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Photoinitiated decomposition of HNCO near the H  +NCO threshold:
Centrifugal barriers and channel competition
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The decomposition of jet-cooled HNCO is investigated near theNBO channel threshold
[Do(H+NCO)=38370cm?]. Dissociation to H-NCO at energies 17-411 c¢rh above
Do(H+NCO) proceeds on the ground potential energy surfé&&g, (apparently without a barrier.

The rotational state distributions of the NOOfI1;,00'0) fragment are well described by phase
space theory(PST), provided that dynamical constraints are included. These constraints are
associated with long rangd—7 A) centrifugal barriers, which are significant even near threshold
because of the small reduced mass of MCO, and result in a fraction of energy deposited in
fragment rotation much smaller than predicted by unconstrained PST. The influence of orientation
averaging on the attractive, long-range part of the potential is discussed, and it is argued that angular
averaging with respect to the center of mass of the rotating polyatomic fragment results in a shift in
the effective potential origin, accompanied by an attenuation of the magnitude of the potential
compared to its value for fixed H—N distance. Following iniG(*A")—Sy(*A’) excitation and
internal conversion t&,, HNCO(S;) decays both via unimolecular decomposition of NCO and
intersystem crossing to the dissociative first triplet st&iefyielding NH(X 33 )+ CO product$

The competition between the two processes is interrogated by monitoring changes in the relative
yields of NCO and NHX 3% ") as a function of excitation energy. It is concluded that near
Do(H+NCO), the Sy— T, intersystem crossing rate is several-fold faster than theNBO
unimolecular decomposition rate. ®9399 American Institute of Physics.
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. INTRODUCTION K(E)=(T(E))#=2m(v)2p:(E)/A, (1)

S'tudles of photoinitiated unlmolgcular react.lons havewhere(l"(E)) is the average decay widtty) is the average
contributed greatly to our understandlng of chemical Chang%oupling matrix element, ang(E) is the final-state density
at the most fundamental Ievel._ Examlnatlong, Of_ the N€arot states. The average rate of a unimolecular reaction evolv-
fchreshol_d region have been particularly revealing in 'dem_'fy'ing via vibrational predissociation is given by TS theory as:
ing barriers, symmetry and angular momentum constraints,
the nature of the transition staf€S), fluctuations, and quan- k(E)=N'(E)/hp(E), 2)
tum interference effects.® In addition, the importance of
weak mixings among zero-order states, incomplete intramowhereN'(E) is the number of open channels in the TS, and
lecular vibrational redistributioilVR), the “goodness” of  p(E) is the density of states of the excited complex.
selected quantum numbers, and changes in the density of In this paper, we examine the threshold region of the
states have been critically examined in the thresholdinimolecular decomposition of jet-cooled HNCO on the
region®~8 In molecules with large density of states, IVR is ground state %), as well as the competition between de-
usually complete, and state-to-state fluctuations and quantug®@mposition to H-NCO and intersystem crossingSC) to
interference effects naturally average out. In such case&he lowest triplet stateT;). The absence of fluctuations in
treatments of the dissociation using TS theories to calculatthe product state distributions, the simplicity of modeling an
the average rates and product state distributions have provétomtlinear fragment dissociation by statistical theories,

quite successfui;® even at the level of correlated product and the large number of NCO rotational levels populated
distributions?1° even at low excess energies make this system attractive for

In a rate description, the average transition r&&), examination of dynamical constraints in the exit channel of
from a discrete state to a continuuor quasicontinuugncan  barrierless dissociation.
be described using Fermi's Golden Rule: The photoinitiated unimolecular decomposition of
HNCO following S;(*A”)—Sy(*A’) optical excitation leads

. . to three product channels:
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In what follows, NH(X 33 ) and NH(@A) are denoted by |
3NH and !NH, respectively. Dissociation to channel Il has
received considerable attentibit?? Earlier studies at high @
photolysis energy193 nm concluded that products accrue
via direct dissociation on the excit&]( *A”) state potential
energy surfacéPES.*® The quantum vyield for this channel
was measured over a broad excitation energy rahtfeand
the possibility to affect the yieldrelative to the yield of
channels | and I)lby implanting vibrational excitation in the s
molecule prior to the photolysis step was demonstratdd. (b) NH
was also established that near its threshold, channel Il disso-
ciation proceeded not directly d&;, but rather via internal
conversion(IC) to S, followed by unimolecular decomposi-
tion on'S,, apparently without a barriéf"2 The barrier on

S, to channel Il dissociation was found by both experiment
and theory to be at least 8000 ¢chn above

Do(H+NC0).2°-??inewidths neaD o(H+NCO) are of the (© ho}:rvnoLIF
order of a wave number, corresponding to an IC time scale of P

few picosecond$**® Fragment angular anisotropy measure-

ments indicate that the appearance times ¢M™NCO exceed

10 ps}6,19,20

Recently, we proposed that the pathway to channel | , , ,
following S; excitation isS;—Sy;— T4, at least up to the 38200 38400 38 600 38 800
opening of channel 1If° Thus above Dy(H-+NCO), Excitation laser frequency (cm™)

HNCO(Sp) can decay via two competing pathways, one in-FIG 1. (&) The NCO photof  vield . btained in the bhot
. : . - .1.(a) The photofragment yield spectrum obtained in the photo-
voIvmg ISC to the d|SSOCIatIVé'l surface, and the other dissociation of HNCO by monitoring th€,; bandhead(low J) of the

coupling to the channel Il dissociative continuum 8§.  (0¢P0—000)A 25 *—X 2IT transition. Arrows mark the peaks where com-
Here, we present evidence that near the channel Il thresholdiete LIF spectra of the NCO fragment are obtainés). The 3NH vyield
the rate of formation ofNH+CO is several-fold faster than spectrum obtained in the photodissociation of HNCO by monitoringhe
the rate of formation of HNCO. We also compare the ro- branch of theA 3T1—X 33~ transition.(c) Two-photon excitation spectrum

