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Fragment recoil anisotropies in the photoinitiated decomposition of HNCO

M. Zyrianov, Th. Droz-Georget, and H. Reisler
Department of Chemistry, University of Southern California, Los Angeles, California 90089-0482

(Received 20 July 1998; accepted 21 October 1998

The photofragment ion imaging technique is used to determine product recoil anisotropy
parameters, 3, and correlated state distributions in th® (*A”)—Sy(*A’) photoinitiated
decomposition of HNCO into three competing channéls: SNH+CO, (2) H+NCO, and(3)
INH+CO [where®NH and'NH denote NHK 33, ) and NH@ 'A), respectively. In particular, the
region in the vicinity of the'NH+CO threshold is investigated. The measured recoil anisotropies
fall into two distinct groups corresponding to time scales @fl ps (8<-0.6), and
>5-10ps B=0.0). With 230.1 nm photolysis, COE0-14) originating in channe(3) is
produced with8= —0.8+0.05 via direct dissociation 08, above a barrier of 47660 cm X. CO

at low J-states appears with most of the available energy in the translational degree of freedom and
is correlated with!NH in its lowest rotational states. A small contribution to chan®lfrom S,
dissociation(observed mainly forJ=14,15) gives rise to an isotropic recoil distribution, and a
hotter correlatedNH rotational distribution. At the same wavelength, CO correlated WitH is
identified by its high translational energy and exhibits an isotropic angular distribution. We propose
that the pathway leading to its formation $— S,— T,. H-atom signals from chann¢R) have
isotropic angular distributions at photolysis wavelengths-2235 nm; this places a lower limit of
8140 cm ! on the barrier to direct dissociation & to channel2). The >5 ps time scale for the
appearance of chann@) implies dissociation 0%, following internal conversion. The mechanism
described here for the one-photon decomposition of HNCO in the wavelength region 260-230 nm
is in accord with other available experimental and theoretical findings19@9 American Institute

of Physics.

[S0021-960609)01704-3

I. INTRODUCTION and branching ratios, they can lead to a better understanding
of the decomposition mechanisms of complex systems.
Open shell molecular species such as free radicals or The photofragment imaging technique is patrticularly
electronically excited molecules often exhibit multiple decayuseful in this regard. Since the products are detected state-
pathways. These can include chemically distinct decomposiselectivety (e.g., by resonant laser ionizatjprthe images
tion channels, and/or radiationless decay pathways involvingfford simultaneous resolution in the frequency, velocity,
the breakdown of the Born Oppenheimer approximationand angular domains. The angular distributions are usually fit
e.g., internal conversion(IC) and intersystem crossing With an effective recoil anisotropy parametgr,which char-
(1ISO).1? In other words, the zero-order discrete state describacterizes the angular distribution in terms of the angle be-
ing the electronically excited state couples simultaneously téveen the direction of the_l(;ght polarization vector and the
several continua or quasicontinua. In principle, these prodirection of fragment recofl” The g parameter, in tum, is
cesses should be described quantum mechanically in tern@ssociated with a characteristic time scale determined rela-
of resonance scattering, coupling matrix elements to the vant—'r\]’e tc;] the de}veragedrptastlone}l\/p(er]rlod of the molecule. Al- .
ous continua, interference among competing pathways, et% ough, as discussed In Sec. .’t e_qua.m.tltanv_e extraction o
. . . ifetimes from angular distributions is difficult, in favorable
Indeed, for few molecules with modest density of stapes, : o . :
: . qases the existence of distinct time scales for different prod-
has been possible to observe and treat theoretically suc
39 ; ) uct channels can be clearly demonstrated.
phenomena:3~° On the other hand, whepis large, excita-

. ¢ o sinal . likel £ th In the present work, the ion imaging technique is used to
tion of a single state is unlikely, and many of the qu"’mtumcharacterize the time scales and mechanisms involved in the

mechanical and state-specific effects average out, giving ris&ecomposition of expansion-cooled isocyanic a¢iNCO)

to a smooth behavior resulting from the coherent and incofollowing S;(*A")—Sy(*A") excitation. HNCO is impli-
herent superposition of many resonances. In such cases, th8§ied in the removal of NQproducts in a process known in
time evolution of the system can be described in terms ofombustion as REPRENQ(RAPid Reduction of NQ), in
average rates. Regardless whether a rate picture or a descrighergetic materials combustion and in interstellar space. Al-
tion based on coupling matrix elements is invoked, decayhough it has only four atoms, it can serve as a benchmark
processes are associated with characteristic time scales, afat more complex systems, since at least three potential en-
their identification is important in sorting among competingergy surfacesS,, T, andS,) participate in its dissociation
pathways. When combined with product state distributionsat <231 nm into three competing channéts?®
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— NH(X®27)+COX'S*) Do(*NH+C0)=30060+25 cmi*, 1)
HNCO — H(?S)+NCO(X2II) Do(H+NC0O)=38370+-30 cmi?, @
— NH(aA)+COXE™)  Do(*NH+CO0)=42750-25 cmil. 3

