singlet state but no direct determination of the eleceff the axis but in theN—C—O plane. Woo and Liu first
tronic origin. One of the primary impediments to such a meainvestigated the ultraviolet absorption spectrum of HNEO,
surement is the large difference between the equilibrium geand Dixon and Kirby provided the most detailed study to
ometries of the ground electronic stat&) and the first date? They observed four different vibrational progressions
excited singlet state§;), which makes the Franck—Condon beginning around 35500 cm that they attributed to the
factor for transitions from the ground vibrational level®§  N—-C—Obending vibration in the electronically excited state.
to low lying vibrational levels ofS; very small. Initially — Their analysis of the rotational contours showed that the
preparing vibrational states that have better Franck—Condomolecule is planar irs; with a N—C—O bond angle of about
factors for the subsequent electronic excitation permits direct25° and a N—C bond that is about 0.2 A longer than the
excitation of otherwise inaccessible vibrational states neaground state equilibrium value. The observed rotational con-
the origin of the excited state. Combining the results of suchours also suggested that tBg— S, transition moment lies
measurements with observations of transitions to higher levalong thec axis, consistent with promotion of an electron
els from the vibrationless ground state of HNCO moleculesrom the out-of-plane &” orbital in theA’ ground electronic
cooled in a supersonic expansion allows detailed analysis aftate to the in-plane 20 orbital in theA” excited state. The
the vibronic spectrum. The spectra have clear progressions iarge changes in thi—C—Obond angle and the N—C bond
three different vibrations in the excited state, and this analytength produce small Franck—Condon factors and, hence,
sis locates the electronic origin, assigns the vibrations, andleak transitions between the ground vibrational leveSef
identifies a promoting mode for internal conversion. and low lying vibrational levels o8, .

Isocyanic acid(HNCO) belongs to the class of sixteen All of the rovibrational states 08, dissociate to yield
valence electron molecules that includes $HIO,, OCS, either the spin allowed produdisiH(a*A)+CO(X 1) and
and HCCO (keteng. The highest occupied orbital in the H(2S)+NCO(X2I1)] or the spin-forbidden products
ground state is the nonbondin@’2orbital, and promotion of [NH(X 33 ")+ CO(X '3 ")] depending on the total energy.
Excitation at wavelengths longer than 260 nm produces only

dpresent address: Los Alamos National Laboratory, MS C920, DX-2, Losthe spin-forbidden prOdL_'Ct_S that EXperimlémnd theoryz
Alamos, New Mexico 87545, suggest come from radiationless decay of the initial state
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through the ground electronic state to the triplet st&g, Multiphoton Vibrationally Mediated
—Sy— T4, on which the dissociation occurs. Because calcu- Fluorescence Photofragment Yield
lations show that there is only a small barrier to decomposi- Spectroscopy Spectroscopy

tion on T, and that its origin lies several thousand wave
numbers below thes; origin, all of the excitation wave- -~ A
lengths we us€250 nm to 300 nmyield NH(X 33 ™) as at .
least one of the decomposition products. Detecting either the !
spin-forbidden triplet NH product or the spin-allowed NCO !
product is the key to the electronic spectroscopy we perform. i
The internal conversion that begins the decomposition to  / Xelec Morobe
triplet products also creates a competition between the 50 —
NH(X3S7)+CO(X!2*) channel and the HE) NH(a'A) +
+NCO(X ?II) channel near the threshold for the latter at \0—0\9 CO(X'x*)
260 nm'® The linewidths in the NCO photofragment yield 40 [~ .
spegtra appear tp reflgct' pnmgnly .tISQ—fSO internal con- L HEs) s A= N
version, and their variation with vibrational state suggests s 30 l— Nco(xam) S S i
that certain modes selectively promote the internal conver-2 ! NH(X3%) +
sion. Because the coupling betwegnandS, is rather weak, S CO(X'z+)
the internal conversion takes a few picoseconds at the high z 5 [ S p\og\o
est excitation energies we u&E! '

There are several recent theoretical studies of electroni-V
cally excited states of HNCO. Schinke and co-workers have 10 }— _l_

Xpu

'
H(2S) + NCO(A%s*) __NHEem
A

<-------

nerg
>

elec I

calculated a large portion of tH®, surface with the goal of
understanding the dissociation in the electronically excited —
state and have explored the surface in five dimensions, fixing 0—
only the out-of-plane torsional angté? They found a bar- HNCO(X'A")

rier of about 8000 cm® to N—H bond fission and a much e

smaller barrier of about 550 c¢m to N—C bond fission on

S,. Their calculation finds stableis andtransisomers with ~ FIG. 1. Energy level diagram illustrating vibrationally mediated photofrag-

; ; = ; 2 ment yield spectroscopy and multiphoton fluorescence spectroscopy of
the trans isomer lymg about 1000 cnit lower in energy’-, HNCO. The right-hand side of the figure shows vibrationally mediated pho-

and 1they estimate thatztghe zero-pointflies about 31500 tofragment yield spectroscopy in which stimulated Raman excitation pre-
cm - above that ofS,.“® Morokuma and co-workers have pares a vibrational state, a photon dissociates the vibrationally excited mol-

studied the stationary points on several excited state surfacé&sule, and laser induced fluorescence detects the triplet NH product. The
of HNCO.18'24'25They calculate barrier heights that are simi- left-hand side of the figure shows multiphoton fluorescence spectroscopy in

. . . which one photon excites HNCO to ti® state and another photon of the
lar to those of Schinke and coworkers and find the zero-poingame wavelength promotes the molecule to a higher energy, dissociative

level of theS; transminimum about 30 600 cit above that  state, forming electronically excited NCO whose fluorescence we detect.
of S5.18%°In a recent study, Stanton optimized thie- and
trans-structures and used an extrapolation procedure to esti-

fmaiﬁ atn ad|§bat|612<6—oso excnla_tmtn energy Oftsz 970 CT’]' fNH(X 3%, 7) decomposition product by laser induced fluores-
or thefransisomer.~Lur goal 1S to measure the energies of . .o (LIF). In multiphoton fluorescence spectroscopy

