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Photodissociation of isocyanic acid, HNCO, was studied with high-lakelinitio methods.
Geometry optimizations of stationary points and surface crossing seams were performed with the
complete active space self-consistent-fi@ASSCH method, and the energetics were re-evaluated
with single-point second-order multireference perturbation thé6@#%SPT2. The three product
channels that participate in the photodissociation process[HreHN(X 3% ")+ CO at 86.0
(calculated 79.6 kcal/mol, [2] H+NCO(X ?IT) at 109.7(108.7 kcal/mol, and[3] HN(aA)

+CO at 122.2120.8 kcal/mol. The four electronic stateSy, S;, T, andT,, that interconnect

these channels were studied in det&il.exhibits dissociation barriers to both, chanf@ and[3],

whose respective reverse heights are 11.3 and 1.2 kcal/mol, in good agreement with experiment as
well as previous theoretical works. The two triplefs,andT,, show barriers of similar heights for

HN bond fission, whileSy has no barriers to either channel. Various key isomerization transition
states as well as numerous minima on the seam of surface croglsiByss) were also found. At
photoexcitation energies near chanf&ithreshold, products to chandd] are likely to be formed

via S;—[3] (if enough energy in excitationand S;— S;—[3]. Channel[2] can be formed via
Si1—Sy—[2]; (HN-mode quanta+ S;—T,—[2]; S;—T,—[2]; S;—T,—T;—[2], and channel

[1] via $;—Sy—T;—[1], S;—T;—[1] and S;—T,—T;—[1]. At higher photoexcitation
energies th&,—[3] pathway is expected to be dominant wHig—[2], with the higher activation
energy, is expected to drop rapidly. Also addressed are such important issues as the impact of a
vibrationally excited HN mode on a chanré] yield, and the band origin of th®,« S, excitation
spectrum. ©1999 American Institute of Physids$0021-960609)30535-3

I. INTRODUCTION growing vyield to channel [3] products, HN&®A)
+CO(X1x"). At energies just exceeding 122.2 kcal/mol,

The unimol_ecular_ decomposition of HNCO ha_s beenthe yield to channe[3] is very small compared to that of
studied extensively in the past. The photochemistry OfchanneI[Z]. The yield to channel3] becomes appreciable
HNCO is especially interesting because of the low-lying op-

tically accessible excited stat€® and a high density of and, eventually, dominant only when the photon energy has

states in the excited state regit#! Several dissociation substantially exceeded 122.2 kcal/mol. The product recoil

. o anisotropy is much weaker for excitation energies just ex-
channels become available upon photoexcitation of the sys- - L ) ) .
) . : ..~ ceeding the threshold than it is for higher energies. This ob-
tem as they become involved in a complex dlssouauonservation suggests that the two electronic surfaBgands
dynamics’?23 Such state-of-the-art techniques as photofrag- e com tiggf ! dissociation. and there exist a.nv rl ow
ment imaging have been successfully employed to study th% € co pg gf?h SZOC afc; ,Zak " ere exis ?ha tehy 0
dynamics of the systeff:2* In these experiments it was o ef ON>y, ofthe order ol 1=z kea moky, on the other

found that three different channels compete for dissociationband' is proposed to be ba.rrlerless. Furthermore,’ Reisler and
and this competition is strongly dependent upon the eXcita(_:o—workers reported a relatively small constant yield to chan-
tion wavelength. These channels are nel [1] at a wide range of excitation wavelengths. Channel