In what follows NH(X 3% ") and NH@ 'A) are denoted by the pathways responsible for chanii@). Vibrationally me-
3NH and!NH, respectively. Threshold values are taken fromdiated photodissociatioiVMP) experiments demonstrated
Ref. 17 for channe(2) and from this work for channeldl) that it is possible to change the branching ratios into the
and(3). All channels remain open up to at least 46 000¢m various channels by implanting several quantavpfvibra-
(217 nm photolysis energ?® A schematic energy diagram tional excitation in the ground state prior to the electronic
is provided in Fig. 1. excitation?®
The role of the spin-forbidden chann@) following op- Theoretical calculations, mainly on ti# potential en-
tical excitation has only recently been reveatédjthough it  ergy surfacg PES topology?®~?are in agreement with the
has been previously observed in HNCO pyrolySisThis  experimental findings. However, the complexity of the pho-
channel is observed from well below the chan¢®lthresh-  todissociation of HNCO gives rise to several possible
old (e.g., at~280 nm to at least up to 46000cm (217  mechanistic interpretations, and the subtle interplay among
nm). Although its exact quantum yield is unknown, it is still different intramolecular interactions and couplings to the dis-
the major channel in the region just above the opening ofociative continua has to be sorted out before reaching de-
channel(2).?° The pathway responsible for its formation has finitive conclusions. Understanding the relative strengths of
not been determined. these interactions is key, since they determine the time scales
Channel(2) dissociation up to the chann@) threshold for intramolecular radiationless decay processes and disso-
is thought to occur via IC t&,.1""?°However, the height of ciation.
the barrier to direct decomposition & has not been deter- In this paper we report a photofragment ion imaging
mined experimentally, although an upper limit 613000 study of the photodissociation of HNCO to all three chan-
cm ! above the channép) barrier is suggested by studies at nels. Near-threshold regions are especially informative re-
193 nm*® Channel(3) dissociation is thought to evolve ini- garding mechanisms, and here we concentrate on photolysis
tially on Sy, but after exceeding a small barrier 89, esti-  energies around 230 nm, slightly above the opening of chan-
mated at 400—600 cnt, direct dissociation on this surface nel (3). At this wavelength, we find markedly different CO
quickly dominate€®?* The quantum yield of the HNCO  product recoil anisotropies for dissociation via chanrigls
channel correspondingly diminishes, and chan(®l be- and(3), and we argue that the mechanism for char(igl
comes the major channkt°To establish the mechanism for formation is S;—S,—T;, rather than direc§;—T; cou-
its formation, especially near the threshold, it is important topling. Our data also reveal the competition between dissocia-
minimize the overlap with the CO signal produced via chan-ion on Sy andS; to channel3), and provide a low limit for
nel (1). Recently, this has been achieved by exploiting thethe barrier height to channé®) on S;, as well as a more
velocity discrimination afforded by the photofragment ion accurate value for th&,; barrier to channe(3).
imaging techniqué? We found that the CO rotational distri- In a separate study, we have found that near the channel
bution is cold, having a maximum dt,=0-2 and decreas- (2) threshold, decomposition to chann@) evolves onS,
ing rapidly at higherJ's. Here we explore in greater detail without a barrier, and that the rate of chan(®l formation
in this energy region is much slower than the compefgg
—T, ISC rate?® In Sec. V, we summarize the results regard-
ing the one-photon decomposition of HNCO, and provide a
mechanistic interpretation that reconciles all the experimen-
470 + 60 o’ tal observations at photolysis energies from below the chan-
NH(a'AHCOX 'T nel (2) threshold to above the opening of dir&;t dissocia-
42750 em” tion to channel(3), and is also in accord with recent
theoretical results.

Energy (cm'l)
A >8100 cm™

45 000 -

40 000 1 HS)+NCO(X )

38370 cm™
35000 S (1A <35000cm”
149 NH(XPEWCO(X 'T) Il. EXPERIMENTAL DETAILS
30 000
T.(’A") 30 060 om™ The photofragment ion imaging arrangement has been
described previousl§*?* In brief, it consists of an ion-
o] 7

acceleration stage, a 60 cm long drift-tube, a position-
sensitive detector and a CCD camera that monitors a phos-
FIG. 1. Schematic energy level diagram of the three lowest energy dissd®NOr screen C(_)Upled toa MCP de?ector. The |o_n-acc_elerat|on
ciation channels of HNCO. stage is used in the velocity map imaging configuration pro-

HNCO So( 'A")
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posed by Parkeet al*® A repeller, an open extractor elec- (2) 243.1nm Jl(b) 229 4 nm
trode, and an open ground electrode with 1.0 in. holes are
used. Both the repeller and the extractor electrodes are 0.2
mm thick. At an optimal voltage ratio for the repeller and j
extractor plates, all ions with the same initial velocity are o
focused to the same spot on the MCP detetistocity map
imaging. This setup avoids image blurring due to the finite
size of the laser/molecular beam interaction volume. Al-
though in near-threshold imaging the resolution is limited by
the molecular beam velocity spread, residual space charge
effects, and the mechanical precision of the lens assembly,
the new ion lens arrangement provides a factor of 3—5 im-
provement in resolution in comparison with the conventional
setup®®