. | state distributi fNCG ducts at il- of Jet-co_ole_d HNCO neab,(H+NCO) obtained via th§1<—50 transition
tational s a e distributions o {I3) products at avai by monitoring NCQA— X) fluorescence as described in Ref. 14.
able energieg,,,=17—-411 cm? aboveD ,(H+NCO) to the
predictions of phase space the¢BST).2%% Stringent angu-
lar momentum constraints due to centrifugal barriers in théhe NCO LIF spectra(the Q-branch bandheaglamay be
long-range part of the ground-state PES are revealed. Owinglightly affected by saturation. Fluorescence is collected with
to the small reduced mass oftHNCO (u~1 a.m.u) and the /1.5 optics and detected by a photomultiplier tube in the
small rotational constant of NCOBfco=0.39cm?),%®  400-500 nm range using appropriate glass fiteihe SNH
these constraints are clearly manifest even in the vicinity ofproducts are detected via te’[1— X 3%~ transition using
the threshold. the frequency-doubled output of a Nd:YAG laser pumped

dye laser, as described previou8ly.
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Il. EXPERIMENT

The experimental arrangement used in the Iaser-induceltllll' RESULTS AND ANALYSIS

fluorescencéLIF) pump—probe experiments employed here  Figure 1 presents the NCO photofragment yield spec-
was described previoushy:?®Isocyanic acidHNCO) is pre-  trum nearDy(H+NCO), and compares it to spectra obtained
pared and purified following published procedutésand  previously by monitoring théNH fragment and the HNCO
seeded in a 30:70 He:Ne mixture at a typical pressure of 76fluorescence induced by two-photon excitattdr® The lat-
Torr. The expansion-cooled HNCO has a rotational temperater is proportional to the HNCO absorption spectrum. The
ture T,o~10 K. The counterpropagating pump and probe la->NH yield spectra were obtained by monitoring tA€Il
ser beams are collimated to2 mm diameter, and intersect —X 33~ Q, bandheadthe largest peaks in thtNH frag-
the jet at~5 mm distance from the 0.5 mm nozzle orifice. ment LIF spectracorresponding to rotational levells>6. In
The delay between the pump and probe lasers pulses is setthe NCO yield spectra, th&,; bandhead of the NCO
50 ns. HNCO is photolyzed near the channel Il thresholdA 23 "« X 2I15,(00°0-00'0) transition (low Js) was
(~260 nm with typical pulse energies of 1-2 mJ using the monitored®® Vertical arrows indicate excitation energies at
unfocused output of an excimer laser pumped dye laser. which NCO photofragment LIF spectra were obtained. Tran-
The NCOX 2I1,,,) products are probed by laser-induced sitions originating from the second spin-orbit state of NCO
fluorescencéLIF) via theA 23t — X 211 transition®® usinga  (i.e., the®I1,, state, which lies 94.8 ciit above the ground
second excimer laser pumped dye laser at 50 ns pump—proBH 5, stat§ were not monitored.
delay. To minimize saturation effects, the probe laser pulse Yield spectra of NCO were also obtained by monitoring
energy is kept a5 wJ. Still, the most intense features of the (030 w237, (030 w2A, and (100%I15, vibrational
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states of NCO near their respective threshétd$he LIF
signals associated with both the bending and the stretching @
vibrational levels appeared at their respective energetic
thresholds exhibiting no noticeable constraints, contrary to
the conclusion of previous worR.However, hot-band exci-
tation in the previous 300 K experiments might have affected
the measured NCO distributions, and an incorrect value for
the channel Il threshold was used in the analysis. ®)
The LIF spectra of NCCGH1,,,00'0) fragments at spe- =
cific excitation energies were compared to stimulated spec- ~ mmmmmTTTTII QP
tra, in which the rotational level populations were calculated
by PST?*24 The simulations were carried out as follows.
First, the rotational level energies in tAe’>* and X 2I15,

hv - Do(H-NCO) =411 cm’
~ PST:b,, =4A

N

21 —

rMrrrrrrrrrrrrrrrrrorrT
R+Qa

PST: b,,,, = 504

states and the corresponding spectral line positions were 27y 22800 22820 22340
calculatec?® Second, PST was used to obtain the rotational Probe laser frequency (cm)
level populationg;?>%*taking into account the parent HNCO 4

angular momentumlyyco, and the rotational excitation en-
ergy resulting from the finite temperature in the molecular
beam(10 K). Third, the level populations were multiplied by
the corresponding rotational line-strength factors to yield line
intensities?® Finally, the calculated spectral lines were con-
voluted with the Gaussian laser line shape of 0.25 tm 22780 22800 2820 22840
width. Probe laser frequency (em™)
in he m red N rotational excitations wer

| S tf(:e the di ?adsubed COt O.tatg Pa _ée %tellto s we %IG. 2. (@ The solid lines are the experimental LIF spectrum of
ower than predicted by unconstraine See oe _0")4 W€ NCO(I,,;000) obtained via the (J0—000) A 2S*— X 2II transition
applied two methods to constrain the model distributions. InatE,,=411 cm™. The triangles mark the corresponding peak heights for a
the first approach, we used a single fit parameigy,, rep-  simulated spectrum in which the rotational populations are calculated with
resenting the largest allowed impact parameter for the sep&ST using the impact-parameter constraint wiif,=4 A. (b) Simulated

