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State-resolved translation energy distributions for NCO photodissociation
Alexandra A. Hoops, Ryan T. Bise,a) Jason R. Gascooke, and Daniel M. Neumarkb)

Department of Chemistry, University of California, Berkeley, California, 94720
and Chemical Sciences Division, Lawrence Berkeley National Laboratories, Berkeley, California 94720

~Received 30 January 2001; accepted 12 March 2001!

The photodissociation dynamics of NCO have been examined using fast beam photofragment
translational spectroscopy. Excitation of the 10

2, 30
1, and 10

230
2 transitions of theB̃ 2P←X̃ 2P band

produces N(4S)1CO photofragments exclusively, while excitation of the 10
330

3 transition yields
primarily N(2D)1CO photoproducts. The translational energy@P(ET)# distributions yield
D0~N–CO!52.3460.03 eV, andDH f ,0

0 ~NCO!51.3660.03 eV. TheP(ET) distributions exhibit
vibrationally resolved structure reflecting the vibrational and rotational distributions of the CO
product. The N(2D)1CO distribution can be fit by phase space theory~PST!, while the higher
degree of CO rotational excitation for N(4S)1CO products implies that NCO passes through a bent
geometry upon dissociation. TheP(ET) distributions suggest that when theB̃ 2P←X̃ 2P band is
excited, NCO undergoes internal conversion to its ground electronic state prior to dissociation.
Excitation of NCO at 193 nm clearly leads to the production of N(2D)1CO fragments. While
conclusive evidence for the higher energy O(3P)1CN(X 2S1) channel was not observed, the
presence of this dissociation pathway could not be excluded. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1369132#
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I. INTRODUCTION

The reaction dynamics of combustion intermediates h
been investigated in many studies. Among the species ex
ined, the NCO free radical has received considerable at
tion for its role as an intermediate in the combustion of
trogenous fuels in air, whereby NOx pollutants are release
into the atmosphere. NCO has also been proposed as a
intermediate in the RAPRENOx ~rapid reduction of NOx!
process, which serves to reduce the amount of NOx from
combustion exhausts.1,2 This has stimulated much interest
the thermochemistry, spectroscopy, and photodissocia
dynamics of NCO. In this work, we present results on
photodissociation of NCO that address these areas of in
est.

Historically there has been some controversy over
value of the heat of formation of this free radical. Ear
determinations ofDH f ,0

0 ~NCO! clustered around 1.6 eV.3–5

A more direct measurement from the fast radical beam p
todissociation experiments by Cyret al.6 yielded
DH f ,0

0 ~NCO!51.3260.04 eV. Corroboration of this lowe
value has come from subsequent theoretical7 and
experimental8–10 investigations. However, a recent VU
photolysis study11 has raised the issue again.

The spectroscopy of the ground and first two exci
states of NCO has been studied by a variety of meth
yielding vibrationally and rotationally resolved spectra. T
first observation of theÃ 2S1←X̃ 2P andB̃ 2P←X̃ 2P tran-
sitions came in 1958~Ref. 12! with analysis by Dixon in
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1960.13,14 Subsequently, there have been several invest
tions using absorption,15,16 stimulated emission
pumping,17–19and laser-induced fluorescence~LIF!.20–27Ad-
ditionally, the spectroscopy of theB̃ 2P state was examined
in the photodissociation experiments by Cyret al.6

Several of these studies have also provided insight
the dynamical processes that NCO undergoes upon diss
tion. Figure 1 illustrates the energy level diagram for NC
and its lowest energy fragmentation channels. In 1989,
and Coombe5 investigated the photodissociation of NCO
193 nm and observed O(3P)1CN(X 2S1) products. At-
tempts to detect the N(2D) photofragment were unsucces
ful, leading the authors to conclude that photolysis of NC
at 193 nm did not yield N(2D) as a major photoproduct
They observed a bimodal rotational distribution of t
CN(X 2S1) photofragments; this distribution was inte
preted as resulting from a bent excited dissociative st
yielding highly rotationally excited CN, and a linear boun
excited state, generating CN products with little rotation
excitation.

The work by Cyret al.6 in 1992 provided further insigh
into the dynamics of the dissociation of NCO. All vibration
levels of theB̃ 2P state were found to predissociate to t
following photoproducts:

NCO~B̃ 2P!→N~4S!1CO~X 1S1!, ~1!