A doubly-skimmed pulsed molecular beam containing
2% HNCO seeded in 1.0 atm He enters the acceleration re-

gion through a 1.0 mm hole in the repeller plate. HNCO _ . .
FIG. 2. Images of hydrogen atom produced in HNCO photolysis at available

(Trot: 5 K) is phot(_)ly_zed with pUIsed' _“nearly polarized, and energies above the chann@) threshold of(a) 2760 cnT?, (b) 5220 cm'%,
focused laser radiation from an excimer laser pumped dy@) 5995 cm?, and(d) 7585 cm. The H-atoms are monitored by+2L

laser (Lambda Physik, EMG 201 or Compex 102 excimerREMPI at 243.1 nm.
and FL 3002 dye lasglintersecting the molecular beam at
right angle. Atomic hydrogen and CO photofragments are )
probed either by the same laser in one-color experiments ¢¢- Hydrogen detection
using the counterpropagating, focused radiation of a separate Hydrogen atoms are detected by-2 REMPI via the
probe laser(Continuum ND6000 pumped by NY81C-10 22s. . 12S transition at 243.1 nm. In the one-color ex-
Nd:YAG lase). periments the~0.4 mJ laser output was focused by

The collected images represent 2D projections of the 3D=19cm lens. In the two-color experiments1.0-1.5 mJ
spatial recoil distributions of the photofragments. All the im- radiation focused byf =24 cm lens was used to dissociate
ages presented in this paper are symmetrized. The 3D distfihe HNCO, while<0.2 mJ ¢ =19 cm) was used to probe the
butions are then reconstructed by means of the inverse Abﬁlydrogen atoms. Since the absorption cross section of
transformation, and 2D cuts including the axis of symmetry4NCO is much smaller at 243.1 nm than at 230-215%m,
are presenteal. The VeIOCity distributions are obtained from the background Signa| from the probe laser alone was insig_
the 3D recaoil distributions by integrating the Signal for eaChniﬁcant Compared to the combined pump and probe SignaL
radial distance from the center, as described bef6+é4|n The probe laser Wave|ength was scanned during the acquisi-
order to obtain the angular distributionB(6), the recon- tion of an image over the full Doppler profile of the recoiling
structed 3D distributionéin polar coordinatgsare integrated hydrogen. Special care was taken to ensure proper time over-
along ¢ andr, with 6 being the angle between the recoil |ap of the pump and probe laser pulses. Due to the fast recoil
velocity vector and the laser polarization vector. The angulabf the light hydrogen atoms out of the detection region, even
distributions are fitted to the standard recoll anisotropya S||ght de|ay of the probe pu|se leads to preferentia| detec-

E,;=5995cm’ E,,=7585cm’

function; tion of hydrogen atoms moving parallel to the laser beam
and results in artificially elongated images. This was not ob-
P(8)=(2—B)+3Bcos 0. (4)  served in our experiments. The jitter in these experiments
(carried out using the Compex excimer laser systeras
A. CO detection always less than 5 ns.
CO products are interrogated by+2 resonance-
enhanced multiphoton ionizatidiREMPI) via the Q-branch |||, RESULTS

of the B3 "« X'S* transition at 230.1 nn{«—«—de-
notes two-photon absorptipfi* This transition is free from
alignment effect$? which simplifies the interpretation of the Figure 2 presents four images of hydrogen photofrag-
derived recoil anisotropy parameters. Laser radiation of 0.5-ments taken at different photolysis energies in the range 243-
1.0 mJ focused by a 24 cm focal lendfh) lens was used in 215 nm. Imagd@a) is obtained in a one-color experiment at
the one-color experiments. For two-color experiments, th@43.1 nm(2760 cm * above the threshold to HNCO). Im-
pump radiation frequency was tuned away from the CO abage(b) is taken near 230 nm, where substantial recoil anisot-
sorption lines, and its power and focusing conditions weregopy in the CO product originating from tH&lH+CO chan-
kept the same, while energies100 uJ (f=19cm) were nel has been observed previouslyThis excitation(229.4
used for the probe laser output. Note that owing to the veam; E,,=5220 cm?) coincides with a prominent feature in
locity discrimination in the imaging experiments, the CO sig-the yield spectrum of the HNCO channet’ Image (c) is

nals from the 1- and 2-color processes do not overlap imecorded at 225.4 nmEQ,=5995cml), in the region
space(see Sec. Il where Crim and co-workers observed an enhancement of the

A. Hydrogen fragment ion images
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NCOANH yield in VMP experiment$? Finally, image(d) is
obtained at 217.6 nmE,,,= 7585 cm ), near a wavelength
where CO recoil distributions were report¥dn additional
image, not shown, is taken at 215 nr,(;=8140cmY).
None of the hydrogen images recorded in this study show
significant angular anisotropy, with thgparameters ranging
from —0.02 to—0.15. In general, such small values@tire
very sensitive to the signal to noise ratio, and the variations
among the derived values are insignificant. Additionally, a
semiclassical model that takes into account rotation of the
parent molecule shows that the limiting value @for infi-
nitely slow dissociation is—0.23 (rather than zenofor the
perpendiculaiS; — S, transition in HNCO(vide infra).>3

