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The decomposition of jet-cooled HNCO is investigated near the H1NCO channel threshold
@ D 0 (H1NCO!538 370 cm21# . Dissociation to H1NCO at energies 17–411 cm21 above
D 0 ~H1NCO! proceeds on the ground potential energy surface (S 0 ), apparently without a barrier.
The rotational state distributions of the NCO(X 2 P 3/2,001 0) fragment are well described by phase
space theory ~PST!, provided that dynamical constraints are included. These constraints are
associated with long range ~4–7 Å! centrifugal barriers, which are significant even near threshold
because of the small reduced mass of H1NCO, 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 initial S 1 ( 1 A 9 )←S 0 ( 1 A 8 ) excitation and
internal conversion to S 0 , HNCO~S 0 ) decays both via unimolecular decomposition of H1NCO and
intersystem crossing to the dissociative first triplet state, T 1 @yielding NH(X 3 S 2 )1CO products#.
The competition between the two processes is interrogated by monitoring changes in the relative
yields of NCO and NH(X 3 S 2 ) as a function of excitation energy. It is concluded that near
D 0 (H1NCO!, the S 0 →T 1 intersystem crossing rate is several-fold faster than the H1NCO
unimolecular decomposition rate. © 1999 American Institute of Physics.
@S0021-9606~99!00722-9#

k ~ E ! 5 ^ G ~ E ! & /\52 p ^ v & 2 r f ~ E ! /\,

I. INTRODUCTION

Studies of photoinitiated unimolecular reactions have
contributed greatly to our understanding of chemical change
at the most fundamental level. Examinations of the nearthreshold region have been particularly revealing in identifying barriers, symmetry and angular momentum constraints,
the nature of the transition state ~TS!, fluctuations, and quantum interference effects.1–6 In addition, the importance of
weak mixings among zero-order states, incomplete intramolecular vibrational redistribution ~IVR!, the ‘‘goodness’’ of
selected quantum numbers, and changes in the density of
states have been critically examined in the threshold
region.6–8 In molecules with large density of states, IVR is
usually complete, and state-to-state fluctuations and quantum
interference effects naturally average out. In such cases,
treatments of the dissociation using TS theories to calculate
the average rates and product state distributions have proven
quite successful,1–6 even at the level of correlated product
distributions.9,10
In a rate description, the average transition rate, k~E!,
from a discrete state to a continuum ~or quasicontinuum! can
be described using Fermi’s Golden Rule:
a!
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~1!

where ^G~E!& is the average decay width, ^v & is the average
coupling matrix element, and r f (E) is the final-state density
of states. The average rate of a unimolecular reaction evolving via vibrational predissociation is given by TS theory as:
k ~ E ! 5N † ~ E ! /h r ~ E ! ,

~2!

where N†~E! is the number of open channels in the TS, and
r~E! is the density of states of the excited complex.
In this paper, we examine the threshold region of the
unimolecular decomposition of jet-cooled HNCO on the
ground state (S 0 ), as well as the competition between decomposition to H1NCO and intersystem crossing ~ISC! to
the lowest triplet state (T 1 ). The absence of fluctuations in
the product state distributions, the simplicity of modeling an
atom1linear fragment dissociation by statistical theories,
and the large number of NCO rotational levels populated
even at low excess energies make this system attractive for
examination of dynamical constraints in the exit channel of
barrierless dissociation.
The photoinitiated unimolecular decomposition of
HNCO following S 1 ( 1 A 9 )←S 0 ( 1 A 8 ) optical excitation leads
to three product channels:
NH~ X 3 S 2 ! 1CO~ X 1 S 1 !

21

H~ S ! 1NCO~ X P !
2

DH538 370630 cm ,

2

1

NH~ a D ! 1CO~ X S !
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1

1

DH530 060630 cm21,

~ I!
~ II!

21

DH542 750625 cm .