[1] is accessible after the spin-forbidden transition fr&m
HNCO+hr—HN(X®% ")+ CO(X'S*) channel[1] to T,.
H(X 2S)+NCO(X 2I1) channel [2] Parallel experiments of Crim and co-workers also inves-
1 1< 1+ tigated the photodissociation mechanism of HNCO to the
HN(a“a)+COX"%7)  channel[3]. three main channefs®® There is a perfect agreement be-
In UV experiments Reisler and co-workers establishedween the two groups on the thresholds to chanf2}sand
that at excitation wavelengths in the region of 119.23-[3] and an overall agreement on the global photodissociation
130.09 kcal/mol(240-220 nm the dominant dissociation process. But the main focus of Crim’s group has been on
channel is HK2S)-+NCO(X?IT), channel[2], with the  understanding mode-selective dissociation dynamics to chan-
threshold of 109.7 kcal/mdf. As the excitation energy in- nel [2]. Given several vibrational quanta in the H—N mode
creased, the yield to channé] diminished at the cost of a with the total energy of 124.3 kcal/mol, the consequent H—N
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bond fission appears much more efficidabout 4 times and the band origin of the absorption spectrum still remain
than that of an unexcited H-N stretch with the same totapartially unanswere&! Disagreement between theory and
energy. experiment on the band origifowest energy transitiorwas
There exist several extensive theoretical studies ofttributed by Stevenst al?®to strongly nonvertical nature of
HNCO. A most exhaustive set of calculations was previouslythe excitation. They also indicated the system’s preference
carried out by Mebeét al. in our group?® The entire poten- towards trans geometries immediately following the one-
tial energy surface$PES’9 for the groundS, and the first  photon absorption, based on the calculated electronic dipole
triplet T, state were explored, and numerous minima andransition moment as a function of nuclear coordinates, al-
transition states for isomerization and dissociation werghough the vibrational wave function may also strongly in-
found. An exit barrier on theT, surface to HN{Z~)  fluence the electronic transition.
+CO(*= ") products was found, and also a crossing be-  Thus, the objectives of this work include the following:
tweenS, and T, was located. The exit barrier on tilg ~ (a) to accurately describe the topology®¥, S;, T;, andT,
surface to HHFNCO(II) channel was shown to be high in electronic state PES’Sh) to investigateS,/S; and T,/T,
energy. Another theoretical work by Faegal? also con- internal conversiongIC) and S;/T; intersystem crossings
centrated on the triplet dissociation pathway. The author§lSC); (c) to investigate the band origin and the nature of
explicitly considered spin—orbit interaction betwe®y) and  initial excitation,S,«+S,; and(d) to build a qualitative pic-
T,. It was shown that spin—orbit coupling is very important ture of the global photodissociation dynamics as a competi-
for the ground state dissociation into the HMN() tive process between the three exit channels involving mul-
+CO(*2 ) products at high temperature. The first excitedtiple PES's.
singlet,S;, was also discussed.
Since the first excited single§;, is the only optically !l METHODS OF CALCULATION
accessible electronic state in the dissociation threshold re- \ye yse the Dunning double zeta basis set with a set of
gion, the initial system dynamics will occur on this state.g.polarization functions on the heavy elements with expo-
Early works, such as those of East and AlfeR} considered  nents 0.75C), 0.8(N), and 0.850), respectively, and a set
vertical excitations 1, from S in the Franck—Condon re- of p-polarization functions on hydrogen with exponent %0.
gion. Small-scale CASSCF methods were used to predicthis basis was augmented with a set of diffssndp func-
excitation energies and to locate stable structureS;on tions on C, N, and O with exponents 0.0438, 0.0639, and
More rigorous work or; was performed quite recently (0845, respectively, and a diffusefunction of hydrogen
by Stevens etal. in our group?® Using CASSCF yjith exponent 0.036°
(12e/100)/DZP  geometry optimization followed by For geometry optimizations of stationary points on the
CASPT2 and MRSDCI/DZP single point calculations, thefive-dimensional HNCO hypersurfa¢eonstrained to planar-
geometries and energies of the intermediates, transitiofy) and for qualitative energetics, we used the complete ac-
states, and products & were calculated. It was concluded tjve space self-consistent-fisf@ASSCH method®* For sev-
that there existed a low, 500-600 Ch reverse barrier on  eral critical planar structures, the energy was tested
S, to the HN(*A) +CO(*= ") exit channel. TheS, barriers  numerically with respect to small changes in the torsion
to the less endothermic-HNCO(IT) channel were found to  angle. The present CASSCF calculations are all state-specific
be much higher in energy. Klossikatal®* used the andC, symmetry constrained unless noted otherwise.
MRSDCI/TZP method with a (1®90) reference space to The largest CASSCF active space we used consisted of
map a 3DS; PES. This reference space was supposed tall the valence orbitals except thes Zone pair of oxygen.
exclude the lone pairs and COis and o* orbitals, and a Hence, 14 electrons were distributed among 12 molecular
reference selection threshold 0.05 of ClI coefficient was aperbitals resulting, on the average, i85 000 configuration
plied. However, the authors mentioned that the PES was naitate functions. This nearly full valence 420) active
smooth at certain regions, and this was probably the cons&pace proved to be totally consistent throughout the entire
quence of inconsistent active and reference configuratioPES, even in the asymptotic region, and therefore should be
spaces. Nonetheless, their results are quantitative in sonzgequalitatively reliable reference for a dynamically correlated
regions, and their calculated reverse barrier of 550cto  calculation. As a check for consistency we performed calcu-
HN(*A) +CO(= ™) exit channel agrees very well with the lations on the products separately and in the supermolecule
available experimental value. approach. The resulting geometries and energies came out to
As suggested by experiments, several electronic statdse identical. A smaller active space g200) was also used
are involved in the dissociation dynamics following excita- in the present calculations. Qualitatively, €/200) excludes
tion. The strongest competition is believed to take place fothe CO (o,0*) pair. The expense of CASSCF(&200)
Sy/S; surfaces when photon energy has just exceeded chamsas much smaller than that of CASSCFéI®o0), so that
nel [3] threshold?? Another competition is suggested to in- approximate stationary points were always located first with
volve theS, /T, andS, /T, pairs for dissociation to channel this small active space, and later all the structures were re-
[1].22%5 Although not observed directly, the other tripl@;,,  optimized with CASSCF(1&/120) and labeled as
can also participate in the dissociative proc&dsone of the “CASSCF” throughout the paper unless noted otherwise.
above theoretical studies addressed extensively to the nona- To recover the dynamical correlation, we performed
diabatic transitions between various states. single point calculations with the internally contracted mul-
In addition, the questions of initial excitatioS;«S,, tireference second-order perturbation thedGASPT2.%°
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TABLE |. Energies of dissociation limitén kcal/mol, with respect to the minimum on the ground st&&M ), calculated with various methods and taken
from references.

Method B3LYP
\ PT2-FV EOMCC MRSDCI B3LYP wZPE  UMP2 CASSCF  Expt.
Channel™~.CASSCF  PT2-FV  PT2-86 /PT2-86 EOMCC  w.ZPE Ref. 20  Ref.26 Ref. 26 Ref.27  Ref.29  Ref 42

(1] 64.3 77.8 71.6 79.6 72.8 67.1 93.9 88.3 90.0 86.0

[2] 99.8 108.4 99.8 108.7 109.14 101.8 109.4 1135 105.5 101.0 109.7

[3] 109.9 119.6 117.9 120.8 123.7 1108 96.9 1222
Two reference spaces used for CASPT2 were the/(Rb) In order to obtain dissociation transition states with the

active space described above, and ae(Q8), which is  dynamically correlated PT2-FV and PT2-86 levels where the
(14e/120) excluding % lone pair on nitrogen and and o™ gradient is not available, we used a “walking” technique,
of CO. Both reference spaces were constructed from thassuming that the distance of the bond being broken is the
same CASSCF(%¥1120) orbitals and gave very similar en- reaction coordinate. Although this technique could in general
ergetics. All electrons except the core and tlsddhe pair of  lead to a false transition state or reaction pathwyshould
oxygen were correlated in the CASPT2. This method withbe acceptable for dissociation pathway where the reaction
the (1G/90) reference space will be referred to as “PT2- coordinate clearly remains to be this bond distance. We per-
FV.” These correlated calculations are also assumed to bformed such calculations by optimizing the other coordinates
constrained tdC4 unless stated otherwise. with PT2-86 and obtaining single point energies with
Since only numerical gradient with CASPT2 was avail- PT2-FV and PT2-86 for a few selected dissociation transi-
able, we used an additional small reference to perform getion states.
ometry optimizations with CASPT2. That reference con-  The electronic structure method described above,
sisted of only 8 electrons in 6 orbitals, and the resultingcoupled with the D95 +(d,p) basis, is not of spectroscopic
method is labeled “PT2-86.” The consistency of PT2-86 quality but should give a qualitative picture of HNCO poten-
energies depends on the consistency of the/@® active tial energy surfacesAb initio quantum chemistry packages
space, which, in turn, is very much dependent on geometryMOLPR096.4%° GAMESS96?° and ACESIf! were used to
We found that the (8/60) active space is pathologically perform calculations in this study.
inconsistent on going from one region on the potential en-
ergy surface to gnoth'er', and this |nc0nS|stepcy is most P'%, RESULTS
nounced near dissociation. In other words, if we scanned a
dissociation path along some coordinate, we would face a Before results are presented, we need to define a spec-
discontinuity of several kcal/mol in the energy curve. Thus,troscopic notation for the electronic states of interest. The
we have to be cautious about PT2-86 energetics. Howeveground electronic state, YA’ (in C5, 1A in C,), is re-
the optimized geometries are less prone to be affected by tHerred to asS,, and the first singlet excited statéA”(2 1A)
active space, and we define another version, labeled “PT2s referred to asS;. The lowest triplet, FA”(13A), is re-
FV//PT2-86" of single point CASPT2 energies at the ferred to asT,, while the 13A’(23A) is labeledT,. There
PT2-FV level for the PT2-86 optimized geometries, which isis, however, an ambiguity associated with this notation,
our best estimate of single point energy. Unfortunatelynamely, in the case of symmetry-allowed conical intersec-
PT2-FV and PT2-FV//PT2-86 calculations proved to be toations. In theCg plane, for examples, is allowed to cross
memory—and time-demanding for all triplets and someS,;, andT, is allowed to crosg,, but as soon as the sym-
structures on single surfaces. We report these energetics foretry is lowered toC,, the degeneracy is lifted, and the
most of the important structures, and hope that PT2-86 erelectronic state iC; symmetry changes character fr&yto
ergy will mimic the higher level methods for the rest of the S; or T, to T,. This certainly complicates the picture, but