vibrat.ions.as near the or?gin_as possiblg in order to determinghown on the left-hand side of the figure, one photon with a
the vibrational frequencies in the excited state and to eSt'\'/vaveIengthAe,ec excites a transition to a low lying vibronic
mate the energy of the zero-point level $. state inS;, and a second photon from the same laser pulse
carries the electronically excited molecule to a higher lying,
dissociative electronic state in which HNCO decomposes to
We use two complementary approaches, both illustrateform H+NCO(A 23, *).2° Monitoring the emission from the
in Fig. 1, to probe the vibrational structure of tBe¢ state of  electronically excited NCO while varying the laser wave-
isocyanic acid at low energies, and we use conventional phdength yields an electronic excitation spectrum of HNCO
tofragment spectroscopy to interrogate vibrations at highemolecules cooled in a supersonic expansion.
energies. Invibrationally mediated photofragment vyield The approach using stimulated Raman excitation for vi-
spectroscopyshown on the right-hand side of the figure, brational state preparation has the advantage of improving
stimulated Raman excitation prepares vibrational stat& in the Franck—Condon factor for transitions to states near the
that have good Franck—Condon factors for subsequent exoorigin but has the disadvantages of exciti@dranch transi-
tation to low lying vibrational levels in the electronically tions that lead to rotational congestion and of requiring that
excited state. This approach relies on radiationless decay tfie system form the spin-forbidden product N€fS 7).
S, to the triplet stateT,; and decomposition of HNCO to The approach using electronic multiphoton excitation has the
NH(X 33 7)+CO(X '3 %). We obtain the electronic spec- advantage of simplicity, since it requires only a single laser,
trum in the region of the origin by scanning the wavelengthand of exciting molecules from a cooled sample in which
\elec Of the electronic excitation laser while monitoring the there is little rotational congestion, both of which make it

Il. EXPERIMENTAL APPROACH
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particularly useful for obtaining survey spectra extending toregions, and give reliable line positions even though they do
high excitation energies. However, it has the disadvantagaot reflect the Franck—Condon factors for electronic excita-
that it relies on the Franck—Condon factor from the groundion correctly.
vibrational state and introduces the complication of multi-  The expansion consists of HNCO seeded in He or in a
photon excitation to another electronic state. As the data be30:70 He:Ne mixture at a typical total pressure of 1 atm. The
low show, the two approaches together provide an excellertarrier gas passes through a container of HNCG-4t °C,
view of the vibronic states of HNCO up to 5500 cfrabove  at which temperature its pressure is about 15 Torr, and enters
the origin of S; . the chamber through a 0.5 mm diam pulsed nozzle. Analysis
of several well-resolved bands yields a rotational tempera-
ture of 12+ 3 K for HNCO in the free jet expansion. Either a
single laser beam or counterpropagating pump and probe la-
Stimulated Raman excitatiofSRE) prepares molecules ser beams intersect the molecular beam 5—-10 mm from the
in the region of one quantum of N—H stretching excitation innpzzle orifice. In the latter case, the delay between the laser
HNCO. A 50 mJ, 6 ns pulse of 532 nm light from an injec- pulses is 50 ns. Frequency doubled pulses having a 0.4 cm
tion seeded Nt :YAG laser provides the pump wavelength pandwidth and 1—3 mJ of energy that come from an excimer
(\py) for the SRE process. The remaining 250 mJ of 532 nMaser pumped dye laser using Exciton dyes C540A, C500,
light pumps a DCM dye laser to produce a 50 mJ pulse ofand C480 excite HNCO in the expansion. A photomultiplier
655 nm light at the Stokes wavelengthss() for SRE, as  tube detects fluorescence collected f3§.5 optics after it
shown in Fig. 1. The focused pump and Stokes beams ovepasses through filters. Observation of fluorescence from
lap spatially and temporally in the imaged region of a fluo-NCO, produced by resonant excitation through$hetate to
rescence cell, which also contains a microphone for obtaing higher state in which dissociation forms electronically ex-
ing photoacoustic Raman spectra to verify the excitationcited NCO@A 23)),% as a function of wavelength yields the
conditions. A’ 5 mJ pulse of ultraviolet light in the range of 5 .S, spectrum, a process illustrated in Fig. 1. In these
28500 cm ' to 35000 cm* from a frequency doubled dye experiments, we focus the 3 mJ laser pulse with a 50 cm
laser excites the vibrationally prepared HNCO moleculesocal length lens and monitor the fluorescence through glass
from Sy to S;. The dye laser uses LDS 698, DCM, Sulfor- filters that transmit light in the range 300-460 nm. The re-
hodamine 640, Rhodamine 590, Rhodamine 610, and mixgion between 36400 and 36500 chis inaccessible be-
tures of those dyes. Directing a small amount of the eleccause it coincides with strong fluorescence from a HNCO
tronic excitation light into a Fe/Ne hollow cathode lamp state reached by two-photon excitatidri® Additional
provides wavelength calibration via the optogalvanichigher energy data come from photofragment yield spectros-
effect?’ Saturated laser induced fluorescence using 0.5 mJ @fopy using laser induced fluorescence to detect either
ultraviolet light from another frequency doubled dye laserNH(X 33, ") or NCO(X?IIs,) products following one-
detects the triplet NH fragment on tig(3) rotational tran-  photon electronic excitation, as described previod%#}.
sition of the NHA 311, v =0—X 33,0 =0) band?®**°The
delay between the vibrational excitation and electronic exci-
tation pulses is 50 ns and that between the electronic excitdH. RESULTS
tion and probe pulses is 300 ns. Isocyanic acid slowly flows

from a_dry ice/acetpne bath through the fluqresc;ence cell irt]ragment yield spectra in the region of the origingfis the
which its pressure is 150 mTorr. Both the vibrationally rne_ipitial preparation of a vibrational level in the ground elec-

diated photofragment spectroscopy experiments and the mul- """ . . .
. . ronic state with nuclear motion that gives a good Franck—
tiphoton fluorescence spectroscopy experiments use the '8 ondon factor for transitions near the origin and that has a
tion of phosphoric acid with potassium cyanate to produce o 9 L
HNCO, as described elsewhefe? speuﬂed amoun't of angular moment'um about.aheertlal
axis. The vibrational character of differeataxis angular

. o momentum states, designated by the quantum nukbem
B. Electronic spectroscopy of ground vibrational the region of the fundamental N—H stretching vibratignis
states of HNCO remarkably varied*=3® Figure 2 is the room temperature