~ III!
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In what follows, NH(X 3 S 2 ) and NH(a 1 D) are denoted by
3
NH and 1 NH, respectively. Dissociation to channel II has
received considerable attention.11–22 Earlier studies at high
photolysis energy ~193 nm! concluded that products accrue
via direct dissociation on the excited S 1 ( 1 A 9 ) state potential
energy surface ~PES!.13 The quantum yield for this channel
was measured over a broad excitation energy range,11,16 and
the possibility to affect the yield ~relative to the yield of
channels I and III! by implanting vibrational excitation in the
molecule prior to the photolysis step was demonstrated.18 It
was also established that near its threshold, channel II dissociation proceeded not directly on S 1 , but rather via internal
conversion ~IC! to S 0 followed by unimolecular decomposition on S 0 , apparently without a barrier.18–22 The barrier on
S 1 to channel II dissociation was found by both experiment
and theory to be at least 8000 cm21 above
D 0 (H1NCO!.20–22 Linewidths near D 0 (H1NCO! are of the
order of a wave number, corresponding to an IC time scale of
few picoseconds.14,15 Fragment angular anisotropy measurements indicate that the appearance times of H1NCO exceed
10 ps.16,19,20
Recently, we proposed that the pathway to channel I
following S 1 excitation is S 1 →S 0 →T 1 , at least up to the
opening of channel III.20 Thus above D 0 (H1NCO!,
HNCO(S 0 ) can decay via two competing pathways, one involving ISC to the dissociative T 1 surface, and the other—
coupling to the channel II dissociative continuum on S 0 .
Here, we present evidence that near the channel II threshold,
the rate of formation of 3 NH1CO is several-fold faster than
the rate of formation of H1NCO. We also compare the rotational state distributions of NCO( 2 P 3/2) products at available energies E avl517– 411 cm21 above D 0 (H1NCO! to the
predictions of phase space theory ~PST!.23,24 Stringent angular momentum constraints due to centrifugal barriers in the
long-range part of the ground-state PES are revealed. Owing
to the small reduced mass of H1NCO ~m'1 a.m.u.! and the
small rotational constant of NCO (B NCO50.39 cm21), 25
these constraints are clearly manifest even in the vicinity of
the threshold.
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FIG. 1. ~a! The NCO photofragment yield spectrum obtained in the photodissociation of HNCO by monitoring the Q 11 bandhead ~low J! of the
(000 0 – 001 0)A 2 S 1 ←X 2 P transition. Arrows mark the peaks where complete LIF spectra of the NCO fragment are obtained. ~b! The 3 NH yield
spectrum obtained in the photodissociation of HNCO by monitoring the Q 1
branch of the A 3 P←X 3 S 2 transition. ~c! Two-photon excitation spectrum
of jet-cooled HNCO near D 0 (H1NCO) obtained via the S 1 ←S 0 transition
by monitoring NCO~A→X! fluorescence as described in Ref. 14.

the NCO LIF spectra ~the Q-branch bandheads! may be
slightly affected by saturation. Fluorescence is collected with
f/1.5 optics and detected by a photomultiplier tube in the
400–500 nm range using appropriate glass filters.28 The 3 NH
products are detected via the A 3 P←X 3 S 2 transition using
the frequency-doubled output of a Nd:YAG laser pumped
dye laser, as described previously.29

II. EXPERIMENT

The experimental arrangement used in the laser-induced
fluorescence ~LIF! pump–probe experiments employed here
was described previously.14,26 Isocyanic acid ~HNCO! is prepared and purified following published procedures,27 and
seeded in a 30:70 He:Ne mixture at a typical pressure of 760
Torr. The expansion-cooled HNCO has a rotational temperature T rot'10 K. The counterpropagating pump and probe laser beams are collimated to ;2 mm diameter, and intersect
the jet at ;5 mm distance from the 0.5 mm nozzle orifice.
The delay between the pump and probe lasers pulses is set at
50 ns. HNCO is photolyzed near the channel II threshold
~;260 nm! with typical pulse energies of 1–2 mJ using the
unfocused output of an excimer laser pumped dye laser.
The NCO(X 2 P 3/2) products are probed by laser-induced
fluorescence ~LIF! via the A 2 S 1 ←X 2 P transition,25 using a
second excimer laser pumped dye laser at 50 ns pump–probe
delay. To minimize saturation effects, the probe laser pulse
energy is kept at ,5 mJ. Still, the most intense features of

III. RESULTS AND ANALYSIS

Figure 1 presents the NCO photofragment yield spectrum near D 0 (H1NCO!, and compares it to spectra obtained
previously by monitoring the 3 NH fragment and the HNCO
fluorescence induced by two-photon excitation.14,29 The latter is proportional to the HNCO absorption spectrum. The
3
NH yield spectra were obtained by monitoring the A 3 P
←X 3 S 2 Q 1 bandhead ~the largest peaks in the 3 NH fragment LIF spectra! corresponding to rotational levels N.6. In
the NCO yield spectra, the Q 11 bandhead of the NCO
A 2 S 1 ←X 2 P 3/2(000 0 – 001 0) transition ~low J’s! was
monitored.25 Vertical arrows indicate excitation energies at
which NCO photofragment LIF spectra were obtained. Transitions originating from the second spin-orbit state of NCO
~i.e., the 2 P 1/2 state, which lies 94.8 cm21 above the ground
2
P 3/2 state! were not monitored.
Yield spectra of NCO were also obtained by monitoring
the ~030! m 2 S 1 , ~030! m 2 D, and (100) 2 P 3/2 vibrational

10776

Zyrianov et al.

J. Chem. Phys., Vol. 110, No. 22, 8 June 1999

states of NCO near their respective thresholds.25 The 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 work.15 However, hot-band excitation in the previous 300 K experiments might have affected
the measured NCO distributions, and an incorrect value for
the channel II threshold was used in the analysis.
The LIF spectra of NCO( 2 P 3/2,001 0) fragments at specific excitation energies were compared to stimulated spectra, in which the rotational level populations were calculated
by PST.23,24 The simulations were carried out as follows.
First, the rotational level energies in the A 2 S 1 and X 2 P 3/2
states and the corresponding spectral line positions were
calculated.25 Second, PST was used to obtain the rotational
level populations,2,23,24 taking into account the parent HNCO
angular momentum, J HNCO , and the rotational excitation energy 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.25 Finally, the calculated spectral lines were convoluted with the Gaussian laser line shape of 0.25 cm21
width.
Since the measured NCO rotational excitations were
lower than predicted by unconstrained PST ~see below!, we
applied two methods to constrain the model distributions. In
the first approach, we used a single fit parameter, b max , representing the largest allowed impact parameter for the separating H and NCO fragments. In the second approach, we
employed the centrifugal barrier restriction to describe the
constraint.
The impact parameter b is related to the orbital angular
momentum quantum number L of the separating products by:
~ m n b ! 25\ 2 L ~ L11 ! ,