structures. unless we specifically mention any conical intersection, we
In the special case of nonplanar geometries, i.e.Cfpr assume the abow€-based notation.
symmetry, we used CCSPand EOM-CCSP’ methods in Dissociation products, or channels, are labeled, as shown

part because of the greatly increased computational cost fan Introduction, simply according to their energy. Thus, the
CASPT2. Additional difficulties were caused by conver-lowest energy channel HX(S ~)+ CO(X 13 %), is channel
gence problems in CASSCF. However, we managed to cal-l], whose energy relative to the global minimum-s8
culateC, geometries with CASPT2 for very small displace- kcal/mol in PT2-FV vs experimental value of 86 kcal/mol.
ments out of plane for the purposes of checking out-of-plandhe next lowest dissociation chandél], H+NCO(X ?I1),
stability. For the regions o, with HN or CN bonds elon- has the PT2-FV energy of108 kcal/mol vs that of experi-
gated as compared to the global minimum structure, we useaient of ~110 kcal/mol. The next dissociation chanrd],
two-determinant reference for CCSD to account for theHN(aA)+ CO, has a relative energy 120 kcal/mol at
open-shell singlet character. We used these coupled-clust®T2-FV vs experimental estimate of122 kcal/mol. The
techniques mainly for vibrational analysis in the Franck—above experimental values for dissociation energies are taken
Condon region and for determination of surface crossings, asom Ref. 42. Implicitly considered is another dissociation
will be discussed later. limit, HN(A3I1)+ CO. Table | and Fig. 1 summarize the
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isomerization TS, and the coordinate about which the
isomerization occurs. For examplg,l yyc means isomeriza-
tion TS onT; via HNC rotation.

A. Stable structures and isomerization transition
stateson S,, S;, T,, and T, PES’s

Optimized geometrical parameters of minima as well as
isomerization transition states on various states are summa-
rized in Fig. 1. Their energies are given in Table Il. All the
energies reported are relative to the global minimumSgn
PES,STM, unless mentioned otherwise.

The 3 PES.The global minimum of HNCO on th&,
PES,S,TM, has an almost linear NCO moiety and connects
to channel¢2] and[3]. Its most important valence electronic
configuration is
(4a/)2(5a/)Z(Ga/)2(7a/)2(1a//)2(8ar)2(9a/)2

X (2a")%(10a’)°
in the order of increasing energy. The highest occupied MO
(HOMO), 2a”, is the out-of-planer orbital with a high den-
sity on the nitrogen, and the lowest unoccupied MO
(LUMO), 10a’, is the CO in-planer™ orbital. The present
CASSCF, PT2-86, and CCSD structures agree well with ex-
perimental and previous theoretical results. Although other
isomers of HNCO onS, exist?® they are separated from
SoTM by high barriers and are not considered in the present

study of isocyanic acid photodissociation.
The § PES.This PES also connects to chann?$ and

FIG. 1. Geometriegin A and deg of fragments and stationary points of [3] and is one of the targets of our investigation since the
HNCO on the four PES’s. Plain numbers correspond to CASSCF, hollow tqnjitial stages of dissociation dynamics take place on the first

PT2-86, italics to CCSD/EOMCC, and bold to experiment. The states con-__ . - . .
nected adiabatically to these fragment channels are shown in curly bracketg.XCIted singlet. Initially prepared 08, the system is pro-

References for the experimental values are as follows. Chafieisd[3]: moted by a UV photon to the lowest optically accessible
Ref. 51. Channg2]: Ref. 52.5,TM: Ref. 53.5,TM andS,CM: Ref. 1. electronic stateS;. The character o5, S, excitation is

represented by & —10a’ one-electron promotion and in-

volves significant changes in geometry. As shown in Fig. 1,
results on dissociation fragments. The overall agreemerthe CN bond stretches appreciably, and the NCO angle
with experiment, where available, is good as far as structureshrinks leading to eithecis or trans isomers on theS; sur-
(bonds and anglesare concerned. Unfortunately, the ener-face. At the PT2-FV//PT2-86 level, the plang&TM and
getics are only in fair agreement with experiment. The mosS,CM lie 84.7 and 88.2 kcal/mol, respectively, ab&gM .
discomforting discrepancy occurs for chanijél] energy. The trans isomer is 3.5 kcal/mol more stable than tbis
The calculated PT2-FV value underestimates the energy by 8omer. Our previous MRSDCI calculatidiisalso showed
kcal/mol. The agreement is better for the higher-lying chanthat thetransisomer is about 4 kcal/mol lower than thes.
nels. These errors for channel energetics should provide abhe lower of the two minimaS; TM, is bound with respect
estimate for error bounds on the global potential energy surto channel[2] by 24.0 kcal/mol and to channg8] by 36.1
faces. Thus, we expect the energy error associated with olical/mol at the PT2-FV//PT2-86 level, which are deviated
CASPT2 methods to stay within 2—8 kcal/mol region. Theonly as much as 1 kcal/mol from our previous MRSDCI
CASSCF error may vary more, and we will try to avoid results?® 23.3 and 37.1 kcal/mol, respectively.
relying on the CASSCF energetics. Constrained t&C5 symmetry,S;,TM andS;,CM are con-

The transition states and minima are labeled according taected via two rotational isomerization transition states,

the symmetry of the electronic state, the geometry of theS |, nc and S;lyco, Whose energetics at PT2-86 level are
structure, the number of imaginary frequenciddmag at 114.7 and 129.9 kcal/mol, respectively. PT2-FV puts the
that geometry(M for Nimag=0 andT for Nimag=1), and lower of the two,S;l ync, at 117.2 kcal/mol. These isomer-
the dissociation channel number, if any. Th@&CM indi- ization transition states represent the in-plane rotation of the
cates thecisminimum on theS,; surface wherea3 TT2 HN and CO bonds, respectively. The lower of the two may
indicates thetranstransition state on thd, surface that play an important role in dissociation dynamics, as will be
leads to dissociation to chanr]d]. Isomerization transition discussed later. The numerical PT2-86 geometry optimiza-
states have similar naming, i.e., the state, the indicltr tions were very inefficient for isomerization transition states,
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TABLE II. Energies of stable structures and isomerization transition statelscal/mol, with respect to the minimum on the ground st&3,M ),
calculated with various methods.