Several techniques provide low resolutiSp—S; spec-  stimulated Raman photoacoustic spectrum in the region of
tra of the ground vibrational state of expansion-cooledthe N-H stretching fundamental with the assignments of
HNCO. Multiphoton fluorescence spectroscopy works wellBrown et al3>3® Stimulated Raman excitation for a near pro-
in the region from 35000 citt to 38 500 cm™* on which we  late top such as HNCO strongly favaks)=0,AK,=0 tran-
primarily concentrate here, but photofragment yield spectrossitions, andQ-branch transitions to eadk’ level dominate
copy of the NCOK?2II) product gives good data in the the spectrum. We use the(/v}) K.=2 andvK;=0 tran-
higher energy region from 38370 to 40000 ¢hi® where sitions, marked with arrows in Fig. 2, to prepare the initial
rapid decay of theS; state competes effectively with two- vibrational levels for photofragment yield spectroscopy.
photon excitation. In addition, photofragment yield spectros-These transitions excite mixed vibrational states that contain
copy of the NHK 33 ) product permits observation of ro- bending excitation as well as stretching excitation. As indi-
tationally resolved bands in the region 35000-37 200cated in the figure, the mixed states contain several quanta of
cm 12! The spectra obtained using these methods arexcitation as different combinations of thé—N—C bend
equivalent, as shown by their agreement in their commorfv}), the N—C—Obend (vz), and torsion ¢g). One set of

A. Electronic spectroscopy of selected vibrational
states of HNCO

The key to obtaining the vibrationally mediated photo-
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FIG. 2. Photoacoustic stimulated Raman excitation spectrum of HNCO in ]
the region of the N—H stretching vibrations. The transitions reach states
having different amounts of stretching and bending excitation. The arrows 7
mark transitions used to prepare vibrationally excited molecules with a com-
ponent of bending excitation. p N
1 N N L L 1 L N L N 1 N L L L 1 N L N N 1 L
33000 33500 34000 34500 35000
experiments prepares thej(vy),K>=2 levels of HNCO by Total Photolysis Energy (cm1)

e.xcit'ing the feature marke-d in the ﬁg.ure' TQebranch ex- FIG. 3. Vibrationally mediated photofragment yield spectra for selected
citation prEpare'_S a COHeCtIO_n of rotational levels and a”OWSstates of HNCO. The upper trace is for molecules initially prepared with no
us to observe limited rotational envelopes of fieand R a.axis rotation K,=0) that only reach a single excited stat, 1). The
branches of the photofragment yield spectrum from whichower trace is for molecules prepared wit{=2 and shows two transitions
we assign transitions and extract rotational constants. Theachingk;=1 andK;=3. The separation of the pairs of transitions in the
(VZ/ V; ”Kr&;: 2 vibrational level is a mixture that contains gtv‘igr;r;(;ecurleglsects tha-axis rotational constant for the electronically ex-
21% of the N—H stretching vibration/{) and 79% ofv, a '
combination state with one quantum#C-Oantisymmet-
ric stretch @¢4) and two quanta of bending excitatidh®

The lower part of Fig. 3 is a vibrationally mediated pho- two lowest energy vibrations @i’ symmetry inS,. As the
tofragment yield spectrum fromw{/v}),K.=2 levels. The figure shows, the separations of th®, andRQ, transitions
insets show the transitions to the two lowest lying vibrationaldiffer significantly for the two vibrational states, being 33.6
levels of S; that we observe. Because tBg— S, transition cm ! and 38.7 cm?, respectively. TheA’ rotational con-
moment lies along the axis of HNCO? transitions with ~ stant, which determines the spacing between the two
AK,=+1 dominate’’ We prepare an initial vibrational Q-branch transitions, is different for the two excited state
level withK? =2 and observe transitions to rovibrational lev- vibrations because they sample different geometries.
els of S; with K,=1 and 3. The transitions have their usual The second vibrationally mediated photofragment yield
symmetric top labels ofKAJy»(J”), and the most intense experiment uses SRE to prepare th§K2=O levels of
K.=1 and 3 features aréQ, andRQ, transitions, respec- HNCO. The upper part of Fig. 3 is a vibrationally mediated
tively. The P- and R-branch structure associated with eachphotofragment yield spectrum from thgK7=0 vibrational
K, band permits an estimate of the averdgeand c-axis  level, which is a mixture of 10%/ and 90%v};, wherevj
rotational constant8’. This value and the energy difference is the combination of one quantum &f—C—-O symmetric
betweenfQ, andRQ, transitions provide an estimate, in the stretch ¢3) and three quanta of bending excitatior’® The
absence oK/ specific vibrational state mixing and centrifu- spectrum has singl®-branch features since the only pos-
gal distortion effects, of theA’ rotational constant and, sible transitions fronK;=0 are to states witik;=1. The
hence, the vibronic energy of the rotationless stkig,. A RQq transitions (from K2=0) and PQ, transitions (from
nonlinear least-squares fit of the rotational structure in th&k;=2) access the same levels$f and appear at the same
lowest energy features shows that the vibration in the excitetbtal energy in the two spectra.
electronic state lies 33039:2.2 cmi * above the vibration- Multiphoton fluorescence spectroscopy and conventional
less ground electronic state, where the uncertainty is onphotofragment spectroscopy are less sensitive to transitions
standard deviation of the fit. The spectrum is relatively un-to the low lying vibrational levels of5; than vibrationally
congested up to 35000 crh with clear progressions of mediated photofragment yield spectroscopy. This decreased
about 600 cr* and 1000 cr' that are likely to involve the  sensitivity to low vibrational levels 08, is probably due to
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HNCO (S, < S)) vg=4 v5=0 1 2 3
Electronic Excitation Spectrum
V=3 v5=0 1 2 3 4
Vgu2 vge0 1 2 3 4 5 6
V=1 vg=0 1 2 3 4 5 6 7 8
V=0 v5=0 1 2 3 4 5 6

Multiphoton Fluorescence Spectrum
(Jet-Cooled Molecules)

Vibrationally Mediated Photofragment Yield Spectrum
(Vibrational State Selected Molecules)

O

| | | | | | | | | | | |
33,000 34,000 35,000 36,000 37,000 38,000

Wavenumber (cm-1)

FIG. 4. Electronic excitation spectra for HNCO. The upper trace is the multiphoton fluorescence excitation spectrum for molecules cooled inia superso
expansion. The lower trace is the vibrationally mediated photofragment yield excitation spectrum for molecules prepared in a selected stiltiohal
comb above the spectra shows the progressions ilNtHe—Obending vibration ¢s) built on different amounts of N—C stretching excitation).