B. CO(X !X ™) product ion images

In a preliminary publication we obtained the rotational
distribution of the CO fragment at 230 nm, and discussed the
images obtained for CQ(:O— 2).24 In this work we extend (e) =3 a2 (f) =2
the measurements to higla states and measure the anisot-
ropy as a function of CO velocity. Shown in FiggdaBand
3(b) are two images obtained in a one-color experiment at
230.1 nm for selected rotational levels of the CO product. |/u=4
The Q-branch of theB S "« «— X3 transition used for
CO detection is seve_rely c;ol!a_psed fqr_ld’ts. Althoqgh for G 0L Dz U3 04 U5 06" 0 01 02 03 02 05 06
Jco>10 the congestion diminishes, it is not possible to ex- CO velocity (mm/ps) CO velocity (mm/us)
cite a singleJ level without residual contributions from
neighboring states. Consequently.o=14,15 and Jo FIG. 3. CO images obtained viat2L REMPI at~230.1 nm in a one-color

— ; : ; ; experiment monitorinda) Jco= 14,15 and(b) Jco=12,13. Panelgc) and
12,13 are monitored for the images shown in Fig®) 3 (d) represent 2D cutéincluding the axis of cylindrical symmetrnthrough

anq 3b), respect_ively. Panelg) and(d) represent 2D cuts in e 3D velocity distributions, obtained using the inverse Abel transform of
their respective inverse Abel transforms, and the correspondmages(a) and (b), respectively. In panelée) and (f) the corresponding

ing velocity distributions are shown on panés and (d). velocity distributions derived from the reconstructed 3D images are shown

: : o in thick lines. The thin solid lines show fits to the velocity distributions,
With 230.1 nm photolysis, the CO product can orlglnateassuming that the CO signals derive solely from dissociation to ch&Bnel

from both the Spin'allowetbhanm?'@)] ar_1d spin-forbidden (see the tejt The observed residual intensity between the peaks at the high
[channel1)] pathways. The velocity distributions were mod- velocity end originates in faster CO correlated with char{dgl Note that

eled as described befo?'%,z“ taking into account onIy the therings F:qrres_pondin_g to the features-#1.5 mmjus in panelg(e) an_d_(f)
spin-allowed channel. This is shown in thin solid lines in ﬁ;em?cc’trag'ggf'i?n?;e'gﬁ?gjuiggnébel transforms due to insufficient dy-
panels(e) and(f). Joo=14 and 15 are found to contribute in
the ratio of 5:1 to the distribution on pan@). The rotational
levels of the correlatedNH cofragment are well resolved,
and all the energetically allowed levels are significantly
populated. The distribution in pané) is best modeled with forms(c) and(d) differ significantly. In the former, the rings
a 2:1 ratio ofJco=12 and 13. The resolution of théN\H  correlated withJy,=3 and 4 are nearly isotropic, the ring
cofragment rotational levels is poorer, partly due to the com<orrelated withly,=2 shows slight anisotropy, whereas the
parable admixture of the two rotational levels of CO. Noteoutermost ring correlated withs=1 excitation is clearly
that there is clear propensity to populate ldwtates of NH  anisotropic. In contrast, thg parameters extracted for the
in this distribution; e.g.Jyy=25, which is energetically al- different rings present in imade) are all more negative than
lowed for Jco=12, does not appear in the distribution. The —0.6.
feature visible at around 0.5 mp® in both velocity distri- We should note that the best fits to the velocity distribu-
butions is not compatible in terms of energy conservatiortions in Figs. 3) and 3f) are obtained by using
with the formation of channeB) following electronic exci- Dy(*NH-+CO)=42750cm?. This value is 15 cm! lower
tation from the ground vibrational state of HNC&jJ. On  than the value derived previously from lower resolution im-
the other hand, this feature can be fit well by assuming exaging dat&* Considering the much higher resolution of the
citation of HNCO@,) out of the vs=1 vibrational state velocity map imaging employed here, the new value,
which lies at 577 cm'. The intensity between the peaks Dy(*NH+CO)=42 750+ 25 cm %, is preferred. The channel
derives from CO produced via chanr(@) (not included in (1) threshold should be corrected accordingly to
the modeling, whose translational energy extends to theD(*NH+CO)=30060cm?, as it is obtained by the sub-
limit allowed by the available energigee below. traction of the NHK 33 ~) and NH@'A) electronic levels
The recoil anisotropy parameters derived from the transseparation from the channé) threshold:’
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( )R 'MW ¢

E,;=411 cm’ : E,.,= 524 cm’

(c) inner ring ) outer (c) s8efe  inner
- Vans

2
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B=-0.22 B=-0.84 B=-0.76
0 30 60 9 120 150 180 0 30 60 90 120 150 180 0 30 60 9 130 150 180 0 30 60 90 130 150 180
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FIG. 4. (a) CO image andb) 2D cut of its Abel-transform obtained in a FIG. 5. (a) CO image andb) 2D cut of its Abel-transform obtained in a
two-color experiment at photolysis energy 411 ¢nabove the channégB) two-color experiment at photolysis energy 524 ¢nabove the channéB)
threshold(231.7 nm. Angular distributions(open squargsand their fits  threshold(231.1 nm. Angular distributions(open squargsand their fits
(solid lineg are shown in(c) and(d) for the inner and outer rings, respec- (solid lineg are shown in(c) and (d) for the inner and outer rings, respec-
tively. tively.