. pectrum of NCO at the sante,,, obtained using unconstrained PST to
rating H and NCO fragments. In the second approach, w@G Tt b T o an) The sold lings are the experimental
employed the centrifugal barrier restriction to describe the r spectrum of NCORIl,,;00'0) obtained atE,,=17 cnit. The tri-
constraint. angles are the corresponding peak heights in a simulated spectrum in which

The impact parametds is related to the orbital angular the rotational populations are calculated by PST usipg=7 A.

momentum quantum numbkrof the separating products by:

hv - Dy(H-NCO) = 17 cm”'
~ PST:b,, =7A

(uvb)?=A%L(L+1), (3 a question arises regarding the accuracy of this value and its

wherev is the relative velocity of the separating products Ininfluence on the derived fit. We find that adequate modeling
y P gp " of all the NCQ00') LIF spectra in the rangeE,,

the constrained PST calculations, we did not count phase 17—411 cr® can be achieved by using a single value of

space'(]x L) cells with a quantum numbér corresponding bw=4 A, provided the [H+NCO) threshold energy is
to an impact parametdr in excess obmax. lowered by 20cm®. However, the appearance thresholds

hot?)rllosvivsn(;rrlgrlg. ﬁ?lls(:%ea';g\z IELZ sce]eacr:;uerpur etﬁfégﬁglgt and rotational distributions of the other monitored vibrational
b Y gy "levels near their respective thresholds cannot be modeled

The triangles on.top o.f_the.measurgd peaks represent trWell when Do(H+NCO) is reduced by more than 7 ¢rh
calculated peak intensities in the simulated spectrum ob:

. : = i ) Note also thaDy(H+NCO) was derived from the spectrum
tained usingbn.—=4 A. Figure 2b) presents a simulated . _. . .
. . in Fig. 1(a), and the quoted error bars include the uncertainty
spectrum for the samg,,, but with no impact parameter . L
. = . in the absolutelaser wavelength calibration. On the other
constraint by.=50 A). Clearly, the impact parameter re- . . ) : )
o . Y . X hand,E,,, is arelative quantity determined over a relatively
striction is essential for achieving a satisfactory fit.

. : narrow wavelength region, and therefore its accuracy is
Figure 2c) displays the NCO fragment LIF spectrum_much higher than the accuracyDf,. Pursuant to the above,

recorded with the photolysis laser parked at the first peak N (H+NCO)=38370 cm ™ was used in the present model-
the yield spectrum in Fig. 1, which corresponds Eq, ingj P

= _l i 1 I i -

17.c_m S Agam., the filled trlangle§ represent the peak "~ The second approach to restricting the rotational state
tensities in the simulated spectrum; however, the best fitis. . . . . . . fE
achieved withb,,,=7 A. The other spectra obtained at the dlstr|_but|ons Is based on_the centrnfugal b_arner cgnst nt.

max : In this model, the effective potential for interaction of the

photolysis Energies indicated by. arrows in F!ga)lare best separating H and NCO fragments is assumed to be given by:

modeled by usind,,., values which progressively decrease

from 7+1 A for E,=17cm? to 4+0.5 A for E,, Ce H2L(L+1)

=411cm L% Ver=V(r) +V (R)=——+——, 4
Since the available energy for the spectrum shown in r 2pR

Fig. 2(c) is within the error bars reported f@y(H+NCO),  where the first(attractive partV(r) is defined by the long-
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FIG. 3. The NCOfII,,,) rotational populations that best fit the experimental
LIF spectra shown in Fig. 2. The populations are calculated by PST using al
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composition of HNCO takes place on a barrierless PES and
evolves via a fairly loose TS. Sinc®— T, ISC constitutes
an additional decay route, time-resolved measurements alone
cannot provide a good test of statistical decomposition, and
the knowledge of product state distributions is crucial for
revealing the nature of the TS. Thel0O ps time scale, in-
ferred for decay or,,%° is sufficiently long for complete
IVR in the parent. The rotational distributions are subject to
severe dynamical constraints even though the PES is barri-
erless. This is not surprising, since the orbital angular mo-
mentum constraint is stringent in reactions involving hydro-
gen bond fissiorismall reduced magsThe constraint can be
characterized either by la,,,« parameter, or by a parameter
associated with a centrifugal barrier, with both approaches
reflecting the same dynamics.

For HNCO—H+NCO, angular momentum conservation
requires that

Junco=Incot L+ Sy, (5

whereJynco andJyco are the total angular momentum vec-
tors of the parent HNCO and the NCO fragment, respec-
tively, and S, is the electron spin of the atomic hydrogen
fragment. Since botlyco and Sy are smallJyco must be
predominantly counterbalanced by the orbital angular mo-
mentum L of the recoiling fragments. Close to