poorer Franck—Condon factors of tlsg ground vibrational of the lowest energy transitions, where the spectrum is rela-
level compared with excited bending levelsS for transi-  tively uncongested, and use those assignments as a guide to
tions to low lying vibrational levels 0%,. The upper trace in the higher energy region where the spectrum is more con-
Fig. 4 is the spectrum of expansion-cooled HNCO, in whichgested. Because the vibrational energy in the excited state
the transitions originate in the ground vibrational stat&nf  ranges up to 5500 crt, the spectrum is complicated, but we
The portion of the spectrum from 35000 to 38500 ¢m are able to identify and assign progressions in three vibra-
shown in the figure comes from multiphoton fluorescenceaions systematically and consistently, albeit with less cer-
spectroscopy(Photofragment yield spectroscopy allows ustainty at the highest energies.

to follow the same spectrum out to 40 000 cinas shown The vibrationally mediated photofragment spectrum for
elsewheré?) The lower trace in the figure is the vibra- K7=2, shown in Figs. 3 and 5, has distinct doublets corre-
tionally mediated photofragment yield spectrum frd&§  sponding toAK,= *1 transitions. The different separations
=0, and the comb above the spectra labels the stretchingf the transitions suggest that they reach different vibrational
states and prominent progressions in the bending vibratiogtates, and the spacing of the doublets helps us sort the tran-
that come from the analysis described below. Simulating thgjtions by vibrational state. With that clue, we can identify
spectrum using transitions to three vibrations identifies man rogressions in two vibrations of about 600 chand 1000
features and produces a consistent set of assignments. TBg~1 The two progressions appear to converge to a common
vibrationally mediated photofragment yield spectrum in theorigin near 32450 cit, located at an energy that is lower
lower trace becomes progressively more congested with ithan the lowest energy transition we observe by one guantum
creasing energy, but the multiphoton fluorescence spectrungs the |ower frequency vibration. Figure 5 is a plot of the
which originates in fewer initial states, has sharp structure yiprationally mediated photofragment yield spectrum from
with all resolved bands showingitype rotational structure. e @Wiv!)KL=2 levels along with a simulation using

. . x/l
The two together allow us to unravel much of the vibrationalipree vibrations and the assumption that the progressions

structure of thes, state. share a common vibrational level at 32 449 ¢miThe simu-
lation parametergTable |) come from a two-step analysis of
IV. ANALYSIS AND DISCUSSION the low energy transitions. We determine the rotational con-

stants A’ andB’) and band origins&y+E,) in Table Il by

a fit of the rotational contours of the individual bands in Fig.
Our approach to simulating the spectra and assigning th&. A separate nonlinear least-squares fit of these band origins

many transitions we observe to different vibrations in theand rotational constants by the parameters for three anhar-

first excited state of HNCO is to perform a detailed analysismonic oscillators, as described below, gives the constants in

A. Simulation
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T T T T T T T TABLE |. Parameters for spectral simulation.
HNCO (K;=2) Parameter Valie
v3=2 v 4=0 v5=0 1 1
Eo energy of common state 32 4420 cm
vg=1v,=0vg=0 1 2 3 w3 energy of N—C stretch vibration 10341 cmt
V520 V,4=0 V=0 ; o 3 4 [N energy ofH—N-C bending 119219 cm?
| | vibration . )
ws energy ofN—C—-Obending 599+ 7 cmit
Vg=1v,=1vg=0 1 vibration
0V . 5 X33 N-C stretch anharmonicity —-11.6+1.7cm?
@y = 1034 cm’ V8= Vam V5=| | Ya4 H—N-C anharmonicity —-15.2¢50cm*
o, =1192cm’” Xss N-C—-0 anharmonicity —0.2+0.7cm?t
o5 = 599 cm? X34 off-diagonal anharmonicity 2251cmt
E,= 32449 cm’ Yas off-diagonal anharmonicity —14.3+22cm’?
Xas off-diagonal anharmonicity —25+35cm?
Al upper stateA rotational constant 4.97+0.40cmt
a3 rotation-vibration interaction —0.07+0.12cm’?
- constant ofvs
"é Experiment ay rotation-vibration interaction —0.09£0.21 cnt?
g constant ofy,
- as rotation-vibration interaction 0.29+0.07 cm't
constant ofvg
B’ upper stateB rotational constant 0.375-0.005 cm*
E,»nt+Egar lower state energy 3645.3 cth
B" lower stateB rotational constafit ~ 0.365 cm!
Simulation K2 initial stateK, level 2
T rotational temperature 15K
l Av laser bandwidth 0.25 cnt
L I N I ll aUJncertainties are one standard deviation of the least-squares fit.
) A ) . ®Ground state rotational constant from Ref. 34.

| N |
32000 33000 34000 35000
Wavenumber (cm™')

FIG. 5. Vibrationally mediated photofragment yield spectra, simulation, and
assignments for transitions from selected states of HNCO. The upper trace is

the measured photofragment yield spectrum fiofr 2, and the lower trace spectrum in Fig. 5 shows other progressions in the bend that
is a simulation using three vibrations. The comb above the spectra shows theP K but b ; t at high .
progressions in theN-C—-O bending vibration ¢5) built on different are ve_ry wea u . ecome_ p_romm_en at higher er_]?rg'es'
amounts of N—C stretching excitatioms) and H—-N—Chbending excitaton ~ There is a progression beginning with a weak transition at
(v2). 34620 cm, about 2170 cm' above the proposed origin,
and extending to higher energies with increasing amounts of
N-C-Obending excitation. We suspect that the first mem-

Table 1. We simulate the spectrum using those constants ant<):1er of the progression located 2170 chabove the origin is

scaling the intensities of the transitions with the number of combination g3+ v,) of _the N-C stretch ;) and the
quanta in each modg. H-N-C bend (v,), an assignment that places the-N-C