~3!

where n is the relative velocity of the separating products. In
the constrained PST calculations, we did not count phase
space (J3L) cells with a quantum number L corresponding
to an impact parameter b in excess of b max .
Shown in Fig. 2~a! is the NCO LIF spectrum recorded at
photolysis energy 411 cm21 above the channel II threshold.
The triangles on top of the measured peaks represent the
calculated peak intensities in the simulated spectrum obtained using b max54 Å. Figure 2~b! presents a simulated
spectrum for the same E avl , but with no impact parameter
constraint (b max550 Å). Clearly, the impact parameter restriction is essential for achieving a satisfactory fit.
Figure 2~c! displays the NCO fragment LIF spectrum
recorded with the photolysis laser parked at the first peak in
the yield spectrum in Fig. 1, which corresponds to E avl
517 cm21. Again, the filled triangles represent the peak intensities in the simulated spectrum; however, the best fit is
achieved with b max57 Å. The other spectra obtained at the
photolysis energies indicated by arrows in Fig. 1~a! are best
modeled by using b max values which progressively decrease
from 761 Å for E avl517 cm21 to 460.5 Å for E avl
5411 cm21. 28
Since the available energy for the spectrum shown in
Fig. 2~c! is within the error bars reported for D 0 (H1NCO!,

FIG. 2. ~a! The solid lines are the experimental LIF spectrum of
NCO( 2 P 3/2 ;001 0) obtained via the (000 0 – 001 0) A 2 S 1 ←X 2 P transition
at E avl5411 cm21. The triangles mark the corresponding peak heights for a
simulated spectrum in which the rotational populations are calculated with
PST using the impact-parameter constraint with b max54 Å. ~b! Simulated
spectrum of NCO at the same E avl , obtained using unconstrained PST to
calculate the rotational distributions. ~c! The solid lines are the experimental
LIF spectrum of NCO( 2 P 3/2 ;001 0) obtained at E avl517 cm21. The triangles are the corresponding peak heights in a simulated spectrum in which
the rotational populations are calculated by PST using b max57 Å.

a question arises regarding the accuracy of this value and its
influence on the derived fit. We find that adequate modeling
of all the NCO~0010! LIF spectra in the range E avl
517– 411 cm21 can be achieved by using a single value of
b max54 Å, provided the D0(H1NCO) threshold energy is
lowered by 20 cm21. However, the appearance thresholds
and rotational distributions of the other monitored vibrational
levels near their respective thresholds cannot be modeled
well when D 0 (H1NCO! is reduced by more than 7 cm21.
Note also that D 0 (H1NCO! was derived from the spectrum
in Fig. 1~a!, and the quoted error bars include the uncertainty
in the absolute laser wavelength calibration. On the other
hand, E avl is a relative quantity determined over a relatively
narrow wavelength region, and therefore its accuracy is
much higher than the accuracy of D 0 . Pursuant to the above,
D 0 (H1NCO!538 370 cm21 was used in the present modeling.
The second approach to restricting the rotational state
distributions is based on the centrifugal barrier constraint.1,2
In this model, the effective potential for interaction of the
separating H and NCO fragments is assumed to be given by:
V eff5V ~ r ! 1V L ~ R ! 52

C6
r6

1

\ 2 L ~ L11 !
2mR2

,

~4!

where the first ~attractive! part V(r) is defined by the long-
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composition of HNCO takes place on a barrierless PES and
evolves via a fairly loose TS. Since S 0 →T 1 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. The .10 ps time scale, inferred for decay on S 0 , 20 is sufficiently long for complete
IVR in the parent. The rotational distributions are subject to
severe dynamical constraints even though the PES is barrierless. This is not surprising, since the orbital angular momentum constraint is stringent in reactions involving hydrogen bond fission ~small reduced mass!. The constraint can be
characterized either by a b max parameter, or by a parameter
associated with a centrifugal barrier, with both approaches
reflecting the same dynamics.
For HNCO→H1NCO, angular momentum conservation
requires that
JHNCO5JNCO1L1SH ,

FIG. 3. The NCO( 2 P 3/2) rotational populations that best fit the experimental
LIF spectra shown in Fig. 2. The populations are calculated by PST using an
impact-parameter (b max) constraint ~squares! and a centrifugal-barrier constraint @Eq. ~4!# with C 6 54310278 J m6 ~triangles! at parent HNCO rotational temperature, T rot510 K. The available energies are ~a! E avl
5411 cm21, and ~b! E avl517 cm21.