impact-parameterk,,.,) constraint(squaresand a centrifugal-barrier con- Do(H+NCO), the highest energetically accessibig:o in-
straint[Eq. (4)] with Cg=4Xx10""8J nf (triangle$ at parent HNCO rota-  creases rapidly witk,,,. For example, for 10 K HNCO only
tional temperature, T,,=10K. The available energies aréd) E,s  rotational levels up tdlynyco=6—7 are significantly popu-
=41lcnt’, and(b) Eqy=17 cm ™. lated, while atE,,=200cni %, the highest energetically ac-
cessibledyco is 22.5. Thus large values &f(L ~Jyco) are
range part of the Lennard-JongsJ)) potential describing the required by Eq(5) for the formation of NCO in rotational
Sy PES a|0ng the H-NCO reaction coordinate, while the cenlevels close to the energetic maximum. On the other hand,
trifugal “force” is responsible for the repulsion tery (R).  high Jyco levels are correlated energetically with small
Note that the two terms depend on different coordinates: ifranslational energieemall v), and therefore the associated
V(r), r is usually associated with the length of the breakinglargeL values can mandate unphysically large values of the
chemical bond, while iV, (R), R is the distance between impact parameten. One way of eliminating such unphysical
the centers of mass of the products. Equatingnd R is  Phase-space cells from the PST state count is to employ a
correct only for diatomic dissociation, while in polyatomics, dynamical by, restriction, as described in Sec. lll. The
the position and height of the centrifugal barrier depend orfimulated NCO LIF spectrum shown in Fig(a@ was ob-
the relative orientation of the fragments, complicating thetained withb.,,,=4 A, a distance characteristic of a van der
PST state count. Here, we assume diatomiclike dissociatiod/aals-type interaction rather than chemical bonding. This is
and use Eq(4) with r=R; this approximation is further also atypical location of a loose PST-like TS. Notice that the
scrutinized in Sec. IV and in the Appendix. constraint limits Jyco to <20.5, substantially below the

In the PST calculations, phase space cells for which th&aximum valuelyco=34.5 allowed by the energetics.
centrifugal barrier height exceeds the available translational  To achieve a good fit closer @y(H+NCO), by, must
energy of the fragments are not counted, andG@gecoeffi-  be increased up to 7 A. Assuming that the TS is located near
cient in Eq.(4) is the only fit parameter. We find that all the the top of the dynamical barrier, the increasebjp, is as-
experimental spectra in the rangg,=17-411 cmlcan be sociated with the loosening of the TS as the threshold is
well fit using Cq=(4+2)x 10 ®JnP. Figure 3 presents a approached, which is a general characteristic of barrierless
comparison between the two restricting models that fit théinimolecular reactions? The large by, values obtained
experimental spectra displayed in Fig. 2; clearly, the differ-nere for values oE,,<400 cm * suggest that the dynamical
ences are insignificant. barriers can be attributed to the centrifugal “force” in Eq.

(4), and therefore their heights and locations should depend
IV. DISCUSSION onlL.

Several approximations and assumptions are made in the
PST calculations that include the centrifugal barrier con-
straint: (i) the H-NCO potential is taken to be isotropic with

The good fit of the NCO rotational distributions to the respect to the relative orientation of the fragments, and
constrained PST model indicates that the unimolecular de=R is assumed in Eq4) (diatomiclike dissociation (ii) the

A. NCO product state distributions
1. Dynamical barriers
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long-range attractive part of the potential is described by a 12
single term—C¢/R®, whereR is the distance between the (a)
centers of mass of the fragments; afiid) no interaction 10 1

between the fragments is assumed beyond the TS, which is
placed at the top of the centrifugal barrier, i.e., a channel is 2
considered closed if the product c.m. translational energy is =
smaller than the height of the centrifugal barrier for the cor-
respondingd_.

Assumption(i) needs to be reconciled with the anisot-
ropy of fragment interactions. One approach, particularly 5
suitable for barrierless dissociation, involves transforming 0
the isotropic potential/(r) into the angle-dependent poten-
tial V(R, 6) followed by averaging with respect to the orien-
tation angled. Since an underlying assumption of PST is that
the entire phase space is sampled when the TS is loose, ori- _~
entation averaging is a sensible approach. In the Appendix,
we suggest a simple expression for the orientation-averaged
1/r® potential. For HCNO, the existence of several bound
structural isomerge.g., HOCN, HCNQ with equilibrium
energies belowDy(H+NCO) should make the interaction 50
potential appear more isotropic on average.

Despite the apparent crudeness of the pseudo-diatomic 0
approximation, we are able to model all the NCO LIF spectra
at E,y=17-411cm?! by using Cg=(4*2)x10 "8Jnf.
This value is comparable t6=1.76x10 ®Jnf obtained g, 4, Calculateda) locations andb) heights of the centrifugal barrier as
for hydrogen fission from ethylerfe,and to Cgq~3 a function of the orbital momentum quantum numberfor the effective
%10~ 83 nP that best fits the distributions of the hydrogen Potential given by Eq() with Cg=4x10""J .
channel in theS, dissociation of formaldehyd®.

It is uncertain to what extent the success of the single-
parameter fits results from the validity of the assumptionsandr, are not the same, at eaéh,, the value ofr,, aver-
As discussed in the Appendix, a pseudo-diatomic form Ofaged ovelL, rough|y Corresponds tbmax- As shown in F|g
V(r) can describe rather well the long-range part of the po4(a), for Cq=4x 10 "8Jnf and L=8-15 the maximum of
tential, while failing at shorter distances. Since it is the long-v  is located ar ,=3-4 A, while for L<4 it shifts tor,,
range potential that is most important for a loose, PST-like=6—-12 A. This is comparable to the changekip,y with
TS, the success of the pseudo-diatomic approximation mag, , (4—7 A), if we recognize that low.-values contribute
be a reflection of the mere geometrical fact that at long rang@ear the dissociation threshold, while highHewalues are
r~R. The value of theCq coefficient given by using the necessary to compensate for hifif.o at higher excess en-
approximate treatmeEq. (4) with r=R] is about a factor ergies. This interpretation is in accord with the barrierless
of 2 larger than what would be obtained with an angle-nature of channel Il dissociation.
averaged potentidlsee Appendix Also, we recognize that In Fig. 4(b), we also show the calculated centrifugal bar-
the simpler ~® dependence used to model the-NCO in- rier heights as a function df. Notice that even for small,
teraction is an oversimplification. For example, in otherthe barrier height is several wave numbésee inset and
radical—radical systems the long-range part of the PES isinceL~J (J=Jyco), Ver(ro) Soon exceeds the fragment
often more attractive than described by the LJ potehfial. c.m. translational energyE,=E,,—E; [where E;=BJ(J
Nevertheless, it is clear that a centrifugal-barrier constraint in+- 1) is the rotational energy of NG@]. Thus for HNCO
PST is essential for a correct description of the NCO rotathe outer(rotationa) TS may play a significant role even at
tional distributions. relatively high available energies. This is in contrast to the