Extending the simulation to higher energies, as showrpending wave number at about 1170 ciCloser inspection

by the comb above the spectra in Fig. 4, assigns many of th@f the other low lying bands supports this assignment. An-

transitions in the higher energy region. BecauseNh&€—0 othier, even weaker, progrgssion of trans_itions in the 600
: ! N-C-Obend (vs), begins at 34 205 ciit, about 1755
moiety bends and the N—-C bond stretches upon eIectron&m_1 s), gins L e oo
excitation, those two motions are likely to produce long pro-CM ~ @bove the proposed origin. Assuming this transition is
gressions, suggesting that the two vibrations responsible fdh€ second memben+vs) of a progression built on the
the prominent progressions at low energy are kheC—-O  H-N-Cbend (v,), we estimate the wave number of the

bend (s) near 600 cm'® and the N—C stretchi;) near H-N-Cbend to be about the same 1155 ¢mwhere we
1000 cmi . As the labels in Fig. 4 indicate, the bend appeardgnore the anharmonicity of the vibration§The combs in
with up to nine quanta of excitation and the stretch with atFig. 5 mark both of these progressionBlacing theH-N—-C
least four. Progressions in tié—C—O bend are the domi- bend near 1160 cit identifies several additional strong pro-
nant feature of the electronic spectrum. The first member ogressions in thé\—C—Obend (vs) built on combinations of
each progression is weak, but the intensity grows with in-several quanta of N—C stretchf=0-4) and several quanta
creasing bending excitation and goes through a maximum ief H-N-C bend @,=0-2). These progressions are par-
the region of four to six quanta. At higher energies, othetticularly prominent in the spectrum of jetcooled molecules
transitions, which also show progressions in the bending vithat extends to 40000 cm.?°
bration, appear but are not explained by N-C stretching and  Guided by our preliminary assignments, we fit the band
N-C-Obending excitation alone. origins in Table Il to the expression for three anharmonic
Careful examination of the low energy region of the oscillators(in cm™1),37:38
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TABLE Il. Energies and rotational constants for the simulation and experitnent.

Experimental values Calculated values

vs Vs vs E(Ki=1)"  E(K;=3)" A’ B¢ Eo+E, E, E, AE;® A’ AA'®
0 0 1 33043.4 33077.0 4,57 0.369 33039.2 590.2 590.3 —-0.1 4.62 —0.05
0 0 2 33633.2 33664.0 4.22 0.374 33629.4 1180.4 1180.1 0.3 4.33—-0.10
0 0 3 34223.0 34250.6 3.83 0.378 34219.6 1770.6 1769.5 1.1 4.04-0.21
0 0 4 34812.1 34837.1 3.50 0.373 34809.0 2360.0 2358.5 1.5 3.75-0.25
0 0 5 35401.5 35426.5 3.50 0.370 35398.4 2949.4 2947.1 2.3 3.46 0.04
1 0 0 33458.4 33497.1 5.20 0.370 33453.6 1004.6 1004.9 -0.3 4.98 0.23
1 0 1 34033.7 34068.3 4.70 0.374 34029.4 1580.4 1580.8 —0.4 4.69 0.01
1 0 2 34608.8 34641.5 4.46 0.372 34604.7 2155.7 2156.3 —0.5 4.40 0.06
1 0 3 35181.8 35213.3 4.31 0.372 35177.9 2728.9 2731.4 -25 4.11 0.20
2 0 0 34439.0 34477.8 5.22 0.371 34434.1 1985.1 1986.4 —1.3 5.05 0.18
2 0 1 35006.0 35040.5 4.68 0.370 35001.7 2552.7 2548.0 4.7 4.76—0.08
3 0 0 35396.3 35434.2 5.11 0.370 35391.6 2942.6 2944.7 —2.2 5.12 -0.01
0 1 1 34204.6 34237.8 452 0.374 34200.5 1751.5 1749.3 2.2 4.71-0.18
0 1 2 34789.4 34828.2 5.22 0.370 34784.5 2335.5 2336.6 —1.0 4.42 0.81
1 1 0 34620.1 34656.4 491 0.370 34615.6 2166.6 2168.5 -1.9 5.07 —-0.16
1 1 1 35197.1 35228.8 4.34 0.373 35193.1 2744.1 2741.9 2.2 4.78—-0.44

a/alues in cm™,

bUncertainty+0.2 cn,
®Uncertainty+0.02 cnit,
dUncertainty=0.001 cm*.

Difference from the experimental value.

Eo+E!=Eq+(v3+ 1wzt (v4+ 12 ws+ (v5+ 12 ws tginties of the fitting paramgterg for thg low energy .transi-
) ) ) tions (Table I). A small variation in the fit parameters is not
T (03t U2 X33+ (v4+1/12) xagt (v5+1/2)"xss surprising for the large frequency range covered with only

three vibrational modes in the simulations. Transitions of

Tt U2 (Wat U2 xant (vs+ 12 (vst1/2) x5 three modes with harmonic frequencies@f=1034 cm*

+ (vt 12 (v5+ 12 x45— (w3+ w4+ w5)/2 w,=1192cm?, and ws=599cni?® fit most of the strong
v v v 14 1 progression in the region up to 38000 cthand many of
~ (Xa3T Xaat Xs5T Xaat XasT Xas)/4, @ those at energies up to 40000 ¢ Table Il gives the

where Eq is the energy of the origine; is the harmonic identities and wave numbers for the progressions whose as-
frequency of each vibration, ang; andy;; are the diagonal signments are secure.

and off-diagonal anharmonicities, respectively. Similarly, we
fit the observedA’ rotational constants for each vibrational
level to the usual expressidh,

A =AL— a3(v3+1/2)— ay(vs+1/2) — as(vs+1/2),

B. Vibrational assignments

Confirming the identities of the motions associated with
the frequencies of the three vibrational modes requires that
2) we consider the geometry of the electronically excited state
whereA/ is the equilibriuma-axis rotational constant aneg and the Franck—Condon factors for the transitions. Dixon
is the vibration-rotation interaction constant. Table | gives alland Kirby observed multiple 530—-580 chprogressions in
of the parameters for the fit, and the same parameters givbeir pioneering study of the ultraviolet absorption spectrum
the progressions that label the transitions in Figs. 4 and 5f HNCO2 They assigned the vibrational progressions to
Table Il is a comparison of the calculated and measured lin&l—-C—-Obending motions built on various unassigned vibra-
positions and rotational constants for the transitions from theions, a conclusion supported by their analysis of the rota-
origin up to 35000 cm' that we used in the fit. tional contours showing that thd—C—O moiety is bent in
Even though the spectral congestion at higher energiethe excited state. We observe the progressions that they label
makes the simultaneous fitting of those line positions diffi-B and C but do not find their A and D progressions, probably
cult, we are able to assign the high eneigy=1+—K.=0  because the latter arise from thermally populated levels to
transitions using three criteria; the agreement with calculatedhich we are insensitive.
line positions, the consistency of the frequencies in the as- Several theoretical studies of tH® state of HNCO
signed progressions, and the clear identification of strong andgree with their inference that tié—C—O bond angle de-
weak transitions with vibrations producing correspondinglycreases from 171° i, to about 125° irS, .2%2426:3940C4|.
large and small Franck—Condon factors. The parameters reulations find botttis andtransisomers with theransiso-
ported in Table | come from a nonlinear least-squares fit ofner lying about 1000—2000 c¢m lower in energy than the
the less congested, low energy portion of the spectrum witlsis isomer?2242® Stevenset al. calculate that theS;« S,
transitions listed in Table Il. A separate fit including all of transition dipole moment from the ground state nuclear con-
theK,=1+K/ =0 transitions up to 38 500 cmproduced a  figuration to theransisomer in the excited state is more than
slightly different set of parameters that lie within the uncer-ten times greater than that to this isomer?* The theoretical
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TABLE Ill. Observed wave numbers and assignments for transitiom&,tel states ofS; .