Method B3LYP
PT2-FV EOMCC MRSDCI CASSCF  B3LYP w.ZPE Expt.

Structure~_CASSCF  PT2-FV  PT2-86 //PT2-86 EOMCC w.ZPE Ref. 29 Ref. 29 Ref. 26  Ref. 26  Ref. 31
S, ™ 90.8 82.0 84.7 81.6 79.8 86.1 87.3 83-93
S,CM 93.0 88.8 86.3 88.2 90.1 92.1

Silane 1272 117.2 1147 120.0 120.8

Silnco 133.8 129.9 1319 1344

T,T™M 84.0 79.2 75.6 715 75.6 84.6 826

T,CM 91.4 85.5 814 85.2 83.1

Tilgne 120.0

Tilnco 134.5

T,T™M 106.6 95.5 99.2

T,CM 99.4 90.4 90.4

Tylpne 108.5 98.0

TaInco 151.6

and so we only report CASPT2 single point energies at opat 71.8 and 71.2 kcal/mol, respectively, with a very low
timized CASSCF geometries for such structures. isomerization barrier connecting the two structures. It was
We applied EOM-CC method to optimize several struc-found that the inclusion of ZPVE put the isomerization tran-
tures in out-of-plane geometries. Figure 1 also comparesition state below the ground vibrational level and smeared
EOM-CC, CASSCF, and PT2-86 structures of minima, andout the vibrational wave function over the two isomers, and
their energetics are given in Table Il. EOM-CC/D9% the existence of two distinct structures was purely symboalic.
(d,p) calculations suggest th&,TM and S;,CM are not PT2-86 geometry optimizations showed thiagTM was non-
stable inCg symmetry and both lower their energy and con-planar with the dihedral angle of 137°, while;,CM was
verge towards a 110° dihedral angle structure, labeledound to be planar. Unfortunately, the geometry of the con-
S;TM _C,. Without zero-point vibrational energfZ PVE),  necting barrier could not be determined due to convergence
S;.TM_C, is at 81.6 kcal/mol, 3 kcal/mol lower than the problems in geometry optimizer. Based on Mebel's DFT re-
PT2-FV//PT2-86C; value. With ZPVE this minimum is at Sults, we presume that this barrier is small.
79.8 kcal/mol. Here, the most disturbing discrepancy is that ~ Similar to the planar singlets, the tripl€ isomers are
S,TM andS;CM are stable with respect to out-of-plane mo- connected by rotational transition stat€glnc andTlnco,
tion at CASSCF and PT2-86 levels of theory while they areWith CASSCF energies of 120.0 and 134.4 kcal/mol. How-
unstable at the EOMCC level. An additional EOMCC calcu-€Ver, as maintained above, neither is thought to be the lowest
lation with a larger basis setc-PVTZ* at the geometry transition state for isomerization and will not be further dis-
optimized with EOMCC/D95- +(d,p) constrained toC;,  cussed in this section.
showed that botltis and trans planar isomers are actually The T, PES.The higher-lying triplet isT,, whose most
stable with respect to small torsional displacements. FurtheiMmportant electronic configuration is £9),(10a"), achieved
more, single point EOMCC/PVTZ calculation at the geom-PY @ %’—10a’ one-electron excitation fror§y, where &’
etry optimized at EOMCC/D95+(d,p) level destabilized is qualitatively an in-planer-type orbital of NO.T, connects
S,TM _C; by 7 kcal/mol unraveling a very inconsistent be- channel [2] and HN(A®IT)+CO. Two planar isomers,
havior of the EOMCC method. Therefore, we will try to rely 12TM andT;CM, were found on this PES. Their CASSCF
only on PT2-FV and PT2-FV//PT2-86 energetics, ande€nergies are 106.6 and 99.4 kcal/mpl, respectively. PT2-FV
CASSCF and PT2-86 geometries in the discussion of dissddiVes the energy of the more stable isomer at 90.4 kcal/mol.
ciation dynamics. An experimental assignmentSafmini- A very low |som¢r|zat|qn j[ransmon state was found to con-
mum including ZPVE is~93 kcal/mol! as shall be dis- nect the two minima. Similar t&, andT,, it represents the
cussed later. hydrogen rotation about the CN bond. Labeled ¢, it
The T, PES.This PES, connecting channgti] and[2], lies only 2 kcal/mol above the highetrans i_somer a_t_
has been investigated extensively by Mebel and co-workerSASSCF level. Also found was an oxygen rotation transition
using density functional theoR?. T, comes from the same Stat€T2lnco, @ppearing much higher thar yyc. The im-
electronic excitation a$, but with a spin-flip. At PT2-FV pprtancg of the .Iower transition state will be addressed in the
level the lowest planar isomers afeTM and T,CM being ~ discussion section.
79.2 and 85.5 kcal/mol above the ground minimum. Their
structures are very similar to the correspondigstructures, » L
since both states have the same most important electron NI;?nSSg[IP)r]féa(t)esc?\gnn;l Ei; N—C bond fission into
configuration (2")(10a’). As is also expected, the triplet is '
slightly lower in energy than the singlet for the correspond-  The structures of the optimized transition states for bond
ing isomer. fission channels are shown in Fig. 2. Their energies are sum-
Mebel et al. found two nonplanacis andtransisomers  marized in Table IlI.
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C. Transition states on Sy and S; for N—C bond
fission into HN (a'A)+CO, channel [3]

The ground stat&, PES exhibits a dissociation transi-
tion state,S;TT3, whose energy at CASSCF level is 110.7
kcal/mol, with a reverse barrier of only 0.8 kcal/mol. This is
a very late transition state with CN bond of 2.5 A, indicative
of long-range HN& *A)- - - CO interactions. A van der Waals
structure may exist after the barrier, but we did not search for
one. Despite the presence of the small barrier at CASSCF
level, PT2-FV//PT2-86 shows that there is no distinguishable
exit barrier onS, to channel[3]. The fact that this TS is so
low, or nonexistent, will prove to be important in under-
standing the dissociation process.