It is not surprising that theb.,, parameter and unimolecular reactions of other polyatomic molecules.,
centrifugal-barrier approaches lead to similar fragment rotaNCNO, CHCO, and NQ) for which the reduced mass is
tional distributions, because both models reflect the samkarger, and both calculations and experiments indicate that
physical reality. In both cases, phase space is restricted ®xcept very near the threshold an inifeibrationa) TS de-
exclude interactions between the fragments beyond a limittermines the reaction rate>®3Note, however, that due to
ing separation. In thé,,,, approach, the cutoff distance is inter-fragment exit-channel interactions, product rotational
used as an arbitrary fitting parameter. The centrifugal-barriedistributions are always more sensitive to thater TS lo-
approach lends a dynamical interpretation to the limitingcated near the top of the centrifugal barrier. For example,
separatiorry, which is defined as the location of the top of product rotational distributions often do not differ signifi-
the centrifugal barrier, and is therefore a functionLofThe  cantly from the predictions ofinconstrainedPST, even
strength of fragment attraction is treated as an adjustablehen the rates indicate that the TS has tightetfetf.As
parameter, which in turn affects the valuergf While b,,,, ~ stated above, in the case oftllCO the small reduced mass
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and small NCO rotational constant lead to significant cen

trifugal barriers even at low excess energies. 05
0.4
\ A
2. Average rotational excitation in constrained PST 03 = .
Additional insight into constrained PST can be obtained
by considering approximate analytical expressions for the ™ 021
highest populated product rotational levdl,,,, and the
fraction of E,, channeled into product rotationf,y
=(E,op/Eay- In what follows, we consider the general case 0.1
of decomposition into an atom and a linear fragment anc
apply the results to HNCOH+NCO. We assume thafi) 0 ' ' ' '
0 10 20 30 40 50
the parent angular momentumdg~ 0, and therefore Ed5) b (A)

dictatesJ~L, whereJ is the rotational quantum number of
the linear fragment, andii) J,.,>1, i.e., E,, is not too  FIG. 5. The fraction of available energy channeled into NCO rotatigp,
. =(E;op/Eay, calculated by PST as a function of the limiting impact param-
small. From Eq(3), we obtain, eter,b.«. The calculations were carried out f&r,=400 cm * assuming
5212 ~u 2,22 4232 (6) Jinco=0 (squaresandT,,= 10 K (triangles. Note the fast decrease fi,
max max max at b <20 A. The spin-orbit multiplets of NCO are suppressed in these

Substituting calculations.
, 2B 2
v :7:;[Eavl_BJ(‘]+1)]' (7 Jmax: Whereas the shape of the distribution remains unaf-
. _ _ fected, then(E,y) is still given by Eq.(10), and together
with J=J,,,2 1 into Eq.(6) gives: with Eq. (8), we obtain:
abfaEau E ab?
\]ﬁ]axm#’ (8) frot:< rot) _ max__ (11)
( a max) Eavl 3(1+abmax)
where For H+NCO, whenab?,>1 (i.e., bpn>6.5A), fo=1/3
a=2Bu/h2. 9 (the  unconstrained _ vallie whlle. for bpa=4A,
® © fot= 0.09—a substantially lower fraction.
For H+NCO, a=2.35x102 A~2, and the uncon- A more accurate value fdr,, can be obtained by explic-

strained valuel o~ (E.,/B)Y? is reached only fob,., ity using constrained PST to calculatg,,) without assum-

>20A. In contrast, whenb,,=4A (e.g., for Ey, ing a flat P(J) distribution; the results foE,,=400cni*
=411cmY), Eq. (8) gives Jyna=0.5(E,,/B)Y2=17.5, in  are shown in Fig. 5. In these calculations, the spin-orbit split-
good agreement with the experimental distribution shown irting in NCO was suppressed and two cases were considered:
Fig. 3(@). Thus forE,,~400 cn?, only half of the energeti- T, (HNCO)=10K (with Jynco UP to 6—7 substantially
cally allowed NCO rotational states are populated, indicatingpopulated and J,;nco=0. Both calculations gave similar re-
a severely constrained distribution even at the large impadfults, as well as the corresponding calculations gy,
parameters typical of a loose TS. =100cm L. Again, f,, is decreased from a limiting value of
We now derive the dependence ff; on byay. Inun-  ~1/3 forb,,,>20A to ~0.1 forb,,,=4 A, in good agree-
constrained PSTi.e., in the limit ofb,—), the probabil-  ment with Eq.(11).
ity of producing a linear product in rotational stateP(J), _
is constant up to the energetic lindll,,, (for a given NCO  B- The intramolecular decay of HNCO

vibrational level, irrespective ofg,,. Therefore, the aver- 1. pecay pathways near the H +NCO threshold