N-C H-N-C N-C-O N-C H-N-C N-C-O
stretch bend bend Wave numbét stretch bend bend Wave numbét
U3 Uy Us (cm™ U3 Uy Us (em™)
0 0 0 4 0 1 36877.8
0 0 1 33043.4 4 0 2 37425.2
0 0 2 33633.2 4 0 3 37972.8
0 0 3 34223.0 4 0 4 38516.4
0 0 4 34812.1
0 0 5 35401.5 0 1 1 34204.6
0 0 6 35989.8 0 1 2 34789.4
0 0 7 36577.3 0 1 3 35373.2
0 0 8 37163.4 0 1 4 35954.1
0 0 9 37748.2
0 0 10 38332.0 1 1 0 34620.1
1 1 1 35197.1
1 0 0 33458.4 1 1 2 35776.7
1 0 1 34033.7 1 1 3 36356.7
1 0 2 34608.8 1 1 4 36935.7
1 0 3 35181.8 1 1 5 37515.7
1 0 4 35752.3 1 1 6 38094.7
1 0 5 36320.8
1 0 6 36889.3 2 1 0 35593.5
1 0 7 37456.4 2 1 1 36160.8
1 0 8 38024.8 2 1 2 36725.8
1 0 9 38593.4 2 1 3 37288.0
2 1 4 37847.4
2 0 0 34439.0 2 1 5 38399.8
2 0 1 35006.0
2 0 2 35572.0 3 1 1 37101.8
2 0 3 36136.6 3 1 2 37659.1
2 0 4 36699.5 3 1 3 38213.3
2 0 5 37260.4 3 1 4 38763.4
2 0 6 37819.5 3 1 5 39308.0
2 0 7 38379.0
1 2 0 35752.3
3 0 0 35396.3 1 2 1 36333.5
3 0 1 35954.9 1 2 2 36911.3
3 0 2 36511.7 1 2 3 37482.1
3 0 3 37067.4 1 2 4 38051.1
3 0 4 37622.8
3 0 5 38174.7 2 2 1 37304.2
3 0 6 38723.6 2 2 2 37875.5
2 2 3 38444.4

4Uncertainty+0.5 cmi L.

studies also find that the N—C bond length increases by abotite H-N-Cbending motion,v,, and the N-C stretching
0.2 A while theH-N—C bond angle decreases by about 10°motion, 3, in that the first lies higher in energy but receives
between theS, and S, states?2?*253%Al of the theoretical the larger number. Theis isomer vibrations are similar to
calculations agree that the C—O and N—H bond lengths arthose of thetransisomer in both frequency and character.
about the same in the two electronic states. Table IV gives our experimental and several calculated
We performed a series of calculations of tBe state  electronic energies and vibrational frequencies. They all pre-
geometry to help understand the vibrational modes and fredict a N-C—Obending frequency between 560 c¢hand
quencies qualitatively. We used teaussiaN 9awandosw 605 cmil, consistent with the lower frequency progression
computational chemistry programs to calculate the optimizedh the experimental spectra. There are no other vibrations
geometry and normal modes of tBg electronic state using with similar frequencies, and the calculations support Dixon
configuration interaction-single§CIS) with various basis and Kirby’s assignment of the progressions to MeC—-O
sets up to 6-31% +G(3d,2p).**2 Figure 6 shows the re- bending vibrations built on various other vibrational
sulting normal modes of theansisomer ofS; calculated at motions? The calculations predict a N—C stretching fre-
that level, with the vibrational frequencies scaled by 0.9 toquency in the range of 875 cm to 1080 cm?! and a
compensate for systematic errors in the level of thédiye =~ H—N—C bending frequency in the range of 1055 chto
label the normal modes to emphasize their similarities with1220 cm !, both reasonably close to the values that fit our
the normal modes 08,. Our designation follows the con- observed progressions. The calculated geometry changes
vention recommended by Mullikéhexcept in the case of strongly suggest that the N—C stretching vibration is respon-
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Calculated HNCO S, Vibrations at 34233 cm?, 1784 cm ! above the proposed origin, that is
consistent with the calculated frequency of the C—O stretch
(v,) given in Table IV, and, although the congestion at
higher levels makes the process uncertain, we even identify a
few candidates foN—C—-Obending (5) progressions built

on a combination of the C-O and N-C stretching, (
+v3). Table Ill summarizes our assignment of strong bands

Y — -1 Y = -1
V(@) = 3340 cm v2(@) = 1745 cm to combinations of the N-C stretching/4), the H-N-C
N-H stretch C-O stretch bending ¢,), and the N-C—Mending s) vibrations, con-
sistent with our qualitative analysis of the Franck—Condon
factors.
C. Origin of S,

A The lowest energy transition we observe is a rigorous
vs(a’) =875 cm-1 v4(a’) = 1155 cm upper limit to the energy of the origin of the first excited
N-C stretch H-N-C bend singlet state in HNCO, and the fit to the progressions sug-
gests that the origin actually lies one vibrational quantum
below that lowest energy transition. As Fig. 5 and Table |
show, we build the simulation on a common level at
32449+ 20 cm , which is our best estimate of the origin of
the S; electronic state. There might be still lower lying states
that we do not detect because transition probabilities to them,
, A , even from the vibrationally excited state we prepare, are too
vs(@’) = 530 cm ve(@”) = 695 cm-1 small, but the simplicity of the progressions at the lowest
N-C-O bend torsion energies argues against a lov&r origin. If the vibrational
FIG. 6. Calculated normal modes and frequencies for vibrations in the firsfeVel at 3249920 cm ! is not theS; origin, it must be a
electronically excited state of HNCO. The labels give the dominant motionstate that dramatically improves the photofragment yield of
in the normal mode. vibrational levels built on it. Otherwise we would see transi-
tions to many more states and would observe several pro-

. . - ) i gressions built on different, lower lying vibrations in the re-
sible for the relatively long 1034 cm progression since ginn from 33000 to 35000 cht. The three calculations

electronic excitation fron®, to S; increases the N—C bond ¢, ymarized in Table IV give values of 32 970 ch31 600
length by almost 0.2 A, a change that produces transitions 19171 and 30 600 crmt for the origin. The firdt® exceeds our
levels with at least four quanta of the stretching Vibratio”'estin";ate by less than 500 ¢ and the secord lies about

Because electronic e>c<>C|tat|on changes #ieN-C bond g0 ¢t pelow our estimate, amounts that are close to the
angle by only about 10°, thd—N-Cbend is the more likely probable uncertainty in the calculations.

candidate for the 1192 cm mode that appears with only
one or two quanta of excitation.