NCO~B̃ 2P!→N~2D !1CO~X 1S1!. ~2!

The photofragment time-of-flight~TOF! distributions for
both channels were fit using a vibrational distribution of t
CO photofragments. Heats of reaction for the spin-forbidd
channel~1! and the spin-allowed channel~2! were found to
be 2.3860.04 and 4.7660.04 eV, respectively. Below the
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threshold for~2!, NCO dissociates to N(4S)1CO(X 1S1).
However, once the spin-allowed channel becomes ener
cally accessible, virtually no channel~1! products are ob-
served.

In this earlier study,6 the spread in photofragment fligh
times was used to characterize the N1CO product energy
distribution. In the work reported here, the dissociation d
namics from the NCOB̃ 2P state were characterized using
photofragment coincidence detection scheme28 that provides
considerably better energy resolution than the original stu
Structured photofragment translational energy distributi
were obtained that allowed for evaluation of product bran
ing ratios, vibrational and rotational distributions, and refin
dissociation energies. Additionally, the dissociation of NC
at 193 nm was investigated in order to identify and char
terize the nascent photofragments, including their degre
rotational and vibrational excitation.

II. EXPERIMENT

The experiments were performed on the fast beam p
tofragment translational spectrometer, Fig. 2. In this exp
ment, photodetachment of a mass-selected beam of prec
anions generates a clean source of neutral radicals, and
radicals are photodissociated by a second laser. As the
strument has been described in detail previously,28–30only a
brief description will follow.

Rotationally and vibrationally cooled NCO2 is produced
by bubbling neon~10 psig! through benzyl isocyanate~Ald-
rich! at room temperature, and then supersonically expa
ing the resulting gas mixture through a pulsed piezoelec
valve/electrical discharge source.31 A 1 keV electron beam
intersects the free jet expansion just downstream of the v

FIG. 1. Energy level diagram for the NCO free radical indicating the po
tion of NCO electronic energy levels relative to the asymptotic energie
the fragment channels. Dashed and dotted lines indicate states adiaba
correlated in the linear and bent NCO geometries, respectively.
loaded 31 Mar 2011 to 192.43.227.18. Redistribution subject to AIP licens
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orifice. The resulting molecular beam passes through a sk
mer into a differentially pumped region, and anions in t
beam are then typically accelerated to a laboratory beam
ergy of 8 keV, although energies as low as 5.5 keV can
used. NCO2 is mass selected using a Bakker time-of-flig
~TOF! mass spectrometer, which imparts negligible kine
energy spread to the ion beam.32,33

NCO2 is selectively photodetached by an excime
pumped dye laser, and undetached ions are deflected o
the beam path. Based on the adiabatic electron affinity
NCO as determined in a previously reported photoelect
experiment of NCO2,34 a photodetachment energy of 3.6
eV was used to produce NCO exclusively in then350 level
of the X̃ 2P state for the majority of the experiments. Alte
natively, the output of a XeCl excimer laser~4.03 eV! could
be used for photodetachment in order to populate both
n351 andn350 vibrational levels of the ground electron
state of NCO. Based on peak intensities in the NCO2 pho-
toelectron spectrum,34 the population ofn351 level should
be about12 that of the ground state at this higher detachm
energy.

The radicals produced by photodetachment are then
tersected by either the frequency doubled output of a sec
excimer-pumped dye laser with a bandwidth of 0.3 cm21

tuned to a specific photon energy, or the output of an A
excimer laser~193 nm!. Resulting photofragments from
single parent molecule are detected directly by either
retractable TOF detector~see Fig. 2! or the time and position
sensing~TPS! microchannel plate~MCP! detector assembly
based on the concept developed by de Bruijn and Los.35 The
TPS detector yields the positions of both photofragments
difference in their arrival times; our implementation of th
detector has been described in detail elsewhere.28,29 An alu-
minum strip is placed across the center of the detector
order to prevent undissociated parent radicals from strik
the MCPs. Consequently, any observed signal is due to
recoiling photofragments.