Two dissociation transition states have been foun&pn
PES, namelyS,TT3 and S,CT3. Stevenset al?® estimated

@1=@ SyTT3 8,CT3 the reverse barrier height at the low®TT3 to be between
8657 1932 1 and 2 kcal/mol. Klossikat al 3 derived the reverse barrier
C 91A@ of ~1.4 kcal/mol. From PT2-86 calculation we also con-

clude that it should be slightly above 1 kcal/mol, as shown in
: 10 Table Ill. S,CT3 is predicted to be-3 kcal/mol higher than
Qﬂ S, TT3. The CN bond is approximately 2 A, suggesting an
higt ® earlier exit barrier on th&, PES, in contrast to the very late
barrier atS;TT3. Experimental assignment of the reverse
FIG. 2. Geometrie§in A and deg of dissociation transition states for chan- barrier height is 1.3 kcal/mgf-4?
nels[1], [2], and [3]. Plain numbers correspond to CASSCF, hollow to
PT2-86 and italics to CCSD/EOMCC. The dashed lines indicate the bonds
being broken. D. Transition states on Sy, S;, T4, and T, for H-N
bond fission into H +NCO(X2II), channel [2]

117.1
158

et

L.164

This dissociation channel, open for all the four electronic

Previously, only a few theoretical studies reported thestates, is rich with transition states. TBe surface has two
channel [1] dissociation transition state on thd, HN bond fission transition stateS, TT2 andS;CT2, located
surface?®***°Mebelet al,?® for example, calculated the bar- in Cg at 130.7 and 117.4 kcal/mol, respectively, at PT2-86
rier height to dissociation of 10.1 kcal/mol, and the reversdevel. It has been shown before that tbis exit barrier is
barrier of 4.4 kcal/mol, at the B3LYP/6-3116p) level of  substantially lower thatrans?®3° This conclusion is consis-
theory. The present CASSCF estimateTeT T1 relative en-  tent with the present calculation. PT2-FV calculation puts the
ergy is 87.2 kcal/mol, which gives the forward barrier of 3 lower of the two transition states-2 kcal/mol above the
kcal/mol and the reverse barrier of over 20 kcal/mol. ThePT2-86 energy, yielding the reverse barrier of 11.3 kcal/mol.
transition stateT,TT1, has an elongated CN bond, but the This estimate of the reverse barrier height agrees well with
other parameters do not change much compared to the plankiossikaet al° value of 12.9 kcal/mol, but it is several kcal/
T,TM. PT2-86 changes CASSCF estimates drastically locatmol lower than Stevenst al*® estimate. The two transition
ing the energy off ,TT1 at 83.4 kcal/mol yielding the for- states are characterized by an elongated HN berid5 A,
ward barrier at 7.8 kcal/mol and the reverse at 5.8 kcal/molwhich is significantly longer than the free HN bond. The
Here, PT2-86 agrees favorably with the B3LYP results. NCO angle increases appreciably, indicative of NCO free

TABLE Ill. Energies of dissociation transition statés kcal/mol, with respect to the minimum on the ground st&fM ), calculated with various
methods.

Method B3LYP
PT2-FV EOMCC MRSDCI CASSCF B3LYP wZPE  Expt
Structura~_CASSCF ~ PT2-FV  PT2-86  //PT2-86 EOMCC  w.ZPE  Ref.29  Ref.29  Ref. 26 Ref. 26  Ref 42
T,TT1 87.2 83.4 96.6 927
S, TT2 134.1 1307 142.0 140.4 133.0
S,CT2 122.8 1196 117.4 129.7 123.0 126.7 130.0
T,TT2 134.1 1283
T,CT2 1213 116.3 1214 1147
T,TT2 1492 141.4
T,CT2 127.8 116.9 129.4 1237
S,TT3 1107
S,TT3 1177 119.0 120.8 1236
S,CT3 121.8 122.0 124.1
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radical formation. The CASSCF geometries are in good

agreement with Steveret al. smaller scale CASSCF calcu- B,
lations. EOMCC, on the other hand, yields the CN bond 0.1
A longer and the NCO angle 20° larger, indicative of a later
transition state.

The T, PES also exhibits two dissociation transition
states,T,;TT2 and T,CT2, with geometries very similar to MSX
those ofS,. The CASSCF energy of thas structure is very
close to the result of Mebadt al?® At PT2-86 level the re-
spective energies for the two transition states are 128.3 and
116.3 kcal/mol and the reverse barrier heights are 28.5 and
16.5 kcal/mol, respectively.

Finally, we have found two dissociation transition states Ei
on T, surface,T,TT2 andT,CT2. Structurally, theT, tran-
sition states differ fronS; or T, conformation by a larger
HNC angle and a slightly shorter CN bond, as seen in Fig. 2. (B)
PT2-86 does not significantly change the overall qualitative MSX
picture of the CASSCF energeticB,CT2 is the lowest bar-
rier to channel[2] with T,CT2 being only 0.6 kcal/mol
above it, followed byS,CT2 0.5 kcal/mol higher. The re- E,
verse barrier heights at PT2-86 level are 41.6 and 17.1 kcal/
mol for the respectivd, structures.

No dissociation transition state was found on 8yesur- FIG. 3. Schematic 1D representation of two states crossing. Assuming that
face. The dissociation pathway is energetically uphill all thethe crossing pointshown by the dotis an MSX, the two gradients are
way to the dissociation product. This result is consistent withparallel(A) or antiparallel(B).
recent experimental observations on charj@élproduct en-
ergy distributiorf*?

A)

giMSX) = | h| g2(MSX)

g21(MSX) =-| h | g;(MSX)

property, where the energy gradieritte negatives of the
forceg of the two crossing states are proportional, ig.,
The electronic states presented here were obtained ashg,;.*® If his positive, the two gradient vectors are paral-
eigenstates of the adiabatic, Born—Oppenheimer basis. Thug], i.e., the two PES’s cross like Fig(®) in the 1D cut
the electronic wavefunction is allowed to change characteralong the energy gradient. lifis negative, the two gradients
i.e., mix with other states, depending on the nuclear coordiare antiparallel and the two PES'’s cross like FigB)3 The
nates. Such mixing often results in radiationless transitionsnost important consequence of these gradient relations is
from upper to lower adiabatic state. The probability of such ahat a nonadiabatic transition should be more favorable for
transition depends on the relative energies of the two stateparallel gradients than for antiparallel due to the simple 1D
their gradients and magnitude of the nonadiabatic couplingrguments of the Landau—Zener model. We located MSX’s
element between the PES'’s. A perturbation treatment sugetween the states of our interest with the SEAMode
gests that the transition is dominated by the crossing, i.eemploying CASSCF energies and gradients as well as those
when the two PES’s have the same energy. In nonrelativistiof EOMCC. At the CASSCF and EOM-CCSD geometries,
treatment, states of same multiplicity are coupled via thespin—orbit coupling matrix elements between a singlet and a
derivative coupling tert® while states of different multi- triplet were calculated with the smaller CASSCF using
plicity are not coupled. However, in relativistic treatment, GAMESS96.
different multiplicites can couple via the spin—orbit The optimized MSX structures and the gradient vectors,
operator?’ For first row elements, the spin—orbit interaction g, and g;, are shown in Fig. 4. Their energies and key
is very small, resulting in a coupling element being muchgeometrical parameters are shown in Table IV.
smaller than the derivative coupling term. Therefore, in the /S, seam.The S;/S; seam is easier to find in planar
present system, we treat ti®/S; and T,/T, couplings, geometries where it allowed by symmetry. Usi8g T3 ge-
better known as the internal conversi€), as much more ometry as a starting guess, CASSCF yielded3f&s; MSX
efficient nonadiabatic transitions than t&e/T; couplings,  structure,5S,TX, with a very elongated CN bond of 2.57
known as the intersystem crossifi§C). A, as shown in Table IV. In fact, the MSX was found with
The seam of crossing between two states with the samiine C—N separation that was larger than thaB¢fT3. This
space and spin symmetry can occur in up @& dimen- MSX was somewhat concerning because it is almost in the
sions, while that between states with different space or spiasymptotic region. As a measure of qualitative correctness,
symmetry occurs in up tor87 dimensions, whera is the  we performed a series of 2D PT2-86 scans, with only the CN
number of atoms in the system. The lowest point on the searand NCO coordinates varied while the other parameters were
of crossing hypersurfacéMSX) is a critical point which fixed atS;TM. The approximate MSX floated well inside all
gives the minimum energy requirédeglecting tunnelingto  the channe[3] exit barriers orS, andS; with the CN bond
make transition between the two states. The MSX also hasaf 1.9 A. The calculated crossing point was located energeti-