Figure 4a) presents an image of the CO fragment ob-Of image(a_) displays _CO produc_ts correlgted _vvi’chIH, as
tained in a two-color experiment with the photolysis energyPbserved in a previous velocity-map imaging one-color
411 cmi'! above thé'NH+CO threshold. The C@-branch experiment? Panel(b) presents another view of the same
bandhead consisting of lodeo was monitored in this ex- image,.obtain(.ad wit_h an intensity scaling that highlights the
periment. Of the two rings visible in the image, the outer onePUter ring, which arises from the CO generated via channel
is associated with the probe laser ond is similar to the (1). Paneldc) and(d) show the angular distributions associ-
one-color experiment at 230.1 nm reported earfitand the a_lted with t_he centrql gnd_the outer parts _of the image, respec-
inner ring is the two-color signal of interest. Parl) pre- t|yely. While CO originating from th_e _splr?-allowed chan_nel
sents a 2D cut of the inverse Abel transform of imagein  Yields 8= —0.78, the recoil of CO originating from the spin-
which the separation of the two rings is clearly visible. The
angular distributions are shown as open squares on panels
and (d), respectively. The recoil anisotropies for the inner
and outer rings are markedly different. The anisotropy pa-
rameter fit corresponds ®= — 0.84 for the one-color signal
and 8= —0.22 for the two-color signal. Taking into account
the signal to noise ratio of the two-color experiment and the
arguments made earlier for close-to-zero valuesBothe
latter value corresponds to no anisotropy.

Figure 5 presents results similar to those of Fig. 4, but
with the photolysis energy set to 524 cthabove the
INH+CO threshold. The particular choice of the excitation
energies coincides with the location of two adjacent peaks in
the 'NH vyield spectrunt’ Although the separation of the
inner and the outer rings is not as complete as in the previou:
case, it is still sufficient for separate determinations of the
corresponding anisotropy parameters. The fits correspond ti ¢ p=-078
B=—0.81 and—0.76 for the one- and two-color signals, ; 35 60 90 120 150 180 0 30 60 90 120 130 180
respectively. _ _ . 0 (degree) 0 (degree)

Shown in Fig. 6 are two views of the image obtained in
a one-color experiment at 230.1 nm, in which the COFIG. 6. Panelga) and(b) display two views of the CO image obtained in a
Q-branch bandhead consisting of lod¢, was monitored, one-color experiment at 230.1 nm by monitoring Idw,. The image is

PR : : own on different scales to highlight the cenfrethannel(3)] and outer
and the ion optics acceleration VOItage was set such that aﬁl]hannel(l)] parts(see the tejt Angular distributiongopen squargsand

CO fr'agments originating from both channdly and (3) fits (solid lines are shown in(c) and (d) for the central and outer parts,
were imaged on the detector simultaneously. The central paréspectively.

(@)
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forbidden channe(l) is essentially isotropic. The outer rings the above considerations. However, thifferencesn recoll

of the images taken fal.o= 15 and 30(not shown are also  anisotropies of products originating from different dissocia-
isotropic. tion channels or at different excitation energies can serve as
an excellent gauge of thelativetime scales involved in the
dissociation. For the perpendicul&;—S, transition in
HNCO and under our expansion conditiorik,(=5K), B

A. Photofragment recoil anisotropy and dissociation > —0.23(the limiting value in the classical model discussed
time scales above roughly corresponds to lifetimes longer than 5-10 ps,

Photofragment angular distribution measurements ca}ﬂvhile p=-06 indicates_ dissociatio_n_i_n '?SS than a picosec-
provide estimates of dissociation lifetimes with respect to theond' Belovy, we rgfer to images exhibitigin the range 0 to
rotational period of the parent molecdfeHowever, the con- —0.23 as isotropic.
version of theB parameters that best fit the data to fragment
appearance tl_m_es is not _str_augh_tfor_ward. Sever_al authqrs dlz‘B-_ Mechanistic interpretations
cussed how finite dissociation lifetimes, nonaxial recoil and
out-of-plane vibrations affeg® in a rotating and dissociating
molecule**=%° The results of these studies, in which both
classical and quantum models are considered, are summa- The pathways leading tNH+CO and their dependence
rized in a recent review by Gordon and HA. on the one-photon photolysis energy are now rather well