range part of the Lennard-Jones ~LJ! potential describing the
S 0 PES along the H-NCO reaction coordinate, while the centrifugal ‘‘force’’ is responsible for the repulsion term V L (R).
Note that the two terms depend on different coordinates: in
V(r), r is usually associated with the length of the breaking
chemical bond, while in V L (R), R is the distance between
the centers of mass of the products. Equating r and R is
correct only for diatomic dissociation, while in polyatomics,
the position and height of the centrifugal barrier depend on
the relative orientation of the fragments, complicating the
PST state count. Here, we assume diatomiclike dissociation
and use Eq. ~4! with r5R; this approximation is further
scrutinized in Sec. IV and in the Appendix.
In the PST calculations, phase space cells for which the
centrifugal barrier height exceeds the available translational
energy of the fragments are not counted, and the C 6 coefficient in Eq. ~4! is the only fit parameter. We find that all the
experimental spectra in the range E avl517– 411 cm21 can be
well fit using C 6 5(462)310278 J m6. Figure 3 presents a
comparison between the two restricting models that fit the
experimental spectra displayed in Fig. 2; clearly, the differences are insignificant.
IV. DISCUSSION
A. NCO product state distributions

1. Dynamical barriers

The good fit of the NCO rotational distributions to the
constrained PST model indicates that the unimolecular de-

~5!

where JHNCO and JNCO are the total angular momentum vectors of the parent HNCO and the NCO fragment, respectively, and SH is the electron spin of the atomic hydrogen
fragment. Since both J HNCO and S H are small, JNCO must be
predominantly counterbalanced by the orbital angular momentum L of the recoiling fragments. Close to
D 0 (H1NCO!, the highest energetically accessible J NCO increases rapidly with E avl . For example, for 10 K HNCO only
rotational levels up to J HNCO56 – 7 are significantly populated, while at E avl5200 cm21, the highest energetically accessible J NCO is 22.5. Thus large values of L(L;J NCO) are
required by Eq. ~5! for the formation of NCO in rotational
levels close to the energetic maximum. On the other hand,
high J NCO levels are correlated energetically with small
translational energies ~small n!, and therefore the associated
large L values can mandate unphysically large values of the
impact parameter b. One way of eliminating such unphysical
phase-space cells from the PST state count is to employ a
dynamical b max restriction, as described in Sec. III. The
simulated NCO LIF spectrum shown in Fig. 2~a! was obtained with b max54 Å, a distance characteristic of a van der
Waals-type interaction rather than chemical bonding. This is
also a typical location of a loose PST-like TS. Notice that the
constraint limits J NCO to <20.5, substantially below the
maximum value J NCO534.5 allowed by the energetics.
To achieve a good fit closer to D 0 (H1NCO!, b max must
be increased up to 7 Å. Assuming that the TS is located near
the top of the dynamical barrier, the increase in b max is associated with the loosening of the TS as the threshold is
approached, which is a general characteristic of barrierless
unimolecular reactions.1,2 The large b max values obtained
here for values of E avl,400 cm21 suggest that the dynamical
barriers can be attributed to the centrifugal ‘‘force’’ in Eq.
~4!, and therefore their heights and locations should depend
on L.
Several approximations and assumptions are made in the
PST calculations that include the centrifugal barrier constraint: ~i! the H-NCO potential is taken to be isotropic with
respect to the relative orientation of the fragments, and r
5R is assumed in Eq. ~4! ~diatomiclike dissociation!; ~ii! the
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long-range attractive part of the potential is described by a
single term 2C 6 /R 6 , where R is the distance between the
centers of mass of the fragments; and ~iii! no interaction
between the fragments is assumed beyond the TS, which is
placed at the top of the centrifugal barrier, i.e., a channel is
considered closed if the product c.m. translational energy is
smaller than the height of the centrifugal barrier for the corresponding L.
Assumption ~i! needs to be reconciled with the anisotropy of fragment interactions. One approach, particularly
suitable for barrierless dissociation, involves transforming
the isotropic potential V(r) into the angle-dependent potential V(R, u ) followed by averaging with respect to the orientation angle u. Since an underlying assumption of PST is that
the entire phase space is sampled when the TS is loose, orientation averaging is a sensible approach. In the Appendix,
we suggest a simple expression for the orientation-averaged
1/r 6 potential. For HCNO, the existence of several bound
structural isomers ~e.g., HOCN, HCNO! with equilibrium
energies below D 0 (H1NCO! should make the interaction
potential appear more isotropic on average.
Despite the apparent crudeness of the pseudo-diatomic
approximation, we are able to model all the NCO LIF spectra
at E avl517– 411 cm21 by using C 6 5(462)310278 J m6.
This value is comparable to C 6 51.76310278 J m6 obtained
for hydrogen fission from ethylene,2 and to C 6 '3
310278 J m6 that best fits the distributions of the hydrogen
channel in the S 0 dissociation of formaldehyde.30
It is uncertain to what extent the success of the singleparameter fits results from the validity of the assumptions.
As discussed in the Appendix, a pseudo-diatomic form of
V(r) can describe rather well the long-range part of the potential, while failing at shorter distances. Since it is the longrange potential that is most important for a loose, PST-like
TS, the success of the pseudo-diatomic approximation may
be a reflection of the mere geometrical fact that at long range
r'R. The value of the C 6 coefficient given by using the
approximate treatment @Eq. ~4! with r5R] is about a factor
of 2 larger than what would be obtained with an angleaveraged potential ~see Appendix!. Also, we recognize that
the simple r 26 dependence used to model the H1NCO interaction is an oversimplification. For example, in other
radical–radical systems the long-range part of the PES is
often more attractive than described by the LJ potential.1,2
Nevertheless, it is clear that a centrifugal-barrier constraint in
PST is essential for a correct description of the NCO rotational distributions.
It is not surprising that the b max parameter and
centrifugal-barrier approaches lead to similar fragment rotational distributions, because both models reflect the same
physical reality. In both cases, phase space is restricted to
exclude interactions between the fragments beyond a limiting separation. In the b max approach, the cutoff distance is
used as an arbitrary fitting parameter. The centrifugal-barrier
approach lends a dynamical interpretation to the limiting
separation r 0 , which is defined as the location of the top of
the centrifugal barrier, and is therefore a function of L. The
strength of fragment attraction is treated as an adjustable
parameter, which in turn affects the value of r 0 . While b max
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FIG. 4. Calculated ~a! locations and ~b! heights of the centrifugal barrier as
a function of the orbital momentum quantum number, L, for the effective
potential given by Eq. ~4! with C 6 54310278 J m6.