E. Minima of the seam of crossing between PES’s
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FIG. 4. CASSCF energy gradientshown by arrowsat minima on seams
of crossing(MSX'’s). For theT,T,TX, for instance, the gradient for the first
state T, is shown in the figure, and the relationship betwdgnand T,
gradients is given by an equation. F8S, MSX’s which are not fully

optimized(see text, the EOMCC gradient on th§, state is shown.

HNCO photodissociation 5011
(anti-)parallel. Nevertheless, they appeared aligned, suggest-
ing a close presence of the true MSX. TBggradient was
found to be about an order of magnitude larger than that of
S, . It points towards shortening the CN bond and straight-
ening the NCO moiety.

We did not attempt to findS;/S; crossing with a
stretched HN bond sinc&, does not have a barrier, whifg
shows high barrier along this coordinate. Similarly, we did
not search extensively in the Franck—Condon region as the
two states are expected to be far apart energetically. In fact,
we believe tha§,S;TX and §;S,CX are the only low-lying
MSX’s in the energy region available after 217—230 nm pho-
toexcitation.

As soon as the molecule breaks the planar symmetry, the
two singlet states will avoid crossing, resulting in a
symmetry-allowed conical intersection. Formally, the upper
sheet of the conical intersection should®e and the lower
should beS,, but since all the MSX'’s found here were con-
strained toCg symmetry, the original labeling will be re-
tained.

T,/T, MSX. The other case of internal conversion that
was considered i,/T, coupling. Once again, the search
for the MSX was constrained to planar geometries to ensure
a symmetry allowed crossing, /T, transseam of crossing,
T,T,TX, was found near the#zans minimum onT, PES; in
fact, the MSX is very similar tor ,TM for both CASSCF
and EOMCC.T,T,CX could not be found with CASSCF,
but was located with EOMCC at 4 kcal/mol beldwT,TX.

Both MSX’s are in the Franck—Condon region and occur
below channel$2] and[3]. Similarly to S,/S;, we continue

cally near channgf2] threshold. The more accurate CCSC to use the original labeling of states.
(Sp)/[EOMCC(S,) surface crossing determination found two
Sy/S; approximate MSX structuresve could not converge
exactly to an MSX due to multireference characteGgand
consequent failure of CCSD The trans MSX structure
SSiTX is lower than thecis S;S,CX and is located at 89.4
kcal/mol and well below channe]&] and[3]. The CN bond

for both of these MSX’s is relatively short;1.7 A.

/T, MSX. Intersystem crossings were calculated in a
similar manner. Minima on seams of crossing were located
with CASSCF and EOMCC while spin—orbit coupling was
calculated using the small-scale CASSCF wave function.
S,/T, seam of crossing has been investigated bediigne
MSX was identified to occur beforg;TT1 and 2.5 kcal/mol
(ZPE included below channe[1]. CASSCF presented here

As a consequence of nonconverged MSX, the gradientbcates the MSX just past the TS on the triplet surface and at
of the two states for eithercis or trans were not

the same energy ab,;TT1 (~23 kcal/mo) above channel

TABLE IV. Energies(in kcal/mol, with respect to the minimum on the ground st§&M ) and geometrieéin
A and deg of MSX’s calculated with various methods. CCSD/EOMCC numbers appear in italics.

Structure CASSCF EOMCC H-N N-C c-0 HNC NCO
SS.CX 95.6 1.045 1.628 1.173 101.8 124.6
S8 TX 89.4 1.036 1.755 1.160 105.0 126.0
T,T,CX 102.4 1.004 1.336 1.224 134.9 126.7
T, T,.CX 91.5 1.021 1.324 1.226 128.9 126.4
T, T,TX 106.6 1.014 1.274 1.300 135.4 117.1
T T,TX 95.6 1.007 1.275 1.282 135.7 117.8
ST1CX 91.2 1.047 1.590 1.191 102.6 120.7
SeT1TX 87.2 1.047 1.749 1.168 100.4 121.7
STiTX 81.9 1.035 1.577 1.189 103.8 115.9
S,T,CX 118.5 1.349 1.298 1.308 97.4 1335
ST, TX 130.0 1.369 1.294 1.265 105.0 148.6
S,T,CX 100.9 1.031 1.334 1.229 126.0 127.2
ST,CX 93.6 1.025 1.328 1.222 122.9 128.5
S,T,TX 106.7 1.016 1.279 1.298 131.4 118.2
ST, TX 96.1 1.010 1.283 1.275 130.9 119.3
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[1]. EOMCC lowers the energy d&T,TX by 5 kcal/mol tional minimum ofS;; it is, rather, some vibrationally ex-
and shortens the CN bond by almost 0.2 A. CASSCF locatedited mode. In the future we plan to solve for exact bound
SoT1CX at 91 kcal/mol with a somewhat shorter CN bond. vibrational states and perform assignment of the spectrum.
SyT1CX was not found with EOMCC. Spin—orbit coupling Previously it was found that the electronic dipole transi-
element at the geometry shown in Table IV~45 crm L. tion moment is very much geometry dependent with strong
S,/T; MSX. Other important intersystem crossings in- preference towardstrans conformations® The present
volve S; /T, coupling. There were located two minima on small-scale CASSCF calculations agree with this conclusion;
S,/T, seam of crossing with CASSCFS,T,CX and after excitation the system will most likely end up intrans
S,T,TX. The lower of the twoS;T,CX, is 118.5 kcal/mol geometry onS; with not only strongly bent NCO angle, but
above the global minimum and is characterized by elongatedlso with a stretched CN bond. Nonetheless, there will be a
HN and CO bonds. At CASSCF level it occurs below all thestrong competition between the electronic dipole transition
barriers to channgPl] but above channgB]. Its counterpart, moment and the vibrational wave function overl{&panck—
S,T,TX, is significantly higher in energy, has shorter CO Condon factor. The detailed analysis of the vibrational lev-
bond but slightly longer HN bond. The magnitude of spin—els on theS, state requires multidimensional PES and corre-
orbit coupling for these two structures is of the order of 1sponding multidimensional vibrational wave functions. This
cm L. Note that S;/T; coupling is much weaker than will be the subject of a further study. Based on these theo-
Sy/T41. These MSX's were not located with EOMCC as theretical results and experimental findings, we qualitatively
two states climbed high on the repulsive wall of the CN bondconclude that, after excitation 8 at energies beloj2] and
but never approached each other closer thdnkcal/mol. [3] dissociation thresholds, the system is likely to be found
S,/T, MSX. §/T, intersystem crossing has also beenin highly excited vibrational states in thians part of theS;
studied. Two distinct minima of crossing3;T,CX and PES. At excitation energies around chanf@] threshold,
S,T,TX, were found with CASSCF 08, /T, seam of cross- i.e., slightly above the lower isomerization barrier on $e
ing. Both of these structures are very similar to the corresurface, the system would still prefer th@ans region, but
sponding minimaT,CM andT,TM. The two MSX’s were the vibrational wave function would not be localized to this
found with EOM-CC as well; their respective energies are 94egion and will sampleis configuration as well.
and 96 kcal/mol. Spin—orbit coupling calculations showed
that the strength of interaction & andT, at the MSX’s, B. Photolysis near the channel [3] threshold
~39 cm'l, is much larger thars, /T, and comparable to