age product rotational enerdin the limit J,,1) is: Although theS, (*A”") — So(*A’) spectrum of HNCO has
Jmax not been fully assigned and its band origin is still unknctn,
(Erop= I 1 E BJ(J+1) preliminary analysis indicates that most of the observed
Jmax = spectral features belong ta, progressions; i.e., the NCO
1, bending vibration is the most Franck—Condon active
fo BI(J+1)dI~7 BInax (10 mode®®3*-%¢ At low excitation energies, the spectrum ap-
pears regular, exhibiting-type bands with well-resolved ro-
(for a fragment whose lowestquantum number is 1J2For  tational structuré®?®3* However, some of the bands are
unconstrained PSBJ3,,~E.,, and we obtairf ,=1/3, as  broadened in all their rotational states, while others exhibit
expected when the motions during dissociation are conwhat appears to be state-specific perturbatt6g.
strained to a plan& Channel | is open at all the excitation wavelengths stud-
For constrained PST,,., iS expressed in terms d&,, ied, and the pathway to its formation, at least up to the chan-
andb,,.y, as given by Eq(8). If we assume thaP(J) is still  nel Il threshold, has recently been identified 85— S,
constant(that is, the constraint affects only the value of —T;—3NH-+CO2° As seen in Fig. 1, théNH yield spec-

max
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trum is very similar to the two-photon LIF excitation spec- tionally to k,,(E), while the yield of channel [Eq. (12)]

trum of HNCO* In addition, noS,— S, fluorescence is ob- nearD,(H+NCO) will be largely unaffected by the opening
served. Thes;— S; coupling matrix elements for IC can be of channel Il.

estimated from the linewidths observed in fti¢H yield or In the experiment, théNH signal[Fig. 1(b)] does not
HNCO LIF excitation spectra. Assuming strong coupling for decrease rapidly above the channel Il threshold, as compared
IC compared to the subsequent decay proce@&ssbeloy,  to the two-photon LIF spectrum of parent HNGBig. 1(c)].

the spectral linewidths reflect mainly tSg— S, decay rates. The 3NH rotational distributions do not vary significantly
For bands with well-resolved structure, i.e., most of thewith excitation energy over the energy range of Fig. 1, and

bands excited at photolysis energies well belowtherefore the relative peak heights in fieH yield spectrum
Do(H+NCO), the homogeneous widths ared.8cm !, cor-  [Fig. 1(b)] reflect the total yield of channel .

responding to Iifgtimes>6 ps, or couplin.g matrix elements The NCO photofragment yield spectruifig. 1(a)] was
<0.01cm* (using S, V|br30n|c density of states of obtained by monitoring only theQ;;-bandhead of the
~1000/cnt* at 38 000 cm?).*’ 00°0-00'0 transition, and it is not straightforward to convert

Near Do(H+NCO), most bands no longer exhibit a the spectral intensities to total NCO yields. Even though the
well-resolved rotational structurlé,indicating that theS; Q,-branch is congested, its bandhead constitutes only a
lifetime in this region is<6 ps. State-specific effects are still fraction of the total intensity of the NCO LIF spectrum. This
manifest in the linewidths of the vibronic bantfsapparently  fraction decreases considerably with excitation energy as a
reflecting the existence of promoting modes®n(although  result of the fast rise in NCO average rotational excitation
some influence of the accessed dark levels cannot be rulegith increasingE,, (Fig. 3. In addition, the second spin-
ouy. Near the channel I threshold, IVR o, should be orbit state of NCO (the 2I1,, staté opens up atE,,
complete, and IC should be essentially irreversible. =95cm’}, and its yield increases with,,. Consequently,

On Sy, we use a rate description to treat the competitionhad Y, (E) been constant, the observed peak heights in Fig.
between ISC and the decomposition te-NCO, and assume  1(a) should havalecreasedubstantially with increasing.,y,
thatS, decay is decoupled from the preceding IC. The rate otompared to those in Figs(d) and Xc), which is obviously
channel | is controlled by the ISC rate, since only a modeshot the case. This is a qualitative indication tNa{(E) in-
barrier onT; (~1500 cmY) exists in this channéf and the  creaseswith energy, as anticipated whéaqsc(E) >k n(E).
region neaiD,(H-+NCO) is >6000 cmi * above this barrier. We estimatedY, (E) using the following procedure.
Thus onT, dissociation to channel | should be prompt. TheFirst, from the simulated NCO fragment LIF spectra at the
branching ratio between channels I and Il will depend on theexcitation energies indicated by arrows in Figa)l we de-
ratios of their specific ratefgiven by Eqgs.(1) and (2), re-  termined the ratio of th€,; bandhead intensit{integrated
spectively at each photolysis energy. over the 0.2cm?! bandwidth to the total integrated LIF

spectrum. This ratio defined a spectral calibration fa&or
We then normalized the measured NCO peak heights at each
2. Competition between dissociation to H +NCO and E.u to the corresponding absorption peak heigtdster-
SNH+COo mined as the average of ti&lH yield and the two-photon
HNCO LIF peaks in spectra such as those in Fig.Bach
: élormalized experimental peak height was then divided by
the correspondin® value to give the estimated relative yield
of NCO(*I15,). Using this procedure, we estimate that the
NCO vyield in the regionE,,=50-100cm? is a factor of
2-3 smaller than in the 350-400 chrange. In the limit

Several observations related to the NCO dNdH pho-

decay rates to channels | and (ily no abrupt decrease in the
3NH yield is observed as the-HNCO channel opensii) the
increase in NC@I1,,,) yield with E,,, scales roughly as the