Two types of experiments can be performed to char
terize the photodissociation of NCO. First, the dissociat
laser energy is scanned and the total flux of photofragme
arriving at the TOF detector is measured, thereby produc
photofragment yield~PFY! spectra. Second, the dissociatio
laser is tuned to specific photon energies, and dynamica
formation is obtained through the use of the TPS detec
for each dissociation event, the time and position informat
yields the masses of the fragments, their relative translatio
energy (ET), and the polar angleu between the relative ve

-
f

ally

FIG. 2. Schematic diagram of the fast beam photofragment translati
spectrometer. The dotted line divides the radical production region~left!
from the photodissociation region~right!.
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locity vector and the electric vector of the polarized diss
ciation laser. The photofragment mass resolution ism/Dm
'10, while the translational energy resolution isDET /ET

52.2%.
The presence of a beam block across the center of

TPS detector reduces the acceptance of the detector for t
fragments that are of low translational energy or have val
of u close to 0° or 180°, while fragments of high translation
energy withu close to 90° miss the detector entirely. The
effects are accounted for by normalizing the raw translatio
energy distributions with a detector acceptance funct
~DAF!,28 and all data presented here have been corre
with the DAF.

III. RESULTS

A. Translational energy distributions, B̃ 2P]X̃ 2P
transitions

The PFY spectrum for theB̃ 2P←X̃ 2P band of NCO is
shown in Fig. 3. Peaks marked with an asterisk indicate
transitions at whichP(ET) distributions were obtained. Pho
tofragment coincidence experiments with the TPS dete
were performed at photon energies of 4.20, 4.22, 4.76,
5.15 eV, which correspond to the 10

2, 30
1, 10

230
2, and 10

330
3

transitions, respectively. The entire band in Fig. 3 lies bel
the threshold for dissociation to O1CN, 5.71 eV, as calcu-
lated with the use of the value ofDH f ,0

0 ~NCO! determined in
this work ~see Sec. IV!.36,37 Thus, N1CO is the only mass
channel that needs to be considered. At each of the
transition energies, angle-independent translational en
distributions,P(ET), and energy-dependent anisotropy p
rameters,b(ET), were determined.28

P(ET) distributions for the 10
2, 30

1, and 10
230

2 transitions
are shown in Fig. 4. All of these measurements were ta
with the TPS detector at a distance of 1 m from the photo-
dissociation volume and with the laser polarization para
to the radical beam axis. Only the spin-forbidden produ
N(4S)1CO, are accessible when these transitions are
cited. The vertical dashed lines indicate the maximum tra

FIG. 3. NCO B̃ 2P←X̃ 2P photodissociation cross section from Ref.
Asterisks~* ! indicate dissociation wavelengths at whichP(ET) distributions
were obtained.
loaded 31 Mar 2011 to 192.43.227.18. Redistribution subject to AIP licens
-

he
se
s

l

al
n
ed

e

or
d

ur
gy
-

n

l
,

x-
s-

lational energy (ET
max) for N(4S)1CO at each excitation en

ergy as determined by the analysis in Sec. IV. All thr
distributions extend to, but not beyond, this limit. The r
solved structure apparent in these translational energy di
butions consists of peaks spaced by approximately 270 m
which corresponds to the frequency of the CO stretch.
average, the full width at half maximum~FWHM! of the
resolved features is 220 meV with no significant variation
width with respect to either vibrational level or photon e
ergy. However, there is more resolved structure at lowET for
the higher energy transitions. The vibrational and rotatio
distributions corresponding to these transitions are prese
in Sec. IV.

At a photon energy of 5.15 eV~10
330

3 transition!, disso-
ciation to N(2D)1CO is possible. Figure 5 illustrates th
P(ET) distribution at this photon energy taken at a 2 mflight
length with the laser polarization parallel to the radical bea
At this flight length, the detector has a greater sensitivity
low translational energy fragments. Although this transiti
lies only 0.39 eV higher than the 10

230
2 transition, theP(ET)

distribution is very different. Virtually no signal is seen b
yond ET50.43 eV, which corresponds toET

max for N(2D)
1CO. Hence, the spin-allowed channel dominates onc
becomes accessible, in agreement with the previous wor
Cyr et al.6 The P(ET) distribution exhibits two peaks sepa
rated by 270 meV, again corresponding to the CO stre
The FWHM of these peaks is approximately 90 meV, su
stantially narrower than the peaks in Fig. 4. TPS data co

FIG. 4. P(ET) distributions for the N1CO channel resulting from 10
2, 30

1,

and 10
230

2 transitions of theB̃ 2P←X̃ 2P band. The vertical dashed line
indicateET

max for N(4S)1CO products.
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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not be obtained for higher energy transitions of theB̃ 2P

←X̃ 2P band due to low signal intensity.
Previously, Cyret al.6 found the spin-forbidden channe

to have an anisotropy parameter ofb510.1, with
b510.2 for the spin-allowed channel. This is consiste
with the current results. For both dissociation channels,
distributions were found to be nearly isotropic.