In this section, we will consider the mechanism of
that of Sy/T5.

HNCO photodecomposition near the energy of chafBgl
fragments. The potential energy profiles for pathways lead-

IV. DISCUSSIONS WITH COMPARISON TO ing to channe[1], [2] and[3] are shown in Figs. &), 5(B),
EXPERIMENT and 5C), respectively.
Direct dissociation to [2] on $ Consider that starting

from the ground vibrational level 0&,, the system is pro-
moted to highly vibrationally excite®; and has an energy
Up to date there is no well-established experimentahear the channgB] threshold. Having overcome the isomer-
value of the energy of thé&, minimum. Reisler and co- ization barrierS;lync ~1700 cml, and having sampledis
workers, for example, estimate the upper bound to-d€0  configurations, HNCO may have enough energy to pass
kcal/mol®® A more recent experimental study by Crim and S;CT2. Even though this would lead to a direct dissociation
co-worker$® addressed the excitation spectrunBSgé—Sy in -~ on'S; to channe[2], the experimentally estimated barrier is
more detail. The lowest transition that they observe directlyseveral kcal/mol highef In addition, experimental implica-
is 94.6 kcal/moP! It should be mentioned that they find a tions are such that at the excitation energies being discussed,
yield of channe[1] products at this excitation energy. How- channel[2] decomposition time scales resemble more an in-
ever, they estimate the band origin, i.e., the energy of théernal conversion rather than dire§{ dissociation. More-
S,(v=0)«Sy(v=0) transition, to be 92.8 kcal/mdt,based over, two high-levelb initio calculationé**°also place the
on a simulation of spectral peak progressions. Such a differs; exit barrier a few kcal/mol above the present PT2-FV
ence between observed and simulated transition energies éstimate. Thus, at present, we will not insist that direct dis-
understandable in view of the fact that the 0—0 transitiorsociation onS; to [2] is possible at the energies near channel
should be very weak due to a poor Franck—Condon overlap3] threshold. A more accurate calculation will be needed to
betweenS, and S, vibrational wave functions, caused by answer this question unambiguously.
very different geometries 0§, and S; minima. Our best S,—S internal conversion and dissociation og ® [2]
theoretical estimate of the band origin is 89.8 kcal/iftol  and [3]. Instead of sampling the possibly energetically un-
the planarS,TM at the PT2-FWavtz w/o diffuse dff/  availableS; exit barrier to channdl2], the system may con-
PT2-86 level without ZPVE, and 87.6 kcal/mol with ZPVE tinue to evolve orS;, sample the regions whef crosses
[ZPVE at EOMCC D953 +(d) level for Sy and S;] com- S, and make an efficient nonadiabatic transitiorSgp Two
pared with the previous value of 86.1 of Stevensl?® We  near minimum energy points & /S, crossing hypersurface
suspect that at present oad hocmethod largely underesti- are §;S;TX and §S;CX, as shown in Figs.®), and §C).
mates the true band origin, but our key conclusion is that th€learly, the system has enough energy to reachSh&,
first observed peak of the spectrum is not the ground vibraerossing hypersurface. Having made a transitiors§o the

A. One photon excitation of ground state Sp: The S,
«— S, spectrum
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FIG. 5. Possible dissociation pathwdysth the energy
ordinate in  kcal/mdl into (A) HN(X33")
+CO(Xx*), channel [1], (B) H(X?2S)
+NCO(X ?IT), channel [2], and (C) HN(a'A)
+CO(X=*), channel[3]. (A) and (C) are as func-
tions of the N—C distancén A) and(B) is as functions