and r 0 are not the same, at each E avl the value of r 0 , averaged over L, roughly corresponds to b max . As shown in Fig.
4~a!, for C 6 54310278 J m6 and L58–15 the maximum of
V eff is located at r 0 53 – 4 Å, while for L,4 it shifts to r 0
56 – 12 Å. This is comparable to the change in b max with
E avl ~4–7 Å!, if we recognize that low L-values contribute
near the dissociation threshold, while higher L-values are
necessary to compensate for high J NCO at higher excess energies. This interpretation is in accord with the barrierless
nature of channel II dissociation.
In Fig. 4~b!, we also show the calculated centrifugal barrier heights as a function of L. Notice that even for small L,
the barrier height is several wave numbers ~see inset!, and
since L'J (J[J NCO), V eff(r 0 ) soon exceeds the fragment
c.m. translational energy, E t 5E avl2E J @where E J 5BJ(J
11) is the rotational energy of NCO~J!#. Thus for HNCO
the outer ~rotational! TS may play a significant role even at
relatively high available energies. This is in contrast to the
unimolecular reactions of other polyatomic molecules ~e.g.,
NCNO, CH2CO, and NO2) for which the reduced mass is
larger, and both calculations and experiments indicate that
except very near the threshold an inner ~vibrational! TS determines the reaction rate.1–5,8,31 Note, however, that due to
inter-fragment exit-channel interactions, product rotational
distributions are always more sensitive to the outer TS located near the top of the centrifugal barrier. For example,
product rotational distributions often do not differ significantly from the predictions of unconstrained PST, even
when the rates indicate that the TS has tightened.5,8,32 As
stated above, in the case of H1NCO the small reduced mass
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and small NCO rotational constant lead to significant centrifugal barriers even at low excess energies.

2. Average rotational excitation in constrained PST

Additional insight into constrained PST can be obtained
by considering approximate analytical expressions for the
highest populated product rotational level, J max , and the
fraction of E avl channeled into product rotation, f rot
5 ^ E rot& /E avl . In what follows, we consider the general case
of decomposition into an atom and a linear fragment and
apply the results to HNCO→H1NCO. We assume that: ~i!
the parent angular momentum is J 0 '0, and therefore Eq. ~5!
dictates J'L, where J is the rotational quantum number of
the linear fragment, and ~ii! J max@1, i.e., E avl is not too
small. From Eq. ~3!, we obtain,
\ 2 L 2max' m 2 n 2 b 2max'\ 2 J 2max.

~6!

Substituting

n 25

2E t 2
5 @ E 2BJ ~ J11 !# ,
m m avl

~7!

with J5J max@1 into Eq. ~6! gives:
J 2max'

ab 2maxE avl
B ~ 11ab 2max!

,

~8!

where
a52B m /\ 2 .

~9!

For H1NCO, a52.3531022 Å 22 , and the unconstrained value J max'(E avl /B) 1/2 is reached only for b max
.20 Å. In contrast, when b max54 Å ~e.g., for E avl
5411 cm21), Eq. ~8! gives J max'0.5(E avl /B) 1/2517.5, in
good agreement with the experimental distribution shown in
Fig. 3~a!. Thus for E avl'400 cm21, only half of the energetically allowed NCO rotational states are populated, indicating
a severely constrained distribution even at the large impact
parameters typical of a loose TS.
We now derive the dependence of f rot on b max . In unconstrained PST ~i.e., in the limit of b max→`), the probability of producing a linear product in rotational state J, P(J),
is constant up to the energetic limit J max ~for a given NCO
vibrational level!, irrespective of E avl . Therefore, the average product rotational energy ~in the limit J max@1) is:
J max

^ E rot& 5
'

1
BJ ~ J11 !
J max11/2 J51/2

(

1
J max

E

J max

0

1
BJ ~ J11 ! dJ' BJ 2max
3

~10!