B. Translational energy distributions at 193 nm

P(ET) distributions for the photodissociation of NCO
193 nm ~6.42 eV! are shown in Fig. 6. The distribution
displayed in Figs. 6~a! and 6~b! were taken at flight lengths
of 1 and 2 m, respectively, with a detachment energy of 3
eV. In Fig. 6~c! the flight length was 2 m and the detachmen
energy was 4.03 eV, the latter resulting in somen351 popu-
lation of the NCO radicals~see Sec. II!. The vertical dashed
and dotted lines in Fig. 6 indicateET

max for the N(2D)1CO
and O(3P)1CN(X 1S1) channels at 1.70 and 0.71 eV, r
spectively, assuming NCO is in its vibrational ground sta

The distributions in Fig. 6 were obtained assuming
14:28 mass ratio, which corresponds to the N1CO mass
channel. Measured mass distributions above and below
threshold for the O1CN mass channel do not exhibit an
appreciable differences. Although the mass resolution
these experiments hinders the separation of the two m
channels, in previous studies of NCN and CNN we obser
the presence of a N21C mass channel that was energetica
overlapped with a CN1N mass channel.38,39 A broadening
and shifting of the peaks in the mass spectrum from thos
a single channel marked the presence of both channel
similar trend was not observed in the mass spectrum of
products of NCO photodissociation, indicating that the co
tribution from the O1CN mass channel is not substantia
greater than the contribution from the N1CO mass channe
in the region ofET<0.71 eV.

All of the signal at translational energies greater th
0.71 eV must be from N1CO, and the abrupt fall-off in

FIG. 5. P(ET) distributions for the N1CO channel resulting from the 10
330

3

transition of theB̃ 2P←X̃ 2P band. The vertical dashed lines indicateET
max

for the N(2D)1CO fragments.
loaded 31 Mar 2011 to 192.43.227.18. Redistribution subject to AIP licens
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signal above 1.70 eV indicates this to be N(2D)1CO. A
progression of peaks spaced by 270 meV with a FWHM
220 meV is seen at highET in Fig. 6~a! and is assigned to the
stretching vibration of the CO photofragment, since t
O1CN channel is inaccessible in this translational ene
range.

Although there is increased intensity in the region ne
the energetic threshold for O(3P)1CN(X 1S1) products,
there is no clear feature that develops at the threshold
confirms the production of these photofragments. Extens
of the flight length to 2 m to increase the sensitivity of the
detector toward low translational energy fragments does
result in any changes in the product mass spectrum orP(ET)
distribution @Fig. 6~b!#. Comparison of Figs. 6~b! and 6~c!

shows that populating then351 level of NCO(X̃ 2P) causes
only minor differences in theP(ET) distribution, the most
significant being a slight enhancement of signal belowET

50.20 eV in Fig. 6~c!.

IV. ANALYSIS

A. Translational energy distributions, B̃ 2P]X̃ 2P
transitions

Conservation of energy dictates that the photodisso
tion of NCO to N1CO mass fragments is described by

FIG. 6. P(ET) distributions for the dissociation of NCO at 193 nm. Th
flight lengths and photodetachment energies for these distributions a
follows: ~a! 1 m, 3.66 eV;~b! 2 m, 3.66 eV;~c! 2 m, 4.03 eV. The vertical
dashed and dotted lines indicateET

max for the N(2D)1CO and O(3P)
1CN photoproducts, respectively.
e or copyright; see http://jcp.aip.org/about/rights_and_permissions



ss

i-
fo

m
sla
K

s

h

er
a
ne

-

m
th
on
6
e

er

ed
o

nt

is

o

f

se
th

b

ng

b-
er
c
n

ltz-
en

ls

so-
e I
an

the
al

ny

ta-
ra-
ro-
t
e

-
tion

ed

O
he

ess

d
ase
t
mo-
ls of
ST

he

e

r

9024 J. Chem. Phys., Vol. 114, No. 20, 22 May 2001 Hoops et al.

Down
hn1Eint~NCO!5D0~N–CO!1ET1EV~CO!