Assigning other modes from weak transitions observe
in our spectra is very speculative, but the quality of the  The variation in the linewidths in NCO and NH photo-
agreement between the calculated and measured frequencfesgment yield spectra of HNCO suggests that certain modes
for the three modes we assign indicates that the calculationsromote the internal conversion frof) to S,.2%?! With the
are a useful guide. For example, we observe a weak featu@ssignment of several of the vibrationsQjfin hand, we can

OD. Radiationless decay of S;

TABLE IV. Experimental and calculated energies and harmonic vibrational frequencies of FHJICO(

Calculatior?

Experiment This work Stant6n Schinké Morokum&
Eo 32 449+20 32970 31500 30600
v, (N=H stretch 3340 3495 3510
v, (C-0 stretch 1745 1735 1800
v3 (N-C stretch 1034+11 875 1080 915 960
v, (H=N-Cbend 1192+ 19 1155 1220 1055
vs (N—C-Obend 599+7 590 605 595 560
vg (torsion 695 715

A/alues in cm™.

bCalculated values reported to the nearest 5tm
‘Reference 26.

YReference 23.

*References 18 and 25.

Downloaded 14 Jul 2010 to 128.125.205.65. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 112, No. 15, 15 April 2000 First excited singlet state of HNCO 6687

identify a promoting mode for internal conversion. The rota- ®K. Yamada, J. Mol. Spectrosg9, 323(1980.
tional contours of nearby bands in a jet-cooled sanipig. 2 “B. Lemoine, K. Yamada, and G. Winnewisser, Ber. Bunsenges. Phys.
- ; - Chem.86, 795(1982.
of Ref. 2]? shpw that the Imewdth changes substantially 5G. Herzberg and G, Reid, Discuss, Faraday S0€2 (1950.
W|th1the vibrational Tode excited. Two featur_es at 365786p_ A steiner, S. R. Polo, and J. T. K. McCubbin, J. Mol. Spectresc.
cm - and 37164 cm- have well-resolved rotational struc-  453(1983.
ture, but line broadening obscures the rotational structure ofg- A. Ste';Zr‘sﬁiﬁg\év;hah‘ S. R. Polo, and T. K. McCubbin, J. Mol.
. pectrosc76, .
a_noth_er feature_ that lies b_etween the MO a_t 37068c@ur 5. Fusina. M. Carlotti, and B. Carli, Can. J. Phyi2, 1452 (1984,
vibrational aSS|gnr_n_ents in Table Il 'd_en“fy the tW9 sharp on. Niedenhoff, K. M. T. Yamada, G. Winnewisser, and S. C. Ross, J.
features as transitions to pure bending states with sevenMmol. Struct.352 423(1995.
(7vs) and eight (85) quanta oN—-C—Obending excitation, mm- INigde“hOff'1K7-4'V'1-5T1-(Ig‘3”;aday S. P. Belov, and G. Winnewisser, J.
. H e ol. pectrosc 3 .
respectlvely. In contrast, the broader feature is a traq5|t|on 0 Nie denhoff, K. M. T. Yamada, and G. Winnewisser, J. Mol. Spectrosc.
a state with three quanta each of N-C stretching and 17 342(1996.
N—-C-Obending excitation (3;,3vs). The N—C stretching 2A. L. L. East, C. S. Johnson, and W. D. Allen, J. Chem. Pi9&.1299
excitation appears to shorten the lifetime of the excited state, (1993.
and the comparison suggests that it is a promoting mode for \: Pinnavaia, M. J. Bramiey, M. D. Su, W. H. Green, and N. C. Handy,

. . .. . I‘?g Mol. Phys.78, 319(1993.
internal conversion fronf; to S,. Similar compariso 1A, M. Mebel, A. Luna, M. C. Lin, and K. Morokuma, J. Chem. Phy65,

with other bands that include multiple quantaef excita- 6439(1996.
tion lead to the same conclusion. 15K. Yokoyama, S. Takane, and T. Fueno, Bull. Chem. Soc. 8n2230
(1991).
163.-C. Woo and T.-K. Liu, J. Chem. Phy&, 544 (1935.
V. SUMMARY 7M. Zyrianov, Th. Droz-Georget, and H. Reisler, J. Chem. Phg§, 2059
(1999.

Vl,bratlona”y mediated photpfragment ,yleld, speptros- 18A. L. Kaledin, Q. Cui, M. C. Heaven, and K. Morokuma, J. Chem. Phys.
copy is a powerful tool for examining low lying vibrational 111 5004(1999.
levels of excited electronic states whose equilibrium geom2°Mm. Zyrianov, Th. Droz-Georget, A. Sanov, and H. Reisler, J. Chem. Phys.

etries differ significantly from the ground electronic state, 110 10774(1999.

‘ 2 : ) .
and multiphoton fluorescence spectroscopy of molecules'i"o‘azgﬁnl(z‘iégg' Droz-Georget, A. Sanov, and H. Reisler, J. Chem. Phys.

cooled in a supersonic expansion gives access to a broady. zyrianov, Th. Droz-Georget, and H. Reisler, J. Chem. Phg§, 7454
range of states at slightly higher energies. Using these two (1997.

approaches, we observe vibrational levels of the first excited é-hl Klgffika{_ "t't-;g)?ga}ggég- Beck, R. Schinke, and K. Yamashita,
; : - em. Phys. Le .

singlet St(ﬂe Qf_ HNCO at energies from 33000 énto . 28], J. Klossika and R. Schinke, J. Chem. PHykl, 5882(1999.