HNCO unimolecular decomposition ratsee belo . . ) oL
un . POSIt { W Gil) kuni(E)<<kisc(E), this increase iy (E) with excitation en-

even ~5000 cm ! above Do(H+NCO), the 3NH yield is foota the | - the rate of the unimolecular d
significant, estimated at 10%—20% of the total dissociatiorf 97 S"'ects e '”Creaie in the rate of the unimolectiiar de-
mposition to H-NCO(“I13/,).

ield 2922 Based on these observations, we argue that neaf” _ _
y g We estimated the HNCO(IT) unimolecular decompo-

the channel Il threshold the ISC rate 8#, kisc(E), must be . . )
several-fold faster than the rate of the unimolecular decay t ition rate.k,n(E), using the same constrained PST model

H-+NCO, k() that fits the rotational distributions, i.e.,
y uni .
The fractional yields of competing channels | and II, 9.0nca)  NT(E)
Y,(E) andY(E), can be expressed as kuni(E):choz ho(E) =+ &) (14)
—0J P E P E '
Y1(E) = Kise( E)/[kisc(E) + Kuni(E)] (12 T
and where gyco=2 is the electronic degeneracy of NCO),
J is the number of allowed states ped state,
Y (E) =k ) [kisc( E) + kun E)]. ay 9o Pednco

p(E) is the total density of states of HNCO, and the summa-
If the unimolecular decay of HNC(@Q,) were faster than ISC tions are overlyco and the two spin-orbit states of NCO.
[i.e., kun(E)>kisc(E)], the yield of channel | would de- Since over a narrow energy randgg,(E) increases approxi-
crease markedly just abou@y(H+NCO)—contrary to the mately asN'(E), we display in Fig. 6 the variation dfi'(E)
observations. In the opposite cade,(E)<<ksc(E)], the  with E,, for Jynco=2. In this calculation, we assumed a
NCO vyield [Eq. (13)] should increase with energy propor- statistical population of the two spin-orbit states of NCO.
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700 V. SUMMARY
- Near its threshold, the HNCO channel in HNCO de-
2 composition evolves on the ground-state PES without a bar-
g 300 rier. The NCO rotational distributions atE,,
S 400 =17-411cm?! are well described by PST, provided that
g dynamical constraints are included. These constraints can be
g 300 expressed either by la,, fit parameter, or as arising from
2 200 centrifugal barriers that determine the location of the outer
§ 100 TS. Both approaches reflect the same physical reality by
eliminating unphysical parts of fragment phase space. We
0 : find that even for a loose TS located at 4—7 A, the fraction of
0 100 2;01 (em™ 300 400 300 E.v deposited as fragment rotational energy is much smaller

than the fraction predicted by unrestricted PST. The reduc-
FIG. 6. The number of open channels calculated by PST for HNEGO  tion is typical of systems of small reduced mass, and can be
+NCO decomposition as a function Bf,,. The triangles indicate the total approximate'y described as a function of impact parameter
number of open channels to the two spin-orbit states of NCIQ4 ), with a simple analytical formula.

while the squares show the corresponding number leading to the formation . . . . . .
of the lowest spin-orbit statéT5,. In the calculations),yco=2 andCg In using the centrifugal-barrier constraint, it is possible
=4x10""8J nf are used. The calculated points are connected by lines foit0 fit all the rotational distributions by describing the long-
convenience of viewing. range attractive interfragment interaction with an LJ poten-
tial. The use of this model involves approximations regard-
ing the potential anisotropy. Our analysis shows that
orientation averaging of the potential results in a shift of the
effective origin of the fragment interaction with respect to
the center of mass of the polyatomic fragment, and attenua-
ion of the magnitude of the potential.

We have also discussed the competition on HNG{D(

Also shown in Fig. 6 are thal"(E) values corresponding
solely to the H-NCO(?I13,) channel. It is this curve that ¢
should be compared with the relative NCO yields derived

from the experimental results. We find tHat(E) increases between unimolecular decomposition to-NCO and 1SC

— =1 ik
by a factor of 2.7 betweeB,,= 50 and 400 cm’, which is followed by dissociation t&NH+CO, and concluded that

in reasonable accord with the increase in NCO vyield estioqr the H-NCO channel threshold ISC must be several-
mated from the experimental data. Thus all the data are cofg|q faster.

sistent with the interpretation that at least up £,
=400cm !, kso(E) exceedsk,,(E) be a factor of at ACKNOWLEDGMENTS
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The calculation ofk,(E) [Eq. (14)) assumes that the We wish to thank P. J. Dagdigian for providing the spec-

rate is determined at the out@otationa) TS, located at the tral analysis programs for NCO LIF, K. Morokuma for com-

top of the centrifugal barrier. However, as discussed abovépunicating rgsults prior to publication, and S'. KIippen;tein
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important with increasing excitation energy, which may fur- Foundation is gratefully acknowledged.
ther reducek,,(E).%? Without detailed calculations, it is
. . APPENDIX. ORIENTATION-AVERAGING
hard to predict at what excess energy the inner TS becomeg': THE LONG-RANGE POTENTIAL IN PLANAR

important. Thusk,(E) calculated by Eq(14) should be  AToM-MOLECULE DISSOCIATION: APPLICATION
considered as an upper limit. TO H+NCO

The absolute values &,,(E) calculated by Eq(14) are
approximate also because of the uncertainty(l). In PST,
p(E) is given by the density of vibrational stategs,j and
rotationalK-levels of a prolate topgy).>%%"If we assume
that K is not conserved in the dissociation, thedE)