~for a fragment whose lowest J quantum number is 1/2!. For
unconstrained PST, BJ 2max'E avl , and we obtain f rot51/3, as
expected when the motions during dissociation are constrained to a plane.33
For constrained PST, J max is expressed in terms of E avl
and b max , as given by Eq. ~8!. If we assume that P(J) is still
constant ~that is, the constraint affects only the value of

FIG. 5. The fraction of available energy channeled into NCO rotation, f rot
5 ^ E rot& /E avl , calculated by PST as a function of the limiting impact parameter, b max . The calculations were carried out for E avl5400 cm21 assuming
J HNCO50 ~squares! and T rot510 K ~triangles!. Note the fast decrease in f rot
at b max,20 Å. The spin-orbit multiplets of NCO are suppressed in these
calculations.

J max , whereas the shape of the distribution remains unaffected!, then ^ E rot& is still given by Eq. ~10!, and together
with Eq. ~8!, we obtain:
f rot5

^ E rot&
E avl

5

ab 2max
3 ~ 11ab 2max!

.

~11!

For H1NCO, when ab 2max@1 ~i.e., b max@6.5 Å), f rot'1/3
~the unconstrained value!, while for b max54 Å,
f rot50.09—a substantially lower fraction.
A more accurate value for f rot can be obtained by explicitly using constrained PST to calculate ^ E rot& without assuming a flat P(J) distribution; the results for E avl5400 cm21
are shown in Fig. 5. In these calculations, the spin-orbit splitting in NCO was suppressed and two cases were considered:
T rot(HNCO!510 K ~with J HNCO up to 6–7 substantially
populated! and J HNCO50. Both calculations gave similar results, as well as the corresponding calculations for E avl
5100 cm21. Again, f rot is decreased from a limiting value of
;1/3 for b max.20 Å to ;0.1 for b max54 Å, in good agreement with Eq. ~11!.
B. The intramolecular decay of HNCO

1. Decay pathways near the H1NCO threshold

Although the S 1 ( 1 A 9 )←S 0 ( 1 A 8 ) spectrum of HNCO has
not been fully assigned and its band origin is still unknown,34
preliminary analysis indicates that most of the observed
spectral features belong to n 85 progressions; i.e., the NCO
bending vibration is the most Franck–Condon active
mode.28,34–36 At low excitation energies, the spectrum appears regular, exhibiting C-type bands with well-resolved rotational structure.28,29,34 However, some of the bands are
broadened in all their rotational states, while others exhibit
what appears to be state-specific perturbations.14,29
Channel I is open at all the excitation wavelengths studied, and the pathway to its formation, at least up to the channel III threshold, has recently been identified as S 1 →S 0
→T 1 → 3 NH1CO.20 As seen in Fig. 1, the 3 NH yield spec-

10780

Zyrianov et al.

J. Chem. Phys., Vol. 110, No. 22, 8 June 1999

trum is very similar to the two-photon LIF excitation spectrum of HNCO.14 In addition, no S 1 →S 0 fluorescence is observed. The S 1 →S 0 coupling matrix elements for IC can be
estimated from the linewidths observed in the 3 NH yield or
HNCO LIF excitation spectra. Assuming strong coupling for
IC compared to the subsequent decay processes ~see below!,
the spectral linewidths reflect mainly the S 1 →S 0 decay rates.
For bands with well-resolved structure, i.e., most of the
bands excited at photolysis energies well below
D 0 (H1NCO!, the homogeneous widths are ,0.8 cm21, corresponding to lifetimes .6 ps, or coupling matrix elements
,0.01 cm21 ~using S 0 vibronic density of states of
;1000/cm21 at 38 000 cm21). 37
Near D 0 (H1NCO!, most bands no longer exhibit a
well-resolved rotational structure,14 indicating that the S 1
lifetime in this region is ,6 ps. State-specific effects are still
manifest in the linewidths of the vibronic bands,14 apparently
reflecting the existence of promoting modes on S 1 ~although
some influence of the accessed dark levels cannot be ruled
out!. Near the channel II threshold, IVR on S 0 should be
complete, and IC should be essentially irreversible.
On S 0 , we use a rate description to treat the competition
between ISC and the decomposition to H1NCO, and assume
that S 0 decay is decoupled from the preceding IC. The rate of
channel I is controlled by the ISC rate, since only a modest
barrier on T 1 (;1500 cm21) exists in this channel,38 and the
region near D 0 (H1NCO! is .6000 cm21 above this barrier.
Thus on T 1 dissociation to channel I should be prompt. The
branching ratio between channels I and II will depend on the
ratios of their specific rates @given by Eqs. ~1! and ~2!, respectively# at each photolysis energy.