1ER~CO!1Eelec~N!, ~3!

wherehn is the photon energy andEint~NCO! is the average
rotational energy of the parent radical.D0~N–CO! is the
bond dissociation energy,ET is the measured center-of-ma
translational energy,EV~CO! is the vibrational energy of the
CO fragment,ER~CO! is the rotational energy of the CO
fragment, andEelec~N! is the atomic state energy of the n
trogen fragment. An equivalent equation can be written
the O1CN mass channel.

Based on a previous determination of the rotational te
perature of NCO in the fast beam photofragment tran
tional spectrometer,6 a parent rotational temperature of 50
was assumed in these experiments, corresponding
Eint~NCO!50.004 eV. Consequently,D0 can be determined
by finding the maximum translational energy,ET

max, of the
photoproducts from theP(ET) distributions, at which point
EV~CO!5ER~CO!50,

D0~N–CO!5Ehn10.004 eV2ET
max2Eelec~N!. ~4!

Each distribution in Figs. 4 and 5 shows an abrupt on
of the dissociation signal so that the determination ofET

max,
indicated by the dashed vertical lines, is relatively straig
forward. The corresponding values forD0~N–CO! agree
within the experimental resolution of 30 meV, and the av
age of the values isD052.3460.03 eV. This represents
refinement of the dissociation energy previously determi
by Cyr et al.,6 2.3860.04 eV, and is the value used in draw
ing the vertical dashed lines in Figs. 4–6.

The heat of formation of NCO can be calculated fro
this dissociation energy. Using the literature values of
heats of formation of atomic nitrogen and carb
monoxide,36 DH f ,0

0 ~NCO! was determined to be 1.3
60.03 eV. This is within the error bars of the previous d
termination ofDH f ,0

0 ~NCO!51.3260.04 eV by Cyret al.,6

and agrees with several other theoretical7 and
experimental8,40 investigations. However, in a recent pap
by Schönnenbeck and Stuhl,11 in which VUV photolysis of
NCO was monitored by emission from electronically excit
CN products, evidence was presented for a lower limit
DH f ,0

0 ~NCO!>1.72 eV. The radicals in their experime
were produced by the F1HNCO reaction and were at room
temperature or higher, which probably accounts for the d
crepancy with our value as discussed previously.6

The translational energy distributions in Fig. 4 do n
extend pastET

max for N(4S)1CO. However, theP(ET) dis-
tribution for the 10

330
3 transition shows a small number o

products beyondET
max50.43 eV for N(2D)1CO. Such frag-

ments are likely due to the spin-forbidden pathway. Con
quently, an upper limit on the branching ratio between
spin-allowed and spin-forbidden channels was obtained
assigning signal above and below 0.43 eV to N(2D)1CO
and N(4S) photoproducts, respectively, yielding a branchi
ratio N(2D!:N(4S)<96:4 for the 10

330
3 transition.

The P(ET) distributions show resolved structure attri
utable to the vibration of the CO fragment. In order to det
mine the relative populations of the vibrational levels, ea
of the P(ET) distributions was fit to a series of distributio
loaded 31 Mar 2011 to 192.43.227.18. Redistribution subject to AIP licens
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functions composed of Gaussians convoluted with a Bo
mann distribution. The details of this procedure have be
described previously.38 The resulting vibrational distribu-
tions are presented in Table I. Although vibrational leve
beyondn52 for the 10

2 transition andn53 for the 30
1 tran-

sition are populated, the features were not of sufficient re
lution to permit acceptable modeling by this method; Tabl
shows populations only for those vibrational levels that c
be resolved. For the threeP(ET) distributions in Fig. 4, all of
the vibrational levels contribute between 10%–20% of
total distribution, with no apparent trends in vibration
population with excitation energy. The 10

330
3 transition yields

N(2D)1CO products in which approximately twice as ma
of the CO fragments are in then50 vibrational level as in
the n51 level.

The contours of the vibrational features reflect the ro
tional excitation of the CO photofragment. Thus, each vib
tional feature can be evaluated in order to determine the
tational quantum number,Npeak, corresponding to the mos
populated CO rotational level. As shown in Table II, th
values ofNpeak for N(4S)1CO fall in a narrow range, be
tween 25 and 29, and appear to be independent of excita
energy and CO vibrational level. The blurring of resolv
features at lowET in Figs. 4~a! and 4~b! must reflect greater
rotational excitation for the highly vibrationally excited C
products, but we cannot quantify this effect reliably. On t
other hand, the 10

330
3 transition leading to N(2D)1CO pho-

toproducts resulted in CO fragments with considerably l
rotational excitation (Npeak513) in the two populated CO
vibrational levels.