38500 cm ™. Fitting the sparse spectra at the lowest energies:; g stevens, Q. Cui, and K. Morokuma, J. Chem. PHgS 1452
locates the origin ofS; at 32449 20cm ! and identifies (1998.

progress|0ns |nvolv|ng N-C Stretchlng V|brat|on3,)3( 25/, Kaledin and K. Morokume(personal communication, 1999

2 S ; -
_ - =1 N : ; : _ J. F. Stantoripersonal communication, 1998he calculations optimized
103411 cm ), H-N-C bending vibrations ¢,=1192 ground and excited state geometries with a double-zeta plus polarization

_1 . . . _
=19cm ) and N-C-O bending vibrations ¢s=599 basis set using coupled-cluster theory in the singles and doubles approxi-
+=7cm Y. The activity of theN-—C—O bending and the mation (CCSD) for S, and the corresponding equation-of-motion tech-

N—C stretching vibrations in the spectra is consistent with nique for theS, states. See, J. F. Stanton and R. J. Bartlett, J. Chem. Phys.
the changes iN—C—=Obond angle and the N—C bond Iength 98, 7029(1993; J. F. Stantonibid. 99, 8840(1993; O. Christiansen, H.

. . - .- Koch, and P. dmensen,bid. 103 7429 (1995 for a discussion of the

in going from S, to S}, and the S|m7p1I|C|ty. of _the speptros— quantum chemical methods used.

copy in the 33000 c/" to 35000 cm* region is consistent  27p. s, King, P. K. Schenck, K. C. Smyth, and J. C. Travis, Appl. Qgt.
with levels in that region being near the spectroscopic origin 2617(1977; K. C. Smyth and P. K. Schenck, Chem. Phys. L85, 466

of S, . Identification of these vibrational modes $; allows 28(ng|318b‘ Can. 3. Phy€7, 11711959
. . . N. Dixon, Can. J. ySa/, .
us to assign most of the strong progressions up to 40 OOQC. R. Brazier, R. S. Ram, and P. F. Bernath, J. Mol. Spectrt@.381

cm ! in the spectrum and to propose that the N—C stretching (1986.

vibration promotes internal conversion frogj to S,. %0W. Ubachs, J. J. ter Meulen, and A. Dymanus, Can. J. P8gs1374
(1984.

31R. A. Ashby and R. L. Werner, J. Mol. Spectrod®, 184 (1965.

323, S. Brown, H. L. Berghout, and F. F. Crim, J. Chem. PHy2 8440

We gratefully acknowledge the support of this work at ,(1999-

. . . . . . %K. Uno, T. Hikida, A. Hiraya, and K. Shobatake, Chem. Phys. L
both the University of Wisconsin-Madison and at the Uni- ;75 99q. Y Y 5

versity of Southern California by the Division of Chemical 3. M. T. Yamada, M. Winnewisser, and J. W. C. Johns, J. Mol. Spectrosc.
Sciences of the Office of Basic Energy Sciences of the De- 140 353(1990.

3 . N ) . .

artment of Eneray. We appreciate helpful discussions an S. S. L. Brown, Ph.D. thesis, University of_Wlsconsm-Madlson, 1996.
P L 9y pp .p . S. S. Brown, H. L. Berghout, and F. F. Crim, J. Chem. PH@6 5805
communication of results prior to publication by Professor ;q97

K. Morokuma, Dr. R. Schinke, and Professor J. F. Stanton3’|. N. Levine, Molecular Spectroscop§Wiley, New York, 1975.

We thank Professor R. A. Beaudet and Ms. Lin Feng for’®E. B. Wilson,Molecular Vibrations: The Theory of Infrared and Raman
: S g Vibrational SpectraMcGraw—Hill, New York, 1955.
their help in fitting the spectra. 393, S. Brown, C. M. Cheatum, D. A. Fitzwater, and F. F. Crim, J. Chem.

Phys.105 10911(1996.
IR. A. Perry and D. L. Siebers, Natufeondon 324, 657 (1986; J. A. “OThe transition intensities increase roughly in proportion to the number of
Canton and D. L. Siebers, Combust. Sci. Techf§|.277 (1989. vibrational quanta for wave numbers up to 35 000 &nand we arbitrarily
2R. N. Dixon and G. H. Kirby, Trans. Faraday S, 2002(1968. scale the intensity of each transition in the simulation linearly with the

ACKNOWLEDGMENTS

Downloaded 14 Jul 2010 to 128.125.205.65. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



6688 J. Chem. Phys., Vol. 112, No. 15, 15 April 2000 Berghout et al.

number of vibrational quanta contained in the N-C stretch and the Kudin, M. C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi, R.
N—-C-0 bend a$=1g+ 1303+ 1404+ 505. Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford, J. Ochterski, G.
4IM. J. Frisch, G. W. Trucks, H. B. Schlegel, P. M. W. Gill, B. G. Johnson, A. Petersson, P. Y. Ayala, Q. Cui, K. Morokuma, D. K. Malick, A. D.
M. A. Robb, J. R. Cheeseman, T. Keith, G. A. Petersson, J. A. Montgom- Rabuck, K. Raghavachari, J. B. Foresman, J. Cioslowski, J. V. Ortiz, B. B.
ery, K. Raghavachari, M. A. Al-Laham, V. G. Zakrzewski, J. V. Ortiz, J.  Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R.
B. Foresman, J. Cioslowski, B. B. Stefanov, A. Nanayakkara, M. Challa- L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanay-
combe, C. Y. Peng, P. Y. Ayala, W. Chen, M. W. Wong, J. L. Andres, E. akkara, C. Gonzalez, M. Challacombe, P. M. W. Gill, B. Johnson, W.
S. Replogle, R. Gomperts, R. L. Martin, D. J. Fox, J. S. Binkley, D. J. Chen, M. W. Wong, J. L. Andres, C. Gonzalez, M. Head-Gordon, E. S.
Defrees, J. Baker, J. P. Stewart, M. Head-Gordon, C. Gonzalez, and J. A.Replogle, and J. A. Popleaussian 98w, Revision A.3, Gaussian, Inc.,
Pople,caussian 94w, Revision E.3, Gaussian, Inc., Pittsburgh, Pennsylva- Pittsburgh, Pennsylvania, 1998.
nia, 1995. 43J. B. Foresman, A. Frisch, and |. Gaussi&xploring Chemistry with
42M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, Electronic Structure Methods2nd ed.(Gaussian Inc., Pittsburgh, PA,
J. R. Cheeseman, V. G. Zakrzewski, J. J. A. Montgomery, R. E. Strat- 1996.
mann, J. C. Burant, S. Dapprich, J. M. Millam, A. D. Daniels, K. N. *R. S. Mulliken, J. Chem. Phy£3, 1997 (1955.

Downloaded 14 Jul 2010 to 128.125.205.65. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