2. Competition between dissociation to H1NCO and
3
NH 1 CO

Several observations related to the NCO and 3 NH photofragment yield spectra provide clues regarding the relative
decay rates to channels I and II: ~i! no abrupt decrease in the
3
NH yield is observed as the H1NCO channel opens; ~ii! the
increase in NCO~2P3/2) yield with E avl scales roughly as the
HNCO unimolecular decomposition rate ~see below!; ~iii!
even ;5000 cm21 above D 0 (H1NCO!, the 3 NH yield is
significant, estimated at 10%–20% of the total dissociation
yield.20,29 Based on these observations, we argue that near
the channel II threshold the ISC rate on S 0 , k ISC(E), must be
several-fold faster than the rate of the unimolecular decay to
H1NCO, k uni(E).
The fractional yields of competing channels I and II,
Y I(E) and Y II(E), can be expressed as
Y I~ E ! 5k ISC~ E ! / @ k ISC~ E ! 1k uni~ E !#

~12!

and
Y II~ E ! 5k uni~ E ! / @ k ISC~ E ! 1k uni~ E !# .

~13!

If the unimolecular decay of HNCO~S 0 ) were faster than ISC
@i.e., k uni(E)@k ISC(E)], the yield of channel I would decrease markedly just above D 0 (H1NCO!—contrary to the
observations. In the opposite case @ k uni(E)!k ISC(E) # , the
NCO yield @Eq. ~13!# should increase with energy propor-

tionally to k uni(E), while the yield of channel I @Eq. ~12!#
near D 0 (H1NCO! will be largely unaffected by the opening
of channel II.
In the experiment, the 3 NH signal @Fig. 1~b!# does not
decrease rapidly above the channel II threshold, as compared
to the two-photon LIF spectrum of parent HNCO @Fig. 1~c!#.
The 3 NH rotational distributions do not vary significantly
with excitation energy over the energy range of Fig. 1, and
therefore the relative peak heights in the 3 NH yield spectrum
@Fig. 1~b!# reflect the total yield of channel I.
The NCO photofragment yield spectrum @Fig. 1~a!# was
obtained by monitoring only the Q 11-bandhead of the
000 0-001 0 transition, and it is not straightforward to convert
the spectral intensities to total NCO yields. Even though the
Q 11-branch is congested, its bandhead constitutes only a
fraction of the total intensity of the NCO LIF spectrum. This
fraction decreases considerably with excitation energy as a
result of the fast rise in NCO average rotational excitation
with increasing E avl ~Fig. 3!. In addition, the second spinorbit state of NCO ~the 2 P 1/2 state! opens up at E avl
595 cm21, and its yield increases with E avl. Consequently,
had Y II(E) been constant, the observed peak heights in Fig.
1~a! should have decreased substantially with increasing E avl
compared to those in Figs. 1~b! and 1~c!, which is obviously
not the case. This is a qualitative indication that Y II(E) increases with energy, as anticipated when k ISC(E).k uni(E).
We estimated Y II(E) using the following procedure.
First, from the simulated NCO fragment LIF spectra at the
excitation energies indicated by arrows in Fig. 1~a!, we determined the ratio of the Q 11 bandhead intensity ~integrated
over the 0.2 cm21 bandwidth! to the total integrated LIF
spectrum. This ratio defined a spectral calibration factor S.
We then normalized the measured NCO peak heights at each
E avl to the corresponding absorption peak heights ~determined as the average of the 3 NH yield and the two-photon
HNCO LIF peaks in spectra such as those in Fig. 1!. Each
normalized experimental peak height was then divided by
the corresponding S value to give the estimated relative yield
of NCO~2 P 3/2). Using this procedure, we estimate that the
NCO yield in the region E avl550– 100 cm21 is a factor of
2–3 smaller than in the 350–400 cm21 range. In the limit
k uni(E)!k ISC(E), this increase in Y II(E) with excitation energy reflects the increase in the rate of the unimolecular decomposition to H1NCO~2P3/2!.
We estimated the H1NCO~2P! unimolecular decomposition rate, k uni(E), using the same constrained PST model
that fits the rotational distributions, i.e.,
k uni~ E ! 5g NCO

( (

s2o J NCO

g L ~ J NCO! N † ~ E !
5
,
hr~ E !
hr~ E !

~14!

where g NCO52 is the electronic degeneracy of NCO~2P!,
g L (J NCO) is the number of allowed L states per J NCO state,
r~E! is the total density of states of HNCO, and the summations are over J NCO and the two spin-orbit states of NCO.
Since over a narrow energy range, k uni(E) increases approximately as N†~E!, we display in Fig. 6 the variation of N†~E!
with E avl for J HNCO52. In this calculation, we assumed a
statistical population of the two spin-orbit states of NCO.
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FIG. 6. The number of open channels calculated by PST for HNCO→H
1NCO decomposition as a function of E avl . The triangles indicate the total
number of open channels to the two spin-orbit states of NCO( 2 P 1/2,3/2),
while the squares show the corresponding number leading to the formation
of the lowest spin-orbit state, 2 P 3/2 . In the calculations, J HNCO52 and C 6
54310278 J m6 are used. The calculated points are connected by lines for
convenience of viewing.