The measuredP(ET) distributions were then compare
to the translational energy distributions obtained from ph
space theory~PST!.41 In this statistical theory, all produc
states allowed by conservation of energy and angular
mentum are assumed to be equally probable. The detai
determining translational energy distributions using P
have been described in detail previously.42–44 Our applica-
tion of PST assumes a long-range potentialV(r )
52C0 /r 6, that the vibrational levels are described by t

TABLE I. CO fragment vibrational distribution for transitions of th

B̃ 2P←X̃ 2P band from a fit of theP(ET) distributions.

Transition
n50
~%!

n51
~%!

n52
~%!

n53
~%!

n54
~%!

n55
~%!

10
2 13 11 15

30
1 11 11 13 15

10
230

2 10 8 12 12 14 18
10

330
3 64 36

TABLE II. Values of Npeak for the CO fragment vibrational features fo

transitions of theB̃ 2P←X̃ 2P band.

Transition n50 n51 n52 n53 n54 n55

10
2 29 27 27

30
1 25 25 27 27

10
230

2 29 28 27 28 29 28
10

330
3 13 13
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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harmonic oscillator approximation, and an initial parent te
perature of 50 K. Finally, the calculated PST distributio
have been convoluted with a Monte Carlo simulation p
gram in order to account for the apparatus parameters.28

The translational energy distributions determined fro
PST are expected to agree with the measuredP(ET) distri-
butions if the dissociation process is barrierless and stat
cal. Furthermore, it is anticipated that the PST translatio
energy distributions for NCO will resemble those determin
by Bonnet and Rayez45 for the dissociation of the CCO rad
cal as both radicals yield atoms of similar masses plus C
As shown in Fig. 7~a!, the P(ET) distribution for N(2D)
1CO resulting from the 10

330
3 transition agrees well with the

PST calculation. In contrast, there is a clear disparity
tween the PST calculation and the N(4S)1CO distributions,
as shown in Fig. 7~b! for the 10

230
2 transition. The vibrational

features in the experimental distribution show considera
more rotational excitation than in the PST calculation. Th
comparisons are discussed further in Sec. V.

B. Translational energy distributions, 193 nm
dissociation

The P(ET) distributions athn56.42 eV do not lend
themselves to as thorough of an evaluation as those
cussed above for theB̃ 2P←X̃ 2P band. The vertical dotted
line at 0.71 eV denotes the expectedET

max for the O(3P)
1CN(X 1S1) photoproducts. Due to the energetic overl
of the two mass channels and the lack of sufficient m

FIG. 7. Translational energy distributions for the~a! 10
330

3 transition and~b!

10
230

2 transition of theB̃ 2P←X̃ 2P band as measured experimentally~solid!
and calculated from phase space theory~dashed!.
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resolution, the O1CN mass channel could not be distin
guished from the N1CO mass channel. An upper limit o
the branching ratio between the O1CN and N1CO mass
channels was determined by assigning intensity greater
0.71 eV to N1CO and the remaining signal to O1CN. This
yields (O1CN!:~N1CO)<47:53. However, the discussio
in the following section suggests that the O1CN yield is
considerably less than this upper limit.

Determination of the relative vibrational populations w
hindered by poorer resolution of discrete features in
P(ET) distributions. We were able to assign values of Npeak

for n50 – 2 of the N(2D)1CO channel, findingNpeak

528– 30. The amount of rotational excitation of the N(2D)
1CO products resulting from 193 nm excitation was grea
than that of the same products from the 10

330
3 transition and

could not be suitably modeled by PST, indicating that t
dissociation pathway for the two transitions is different.

V. DISCUSSION

The results from this experiment provide new insig
into the dissociation mechanisms of NCO. The vibrationa
resolved photofragment translational energy distributions
veal the extent of rotational excitation in the CO photopro
ucts. The products of the N(2D)1CO channel have substan
tially lower rotational excitation than those of the N(4S)
1CO channel and theP(ET) distribution for the spin-
allowed channel agrees with PST calculations. In contr
the CO fragments associated with the N(4S)1CO channel
exhibit greater rotational excitation, and the photofragm
translational energy distributions for this channel cannot
suitably modeled by PST.