In the classical treatments, the dissociating molecule isinderstood. While very near the threshold, decomposition
treated as a rigid rotating pseudodiatomic decaying with @roceeds via predissociation & following S;— S, IC,*"?*
characteristic lifetimé®>3"While the limiting values ofgin  at 230.1 nmi.e., ~700 cm ! aboveD,(*NH+CO)] direct
fast dissociatiorfassuming axial recoilare +2 and—1 for  dissociation onS; prevails'®?* The barrier onS; to this
parallel and perpendicular transitions, respectielthese channel was estimated at 400—600 ¢ff* in good agree-
values are reduced fourfold in the slow dissociation I ment with recent calculatiorf$:?®
This givesB=0.5 and—0.25 for parallel and perpendicular The present experiments refine and add to this picture.
transitions, respectively. Yang and Bersohn, who extende@Vhereas previous work examined the ldwstates of CO,
the classical treatment to spherical and symmetric top molwhich are at the peak of the rotational distribution, Fig. 3
ecules, found that in the slow dissociation linfitwas re-  displays images recorded fde>11 states, which are in the
duced by a factor of 4-5.9, depending on the ratio of thdow-population tail(the highest energetically accessible level
moments of inertia of the tofl. For HNCO, this factor is is Jco=18) 2* We show that although direct dissociation on
4.35, corresponding t@=—0.23 in the slow dissociation S; dominates at this excitation energy, t8g pathway still
limit for the perpendicularS;(*A”)«—Sy(*A’) transition. makes a significant contribution, particularly Jgo>14. In
Nonaxial recoil and out-of-plane vibrations can decrease theontrast to the images taken for loWg, which exhibit
anisotropy further. strong anisotropy characteristic of fast, direct dissociation on

Since the characteristic time to which the dissociationS, [e.g., Ref. 24 and Fig.(8)], Jco= 14,15 levels are formed
lifetime should be compared is the rotational period of themore slowly, apparently via dissociation &, resulting in
parent molecule, the effect of parent rotational temperaturan isotropic recoil distribution consistent with the isotropic
on the measureg is significant. For example, Hradt al*®  images recorded for the hydrogen photofragments at compa-
argue that the observed anisotropy parameter in Ni€so- rable excitation energiesee below.
ciation can vary from 1.4 to 0.6 in experiments carried out at  The reduced anisotropy may also result from the small
15 K and 370 K, respectively. Thus, if one were to derive thefragment translational energy accompanying high CO rota-
lifetimes of the excited state from the measug@dgnoring  tional excitation. However, we favor the interpretation that
the different rotational “clocks,” they would differ by al- two different PESs participate in the dissociation because of
most an order of magnitude at these two temperatures.  the fairly abrupt onset of the anisotropy in going from the

Apart from the complexities in the interpretation gf image of Jco=14,15 to that of Jco=12,13. For Jcg
outlined above, there are experimental difficulties in carrying= 12,13 the direcE, pathway is dominant, as reflected in the
out accurate measurements of product angular distributionsarge recoil anisotropy §<—0.6) and “cold” rotational
If the Doppler width of the optical transition in the interro- distribution of the correlatedNH products[Fig. 3(f)]. The
gated product is comparable to or larger than the laser bandmall highd tail in the CO rotational distribution from chan-
width (as in the case of hydrogen or CO correlated Vi nel (3) is mainly due to dissociation 08,. The “warm”
in our experimentsthe full Doppler profile needs to be re- rotational distribution of'NH correlated withJco=14,15,
corded by scanning the probe laser. When the spectrum afhich extends to the energetic limiig. 3(c)], supports this
the product is not fully resolvee.g., in the COB« «X interpretation.
transition), distortions due to partial capturing of the Doppler Finally, we note that the contribution of dissociation
profiles of different product states may arise. originating invs=1 of HNCO(S,) to the observed.g sig-

Although in our experiments the parent temperature imal is small and is significant only falco>12,13 (Fig. 3).
rather well defined and th@ parameters are determined with For J-o= 16 (not shown, this feature provides the main con-
good accuracy, one should not put excessive emphasis on thébution to the population. The high value @f associated
determination of th@bsolutedissociation lifetime in view of ~ with it identifies its origin as direct dissociation & .

IV. DISCUSSION

1. INH+CO channel
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The results shown in Figs. 4 and 5 better define theNCO bend above the H-NCO asymptoté’ The trans bar-
barrier height to'NH-+CO dissociation ors;. The nearly riers to channef2) dissociation are different in the two stud-
isotropic angular distribution in Fig.(d) suggestsS, disso-  jes as well, as given at the beginning of the previous para-
ciation atE,,=411cm', while the high anisotropy of the graph. However, both calculations show that tiebarrier
angular distribution in Fig. @), obtained for the adjacent to channel(2) dissociation is significantly lower than the
peak in the'NH yield spectrum, indicates that dire8t dis-  trans one. It is placed at 4500 cih (Ref. 28 or at 6100
sociation prevails a,,=524 cm . In fact, thes parameter c¢m™ (Ref. 27. The one-photon dissociation results pre-
that fits the latter distribution is nearly identical to the one forsented here are in agreement with the theoretical calculations
Eav=705cnT . We thus place th&, barrier to channef3)  for dissociation of therans isomer.
dissociation at 47660 cn . While the mechanism of decomposition to chanr@ls