of H=N distance(in A). Short horizontal bars indicate
energies of structures depicted nearby. Solid lines con-
necting bars correspond to triplet PES’s while dashed
lines correspond to singlets. Arrows indicate the direc-
tion of dissociation pathways on a given PES. Notation
for MSX's has been shortened to “statel/state2” to
save space.
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system will find itself in a highly vibrationally excited state involvement of torsional degree of freedom may strengthen
of Sy with most of the energy stored in the CN stretch, asthe interaction by lowering the symmetry of both wave func-
follows from the geometries and gradients &S, TX and tions.
SeS,CX in Table IV and Fig. 4. Th&, gradient at the seam Stevenset al. argued that if the N—H stretch energy is
of crossing along the CN bond is attractive, much larger tharocked in that mode theg;| e Would probably be energeti-
and parallel to that 08, , and HNCO may readily, without a cally unavailable for the reactioii.Although the initial H—N
barrier, proceed o, to form channe[2] products with the  stretch onS,TM, where NCO part is almost linear, is a good
excess of 10 kcal/mol distributed in translation, vibration,vibrational quantum number, it may become highly mixed
and rotation of the products. The gradient®on theS;/S;  with HNC and NCO angles 08,. Consequently, the energy
seam is such that the NCO part tends to straighten out givings no longer locked in the HN mode and the system can
little push to hydrogen, which would explain the small recoil easily access th&,l, e isomerization barrier and various
anisotropy of hydrogen atom imag&sDisfavored by gradi-  MSX's in cis geometries. Some quantum or classical dynam-
ent and the smaller phase space but having the availablgs calculations are needed for more quantitative argument.
energy, a smaller fraction of molecules will proceed to dis- Competition between nonadiabatic pathwagdter the
sociate onS, into products[3] making up the smaller yield  efficient S, /S, internal conversion, the system will compete
observed experimentally. _ _ betweenS, /T, ISC and dissociation 0/,. The energeti-
S—[3] and its competition with $-+%—[3]. Reisler  ¢aly available SyT,TX is the minimum point onS,/T,
and co-workers observed that at energies just ad@le ¢rossing space, and, in fact, it is very similartgTT1 with
threshold, the product recoil anisotropy of chanf8difrag- 5 shorter CN bond. The gradient @, however, is much
ments is very weak whereas at energies slightly exceedingm|ier than that 0§,. The S;T,CX structure, on the other
the S; exit barrier to[3] the anisotropy of the products is hand, has a much largdt, gradient, and it is parallel with
substantially highet? We find that the lowest exit barrier on S,. Also, thecis crossing point is only~4 kcal/mol higher
Si, STT8, is ~430 cm * above the asymptote, as Shown in i+ thetrans counterpart, so the system may prefer tie
Fig. 5(C). The most reasonable explanation to this anisotropy. ;i rations to make the transition. After the transition, it
effect is the competition 08, and S, surfaces. At energy .., nroceed to dissociate to chanf with 40 kcal/mol in
below S-LTTS' as discussed in the above paragraph, HNCOexcess. But ISC is a much less probable occurrence than IC,
can only d|§somate 08, to for”_‘ channe[3_] product_s P'€"and this is the reason why chan#] products are observed
wousl;_/ having overcome .IC‘ Sln_ce th'erg IS no barriersgn . F\t much smaller quantities than the other fragments. The pro-
and since IC |r_npedes dlreqt dissociation, the system W”posedSl—>So—>Tl—>[1] dissociation pathway is consistent
evolve slowly without appreciable torque. On the other handvvith Reisler’s findingg? Based on product recoil anisotropy

at energy just abov&,TT3, the direct dissociation 0%, .
wins the competition, and the system can fall apart very fas?nrgggti ntsst,eth?natlr:gori_f_uggﬁs]t tr;at\:“j\t\:re ggisn:gti?qe ei?]elnter
experiencing strong internal forces on t8e surface. This . ~° b oot P Y- . 9
explanation is in accord with Reisler's argument. lifetime of the intermediate, they propose that it musiSge
Enhancement by iniial HN stretch excitation: which is clearly evident from our calculations. Intuitively,
S,—T;—[2] pathway. Crim and co-workers investigated the we can conclydg that chanridl] pro ducts should appear.at
any initial excitation wavelength with almost a constant yield

dependence of yield to chandél] on the initial excitation of . . .
the HN stretch at total energies around chaniig] since channdll] andS, /T, crossing are located at relatively

thresholcd??5 They found that the production of chanrel] low energy. This_ conclusion_is in agreement vxéith the experi-
fragments is enhanced by a factor of four compared to isoerM€Ntal observation on H_NE )+CO products’
ergetic excitation with vibrationally cold HN stretch. None of the MSX's involvingS, /Ty, $,/T;, So/Ty,

In view of the present calculations we can suggest thé"d T1/T2 couplings has strong repulsive gradient ©n
following two factors for explanationl) As argued before, 2long the HN bond. This situation is likely to cause a com-
both cis and trans configurations onS, surface can be Pefition between channgl] and channef1] dissociation on
sampled at the excitation energies near chafsighreshold. ~ T1- Examination of theT, gradient ofS, /T;, S/T,, and
Thus, theS, /T, cis MSX (S;T,CX) should be available to T,/T, seams of crossing shows that it is repulswe along the
the systentransis too high. At this MSX the HN bond is CN coordinate, which produces a strong drive towards chan-
significantly stretched, as seen in Table IV. The initial vibra-N€l [1] products. Hence$,—T;—[1], $;—T,—T,—[1],
tional energy in the HN stretch will help the system to reachand S;—So—T;—[1] will dominate nonadiabatic dissocia-
this MSX. (2) The gradient orl; at this MSX is strongly tion unless the HN mode is excited. Thus, we believe that
attractive along the HN bond and parallel $9, as can be When Crim and co-workers prepa$g initially excited in the
seen in Fig. 4, and even though the system is energeticallfN mode, they predetermine efficient dissociation to chan-
above T,CT2, the attractive gradient may try to pull the nel [2] and automatically reduce the yield of chaniil
system into theT; minimum and not allow to dissociate Products. This reduction, however, should be relatively small
freely to channe[2] products. Hence, additional energy in as the main path for channi] is expected to be thg,/T,
the HN stretch would promote the system to the stretcheéhtersystem crossing. In addition, the ratio of yief@$/[3] is
HN bond regiorand provide the necessary push to dissociateexpected to be greater than unity for the excitation energy
HNCO into H and NCO. Even thoug®, /T, electronic cou- being discussed, due to the greater number of openings that
pling is very weak(largely due to symmetry reasonshe lead to product$2] and electron spin statistics.
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C. Photolysis at energy substantially exceeding S,—[3] (if enough energy excitation
channel [3] )
an

At higher excitation energies the barriers to all the chan-
nels are exceeded. In this situation, a different type of chan- S;—S—[3].
nel competition should be expected. SifSehas a strong  Channel[2] mechanism is substantially more involved:
repulsive gradient along the CN bond and a small gradient _ _
along the HN bond, preference should be given to the direct St~ So—[2];  (HN quanta+S,—T,—[2];
dissociation onS,. In fact, as the excitation en_ergy_in- S,—T,—[2] and S;—T,—T;—[2].
creases, the yield to channd] with a lower barrier will ) ) ) o
increase and that of channgd] with a higher barrier will Finally, the system is suggested to dissociate into chdrrfel
drop. As long asS,/S, internal conversion remains efficient, @S follows:
the yield to channg[1] should not vanish. Very similar ar- S, S—T—[1];, S$—T,—[1]
guments were used in photofragment imaging experinfénts. q
In the present work we have not investigated the rol&of an
and the higher-lying exit channels. Obviously, they will be- S, —T,—T;—[1].

come important at high excitation energies. . L . .
'mp 'gh exciiat g At higher photoexcitation energies chanrél] is ex-

pected to be dominant while chanijél] is expected to drop
V. CONCLUSIONS rapidly. Products of channgll] are expected to appear at

. - . any excitation wavelength.
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