Agreement between the measuredP(ET) distribution for
the N(2D)1CO channel and that predicted by PST impli
the absence of an exit barrier. The lack of such a barrie
also supported by the dominance of this channel as low
0.1 eV above its energetic threshold.6 These observations ca
be interpreted with reference to Fig. 1, which shows an ad
batic correlation diagram between NCO and various N1CO
product channels forC`v ~dashed lines! andCs ~dotted lines!
symmetries.5,46 For linear dissociation, theX̃ 2P state of
NCO correlates to N(2D)1CO products, whereas theÃ 2S1

andB̃ 2P states correlate to higher energy N(2P)1CO prod-
ucts. Although theÃ 2S1 and B̃ 2P states correlate to
N(2D)1CO in bent geometries, these dissociation pathw
are likely to involve avoided crossings from higher lyin
NCO states, resulting in barriers with respect to N(2D)
1CO products. Hence, linear dissociation from theX̃ 2P
state appears to be the most plausible barrierless pat
N(2D)1CO products. Thus, we propose that these produ
are formed by internal conversion~IC! of NCO(B̃ 2P) to the
X̃ 2P state followed by dissociation.

We next consider the mechanism for N(4S)1CO pro-
duction. Figure 1 shows that dissociation to these produ
can occur, in principle, by intersystem crossing~ISC! from
the X̃, Ã, or B̃ states of NCO to the4S2(4A9) surface.
However, the experimental observation that the sp
forbidden channel disappears as soon as the N(2D)1CO
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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channel opens suggests that IC to the ground state oc
faster than any excited state dissociation processes regar
of whether the spin-allowed channel is accessible. If
spin-allowed channel is open, it is the dominant channel,
if not, N(4S)1CO is formed by ISC from theX̃ state. The
substantial degree of rotational excitation we observe for
N(4S)1CO channel suggests that it involves passage ov
barrier in a bent geometry.

An alternate dissociation mechanism for the sp
forbidden dissociation pathway has been suggested by A
ander and Werner.46 Their calculations show that theB̃ 2P

and Ã 2S1 states of NCO have a low energy conical inte
section near the equilibrium geometry of theB̃ 2P state. This
crossing was found to lie energetically close to the minim
of the crossing between theÃ 2S1 and 4A9 states, which
occurs at a bent geometry of NCO witha5145.5°. There-
fore, they propose the following mechanism for the dissoc
tion of NCO to spin-forbidden products:

NCO~B̃ 2P!→
IC

NCO~Ã 2S1! ——→
ISC

NCO~4A9!

→N~4S!1CO. ~5!

This mechanism is likely to produce rotationally excited C
as seen in the current experiments. However, in order to
consistent with our results, dissociation to N(2D)1CO must
be significantly faster than the ISC step once this chan
opens. This requires a barrierless pathway from theÃ 2S1

state to these products, which seems unlikely based on
correlation diagram in Fig. 1. Nonetheless, it is certainly p
sible that IC to theX̃ state occurs sequentially through th
Ã 2S1 state, so that the crossing between theB̃ 2P and
Ã 2S1 states plays an important role in the overall dynami

The work by Alexander and Werner points out that t
energy of the4S2(4A9) state drops substantially upon ben
ing. Hence, it would appear likely that the minimum crossi
energy of this state with theX̃ state occurs at a bent geom
etry, as implied by the rotational distributions measured
our experiment for the N(4S)1CO channel. The simples
model one can apply to interpret these results is the mod
impulsive model,47,48which predictsNpeakfor each fragment
vibrational state given the geometry at the barrier and
available energy. However, this model does not accura
describe the observed CO rotational excitation, as it pred
thatNpeakdecreases with increasing photofragment vibrati
in contrast to our results~Table II!.

The rotational reflection principle49 provides a more so
phisticated framework with which to interpret our results.
this model, the rotational distribution reflects a convoluti
of the bend wave function at the barrier with the final st
interactions on the product side of the barrier~i.e., after ISC!.
Our observation that the values ofNpeak for this channel are
largely independent of photon energy and the CO vibratio
quantum number suggests that~a! the bend wave function
does not vary substantially over the range of energies pro
in our experiment, and~b! product rotation and vibration ar
largely uncoupled by final state interactions. We should po
out, however, that our determination of the CO rotatio
loaded 31 Mar 2011 to 192.43.227.18. Redistribution subject to AIP licens
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distribution is relatively crude; a more complete measu
ment using LIF or other rotationally resolved methods wou
provide significantly more insight into some of these issu