The excellent reproducibility of th@ parameter values and (3) following one-photon excitation appears to be well
for the one-color experimenfg= —0.84,-0.81, and-0.78  understood, the corresponding VMP mechanism remains un-
for Figs. 4d), 5(d), and @c), respectively provides further  settled. Crim and co-workers observed a fourfold increase in
confidence in our measurements. These values are closer ftge [channel (2)]:[channel (3)] ratio in photolysis experi-
the limiting value of—1.0 than the previously reported value ments carried out following prior excitation of thes3over-
of —0.66=0.05%" This is a result of the introduction of ve- tone ofS,, compared with the corresponding ratio obtained
locity map imaging and the better skimming of the molecularwith one-photon excitatiof Both experiments were carried
beam in our present setup, which lowered the rotational temout at~44 400 cm! excitation energy225 nnj.
perature of HNCO. The new valug= —0.80+0.05, corre- Several scenarios for the VMP results are plausible.
sponds to a lifetime of 0:50.3ps for a 165 K sample}"  First, VMP may cause a change in the probability Sif
provided B is determined exclusively by lifetifi&®” The .S, IC relative to direct dissociation o8, . This can occur
actual lifetime may beshorterif the measuregs is reduced either via enhancement of the IC rate, or by reducing the
by other factors, and thus our limit 6f1 ps is rather safe. directS; coupling to the chann&B) continuum when a dif-
We also note that at-230 cni* above theS; barrier, the  ferent region orS, is accessed by double-resonance optical
yield of channel3) is only few percent, and the most abun- excitation. In this scenario, the fraction of OOt *) aris-
dant product is NCO? Therefore, the time scale of decay of ing from dissociation oS, would also increase compared to

S, reflects mainly thes;— S, IC rate. the value in the one-photon dissociation, and this may be
evidenced by changes jB
2. H+NCO channel Another possible scenario involves the participation of

Near its threshold, decomposition to the-NCO chan- the S; cis well in VMP. Note that 44400 cm' excitation

nel proceeds via IC t&,, andab initio calculations predict PUtS the molecule above the calcula®dbarrier to channel
a large barrier to this channel @&, i.e., 8700 cm® (Ref. (2 from thecis configuratior?” Double-resonance excitation
28) or 11200 cm® (Ref. 27.2718 While CO from channel May thus open a direct dissociation route $nto channel
(3) has a high recoil anisotropy at230.1 nm, the hydrogen (2) from thecis isomer, thereby enhancing+NCO forma-
atom image at a comparable photolysis energy is isotropiEO”- Isomerization from thérans to the cis isomer onS;

[Fig. 2(b)]. This suggests that even after the opening of di-following one-photon excitation is not likely, because the
rect S, dissociation to channeB), channel(2) decomposi- Parrier may not have been exceeded and/or the bottleneck for

tion still evolves more slowly on a different PES, presum_isomerization shoul_d rgsult iB, decay lifetimes Iongfar than
ably Sy, the results presented here show no recoil anisotropj’® observee1 ps lifetime of theS, state. The experimental

in the hydrogen images up ®,,=8140 cni', which sets a ewdenge to .date is inconclusive, and further experlments
lower limit for the S, barrier to channe(2). As discussed (€-9., direct time-resolved measurements, or comparisons of
above, IC fromS, occurs in<1 ps; therefore, the isotropy of _recon anisotropies obtam_e_d in o_ne-photor_l cﬂssomatlon and
the H-atom images results from thg, lifetime. Such N VMP) should shed additional light on this issue.

“slow” dissociation onS, (i.e., >5 ps lifetime even at ex-

cess energies as high as 8000 ¢ris still compatible with 3 *NH+CO channel

model RRKM calculations carried out using reasonable tran-  Channel(1) dissociation plays a role at all dissociation
sition state frequenci€€.Note that sinceS;— S, IC requires  energies relevant to this study;>>and must involve ISC to

an out-of-plane vibration o&” symmetry, the@ parameter T;—the only state correlating ttNH+CO products. Mebel
may be further reduced. et al. calculated an exit barrier of 1500 ¢hon the T,