The determination of the height and position of the cen-
trifugal barrier in unimolecular decomposition requires
knowledge of the fragment interaction potential. For poly-
atomic molecules, the center of interfragment interaction
does not usually coincide with the fragment’s center of mass,
=pvi~(2do+1)py, whereas for conserveK, p(E)  gince honds arg directional, and the gotential depends on the
“Pv: As§fgr;|ng that K is not conserved andpy  rejative orientation of the fragments. Therefore, the effective
=1000/cm™, . the —upper limits 0 Kyn; forl Eavi  potential in Eq.(4) cannot be defined as a function of a
=50-400cm* are in the range (0.7-3.%10°s *, The single coordinatdR or r. However, for a loose TS with free
So— T ISC rates should then be of the order of 30" or  fragment internal rotation, the anisotropic potential can be
faster. IfK is ConserVEd, the above rates should be multip”eq)rientation averaged’ reducing the prob]em to a one-
by (2Jo+1). In order to determin&,,(E) experimentally, dimensional case, as in diatomic dissociation.
the branching ratios to channels | and Il need to be known, as |n what follows, we consider the specific case of
well as the totals, decay rate. The latter can be determinedHNCO—H+NCO, but a generalization to other systems is
from time-resolved measurements of the appearanédlidf  straightforward. We assume that the interaction of the sepa-
or NCO. rating H and NCO fragments can be described in terms of
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only the N—H attraction, and the potential scales a% (LJ
potentia). We show that the orientation-averaged potential
can be written in terms of the center-of-mass coordifreas

an LJ potentialshifted to larger fragment separation®n
average, the moving center of attractid) appears to the H
fragment as a circle of effective radias=0.9 A, centered at
the NCO center of mass. The isotro@veraged potential
still scales as an LJ potential, but with the distance measure
from H to the effective circle.

The following assumptions are madg) at separations
characteristic of a loose TS, the H fragment interacts attrac
tively only with the N atomj(ii) the interaction potential is
given by

Cc
Vin=- 5. (A1)

V(R)/Cq (cm/4.0x10778 J-mS)

wherer is the N—H distance(jii ) HNCO is planar and all the

forces during dissociation act in the plane; did dissocia-

tion can be modeled by PST, i.e., the dissociation trajectorie

sample a significant portion of the planar H-NCO potential.
With R defined as the distance from H to the NCO center

of mass(X), letry be the X—N distancerg=1.2 A), while

0 is the HXN angle. The H-NCO potential defined by Eq. 3 4 5

(A1) is anisotropic with respect to the NCO center of mass R(A)

and can be expressed in termsRand ¢

6 7 8

FIG. Al. (a) Solid circles: average potentid(R) defined by Eq(A3), with

Cs ry=1.2 A, normalized to an arbitrary chosen value@f=4.0x10""8
V(R,6)=— 2 3 (A2) Jnf. Thick curve and hairline: fits using the approximate potentia(R)
(Re+r§y—2R-ry-cosf) in Eq. (A4) with C%/C¢=2.0 and 3.2, respectivelyb) Solid circles: aver-

. . . age potentialV(R) [Eq. (A3) with ry=1.2 A], normalized toC¢=4.0
The effective attraction experienced by the fragments as &1¢9-78 jf [reproduced fron(a)]. Solid line: a least-squares fit using an

function of R is the angular average of the potential in Eq. approximate potentiav** (R) defined by Eq.(A5), yielding CX* /Cq

(A2). For planar dissociation, =0.47 anda=0.90 A. Theinset expands the long-range part of the graph
for convenience of comparison. In bai® and(b), the vertical axis has the
V(R)=(V(R,0)), same units.
CG 2w deo

T o 2. .2 3 (A3)
mJo (RE+TR—2R-Ty-COSO) A much better approximation o¥(R) in Eg. (A3) is
While this integral can be solved analytically, the solution isgiven by

cumbersome, and instead we use a numerical solution for the x

specific case of HNCO. The solution is shown by solid V** (R)=— Cé _ (A5)
circles in Fig. AXa), which give the average potential (R—a)®

V(R)/Cg as a function ofR. The functional dependence in
Eq. (A3) is different than that given by the familiar LI-type

A least-squares fit of EJA5) to the solution of Eq(A3) is
shown in Fig. Alb) by the solid line. This fit is obtained

potential with C%* /C¢=0.47 anda=0.90 A. The good quality of the
C} fit over the entire range supports the use of E&5), to
V*(R)=— < (A4)  which we offer a simple interpretation. When NCO rotates

about its center of mass, the N atom appears to the H frag-
As shown in Fig. Ala), no single curve of the functional ment, on average, as a circle of effective radifs#ry)
form given by Eq.(A4) results in a satisfactory fit over the centered at the NCO center of mass. The potential scales as
entire range oR. The approximate potenti®*(R) thatis in  1/r®, wherer is now the distance from the effective circle:
good agreement with the exact potentigR) for R>4 A r=R-—a.
corresponds t&€§/Cg= 2.0, while the fit reproducing better Mathematically, the potential shift reflects the fact that
the short-range behavior corresponds@p/C¢=3.2. The  (1/r®>1/Kr)®, which makes the average LJ attractive force
failure to describe correctly the entire potential range resultsippear closer in origin to the H fragment than dictated by the
from the inadequacy of replacing therterm in Eq.(A1)  average H—N distancér)=R). In other words, due to the
by 1/R®. Because of the power dependence, the effect ohegative-power dependence of the potential, those parts of
displacement of the potential origin from the NCO center ofthe N orbit that are closer to H contribute more to the aver-
mass to N cannot be averaged out by NCO rotatigiir f) age attraction than remote points. At the same time, the av-
#1Kr)"). erage effective potential magnitude is attenuat€g*(/Cg
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