Our results at 193 nm are of interest in light of the pr
vious measurements of the photodissociation of NCO at
wavelength by Liu and Coombe,5 who concluded that
O(3P)1CN(X 2S1) is the major dissociation channe
through LIF detection of CN. No evidence of the N(2D)
1CO channel was observed through either the use of re
nance fluorescence to identify N(2D) or N(2P) atoms or
measurement of NOb band emission following the interac
tion of N(2D) with N2O. However, in ourP(ET) measure-
ments, the N1CO mass channel is clearly present, as
observe photofragment signal at translational energies
are inaccessible to O1CN products.

How can the markedly different results from the tw
experiments be explained? It is likely that in Liu an
Coombe’s experiment, the LIF detection of CN was mo
sensitive than the spectroscopic and chemical techniq
used to identify N(2D). Similarly, our experiment canno
rule out the presence of some O1CN products. However, it
is clear from the photofragment mass spectra that the O1CN
mass channel is not the dominant channel at the translati
energies detected in our work. We also considered the p
sibility that the O1CN products in Liu and Coombe’s ex
periment arose from vibrationally excited NCO. OurP(ET)
distribution in which a substantial fraction of the NCO w
vibrationally excited@Fig. 6~c!# is not significantly different
from that taken with vibrationally cold radicals@Fig. 6~b!#,
although there is slightly more signal at very low trans
tional energies in Fig. 6~c!.

A more quantitative comparison with the work of Li
and Coombe5 can be made using their reported CN vibratio
rotation distributions. They find a bimodal rotational dist
bution of the CN(X 2S1) products; the CN(v50) level is
the most populated vibrational level for the highN products
while the CN(v50) and (v51) levels with low N have
nearly equal populations. The ratio of total highN to total
low N products is 40:60. In our experiment, the most pro
ableET for CN(n50) fragments with highN would be 0.20
eV, whereas CN(n50) photoproducts with lowN would
peak atET50.66 eV. In Figs. 6~b! and 6~c!, if we assign all
of the signal belowET50.20 eV to O1CN ~high N!, and
extrapolate to the amount of lowN products using the result
of Liu and Coombe, we calculate an upper limit of 4:96 f
the (O1CN!:~N1CO) branching ratio in Fig. 6~b! and 9:91
for Fig. 6~c!. Given the observedP(ET) distributions, these
are more realistic limits than that obtained by designating
the signal below 0.71 eV to O1CN, and provide further
support for assigning O1CN as a minor channel at 193 nm

VI. CONCLUSIONS

In the present work, the photodissociation dynamics
NCO following the 10

2, 30
1, 10

230
2, and 10

330
3 transitions of the

B̃ 2P←X̃ 2P band were investigated using the technique
fast beam photofragment translational spectroscopy. At e
tation energies<4.76 eV, N(4S)1CO(X 1S1) photoprod-
ucts were observed with CO rotational excitation consist
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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with a dissociation mechanism that passes through a
NCO geometry. An increase of the excitation energy to 5
eV resulted in the N(2D)1CO(X 1S1) channel becoming
the dominant pathway of dissociation. The degree of
rotational excitation in these products was less than tha
the spin-forbidden channel and could be modeled by ph
space theory. These findings are consistent with a disso
tion mechanism involving rapid IC from theB̃ to theX̃ state,
followed by either~a! ISC to the4S2(4A9) surface and dis-
sociation to N(4S)1CO products or~b! linear dissociation to
N(2D)1CO products along a barrierless pathway. From
measuredP(ET) distributions, the value ofD0(N–CO) was
directly determined to be 2.3460.03 eV, and
DH f ,0

0 (NCO!51.3660.03 eV.
Photodissociation of NCO at 193 nm was also studi

The photofragment mass andP(ET) distributions show that
N(2D)1CO is the dominant product channel at this wav
length; O1CN production appears to be at most a min
channel. It would clearly be of interest to perform expe
ments on NCO photodissociation at 193 nm and hig
wavelengths using other product detection schemes suc
laser-induced fluorescence or multiphoton ionization in or
to corroborate the results reported here. In addition, the
culation of the potential energy surfaces and dissocia
pathways for NCO should be a theoretically tractable pr
lem, and we hope our work encourages efforts along th
lines in order to provide a deeper understanding into the
dynamics of this species.
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