Ab initio calculations reveal that the structure of 8¢  PES?® and the excitation energy used to obtain the image
PES is rather comple¥;?® having both trans and cis  shown in Fig. 6 is 11800 cht above this barrier. Hence,
minima, with the former being the global minimum. The dissociation o, should be prompt. As seen in Fig. 6, with
Franck-Condon region for one-phot@& < S, optical exci- 230.1 nm photolysis channel$) and(3) are associated with
tation is located near th#ans well with strong gradients markedly different CO recoil anisotropies. HaNH+CO
away from thecis configuration in the NCO bending coordi- evolved via directS;— T, ISC, 8 would have been deter-
nate. The two available high-level calculations give rathemined by the total removal rate of th®, state, yielding
different energies for thdrans-cis isomerization barrier similar values for both channels. However, the isotropy of
ranging from~8700 cm ! (Ref. 28 to 3500 cm! (isomer-  the channel(l) CO angular distributions indicates that an
ization via HNC benyl or 7700 cm?® (isomerization via intermediate state whose lifetime exceeds 5 ps must exist on
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the way fromS; to T,. The most plausible candidate $g, decomposition o, exists, and that th&, origin lies sev-
and hence the most likely dissociation routeSis~S,—T,;  eral thousand wavenumbers below Seorigin.?® Thus, dis-
—3NH+CO. sociation to channell) will be controlled by the dynamics
This conclusion is in accord with other observatiotis: on the T, PES. It is noteworthy that even when the spin-
The isotropic CO recoil is similar to that of the H atom allowed channelg2) and (3) are open, the spin-forbidden
produced in channdP) via decomposition org, at compa- channel(1) is still observed, at least at wavelengths as short
rable photolysis energiegii) The state-specific effects pre- as 217 nnf?
viously observed in the yield spectra of the three channels The H+NCO channel first appears at its thermochemical
near the!NH+CO threshold are rather similar for channels threshold following dissociation onS, without a
(1) and (2). (ii) Pyrolysis of HNCOG,) vyields3NH+CO  barrier!”82° The NCO rotational distributions near the
as a major produc® in agreement with calculatiofd dem-  channel(2) threshold can be fit well by phase space theory
onstrating thatS,— T, coupling is possible(iv) The ob-  (PST) with strong angular momentum constraifitsThe in-
served increase in the NCO vyield near its threshold withcrease observed in the NCO yield with photolysis energy is
increasing photolysis energy can only be rationalized by asrationalized by proposing that near the char(@gthreshold,
suming competition with another decay process Sy the So— T, ISC rate is several fold faster than the channel
namely, ISC leading to channél).? (2) dissociation raté®
There are no symmetry restrictions on direct spin-orbit ~ The results reported here establish that at least up to
coupling betweers; andT; (which have the same electronic 8140 cm * above the channép) threshold, this channel still
configuration in the C, (or lowen symmetry point group of evolves via radiationless decay, most likely 8, and this
HNCO. However, the results of this work suggest that directhas to be taken into account in explaining the changes in
S, — T, coupling is much weaker tha®,— S; IC. The rea- branching ratios observed in VMP. Detailed studies of prod-
sons for this are not obvious priori, because of the relative uct energy disposal are needed for complete characterization
weakness of all the radiationless decay coupling strengthef the transition state at higher energies. Likewise, accurate
(especially at lower energips’ However, recent theoretical branching ratios between channél3 and (2) as a function
studies also indicate that dire& — T, coupling is ineffi- of energy are still unknown. The available results indicate
cient at the energies employed héte. that channel(1) is dominant in the region just above the
opening of channe(2),?° and is still significan{10%—20%
near the opening of chann@), i.e., at~5000 cm ! higher
energy?®??In order to better determine the separate rates of
So— T4 ISC and channdl) dissociation, the total decay rate

V. SUMMARY AND CONCLUSIONS of Sy and the branching ratios into channéls and(2) are
required.

The imaging results described in this paper provide a  TheNH-+CO channel is detected at its thermochemical
“road map” for the complex photoinitiated decomposition threshold:”*® and it is concluded that the dissociation first
of HNCO into channelg1)-(3), which is applicable over a takes place o, without a significant barrier. Above a small
broad wavelength range. They pinpoint major mechanistibarrier of 476:60cni !, direct dissociation onS, com-
pathways and their dependence on energy, and photolysiaences and quickly dominatés:1®?* Nevertheless, even
energy regions in which competition among pathways is im230 cni? above this barrier, the quantum yield of channel
portant. Since the mechanisms described here can be alg®) is still small}® and the yield spectra monitored for all
used to rationalize previous data, it is useful to summarizehree channels are identical and exhibit many narrow
briefly what is currently known and what remains to be un-features:’?>?! The dominant product is NCO, and ti&
raveled. — S, decay lifetime in this region is<1 ps. At higher pho-

Although the band origin of th8,«— S, transition is still  tolysis energies, the coupling to the chan(@l continuum
unknown (a result of poor Franck-Condon factprét is es-  onS; increases rapidly, as evidenced by the sharp increase in
tablished that optical excitation in the wavelength regionthe 'NH yield,}"*8the decreasing yield of chann@),'® and
280-193 nm accesse3; .t All states reached viss; are  the fast increase in linewidths in tAlH yield spectrunt’ 2
dissociative, and at the longest excitation waveleng?89-  More work is needed to characterize the relevant couplings
260 mm 3NH is the only product. At low excitation ener- and state-specific effects at wavelength®30 nm??
gies, the>NH yield spectrgchannel(1)] are identical to the The channel3) photodissociation dynamics d® has
HNCO absorption spectrurtas monitored by two-photon been characterizetfor one-photon excitationat E,,,= 700
LIF of HNCO).!” The present results identify the chan®l (230 nn) and 3200 cm' (217 nm. They are typical of di-
pathway asS; —Sy— T;—3NH+CO. This mechanism can rect, impulsive dissociation with most of the energy chan-
also explain the observed competition between chanigls neled into product translatiofi:?! These results, which are
and (2) near the H-NCO threshold(at ~260 nm.?° The  available both for global and correlated distributions, provide
linewidths in the absorption and yield spectra reflect$he benchmarks for comparisons with dynamical calculations.
— S IC process, whose time scale at the lowest end of th®issociation onS; to channel(2) at 193 nm, i.e., 13000
excitation wavelength range is5 ps!’?? The spectra ex- cm ! above Do(H+NCO), gives rise to NCO with high
hibit numerous state specific effects and perturbattéfé. bending excitation, but with most of the available energy in
Theoretical calculations reveal that only a small barrier totranslation®
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