Also shown in Fig. 6 are the N†~E! values corresponding
solely to the H1NCO~2P3/2) channel. It is this curve that
should be compared with the relative NCO yields derived
from the experimental results. We find that N†~E! increases
by a factor of 2.7 between E avl550 and 400 cm21, which is
in reasonable accord with the increase in NCO yield estimated from the experimental data. Thus all the data are consistent with the interpretation that at least up to E avl
5400 cm21 , k ISC(E) exceeds k uni(E) be a factor of at
least 5.39
The calculation of k uni(E) @Eq. ~14!! assumes that the
rate is determined at the outer ~rotational! TS, located at the
top of the centrifugal barrier. However, as discussed above,
an inner ~vibrational! TS determined variationally becomes
important with increasing excitation energy, which may further reduce k uni(E). 1,2 Without detailed calculations, it is
hard to predict at what excess energy the inner TS becomes
important. Thus k uni(E) calculated by Eq. ~14! should be
considered as an upper limit.
The absolute values of k uni(E) calculated by Eq. ~14! are
approximate also because of the uncertainty in r~E!. In PST,
r~E! is given by the density of vibrational states ( r V ) and
rotational K-levels of a prolate top ( r K ). 1,2,6,7 If we assume
that K is not conserved in the dissociation, then r (E)
5 r V,K '(2J 0 11) r V , whereas for conserved K, r (E)
5 r V . Assuming that K is not conserved and r V
51000/cm21, 37 the upper limits to k uni for E avl
550– 400 cm21 are in the range (0.7– 3.7)3109 s21, The
S 0 →T 1 ISC rates should then be of the order of 1010 s21 or
faster. If K is conserved, the above rates should be multiplied
by (2J 0 11). In order to determine k uni(E) experimentally,
the branching ratios to channels I and II need to be known, as
well as the total S 0 decay rate. The latter can be determined
from time-resolved measurements of the appearance of 3 NH
or NCO.

Near its threshold, the H1NCO channel in HNCO decomposition evolves on the ground-state PES without a barrier. The NCO rotational distributions at E avl
517– 411 cm21 are well described by PST, provided that
dynamical constraints are included. These constraints can be
expressed either by a b max fit parameter, or as arising from
centrifugal barriers that determine the location of the outer
TS. Both approaches reflect the same physical reality by
eliminating unphysical parts of fragment phase space. We
find that even for a loose TS located at 4–7 Å, the fraction of
E avl deposited as fragment rotational energy is much smaller
than the fraction predicted by unrestricted PST. The reduction is typical of systems of small reduced mass, and can be
approximately described as a function of impact parameter
with a simple analytical formula.
In using the centrifugal-barrier constraint, it is possible
to fit all the rotational distributions by describing the longrange attractive interfragment interaction with an LJ potential. The use of this model involves approximations regarding 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 attenuation of the magnitude of the potential.
We have also discussed the competition on HNCO(S 0 )
between unimolecular decomposition to H1NCO and ISC
followed by dissociation to 3 NH1CO, and concluded that
near the H1NCO channel threshold ISC must be severalfold faster.
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APPENDIX. ORIENTATION-AVERAGING
OF THE LONG-RANGE POTENTIAL IN PLANAR
ATOM-MOLECULE DISSOCIATION: APPLICATION
TO H1NCO

The determination of the height and position of the centrifugal barrier in unimolecular decomposition requires
knowledge of the fragment interaction potential. For polyatomic molecules, the center of interfragment interaction
does not usually coincide with the fragment’s center of mass,
since bonds are directional, and the potential depends on the
relative orientation of the fragments. Therefore, the effective
potential in Eq. ~4! cannot be defined as a function of a
single coordinate R or r. However, for a loose TS with free
fragment internal rotation, the anisotropic potential can be
orientation averaged, reducing the problem to a onedimensional case, as in diatomic dissociation.
In what follows, we consider the specific case of
HNCO→H1NCO, but a generalization to other systems is
straightforward. We assume that the interaction of the separating H and NCO fragments can be described in terms of
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only the N–H attraction, and the potential scales as r 26 ~LJ
potential!. We show that the orientation-averaged potential
can be written in terms of the center-of-mass coordinate R as
an LJ potential shifted to larger fragment separations. On
average, the moving center of attraction ~N! appears to the H
fragment as a circle of effective radius a50.9 Å, centered at
the NCO center of mass. The isotropic ~averaged! potential
still scales as an LJ potential, but with the distance measured
from H to the effective circle.
The following assumptions are made: ~i! at separations
characteristic of a loose TS, the H fragment interacts attractively only with the N atom; ~ii! the interaction potential is
given by
V ~ r ! 52

C6
,
r6

~A1!

where r is the N–H distance; ~iii! HNCO is planar and all the
forces during dissociation act in the plane; and ~iv! dissociation can be modeled by PST, i.e., the dissociation trajectories
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!, let r N be the X–N distance (r N51.2 Å), while
u is the HXN angle. The H–NCO potential defined by Eq.
~A1! is anisotropic with respect to the NCO center of mass,
and can be expressed in terms of R and u:
V ~ R, u ! 52

C6
~ R 2 1r 2N22R•r N•cos u ! 3

~A2!

.

The effective attraction experienced by the fragments as a
function of R is the angular average of the potential in Eq.
~A2!. For planar dissociation,
V ~ R ! 5 ^ V ~ R, u ! & u
52

C6
2p

E

du

2p

0

~R

2

1r 2N22R•r N•cos u ! 3

.

~A3!

While this integral can be solved analytically, the solution is
cumbersome, and instead we use a numerical solution for the
specific case of H1NCO. The solution is shown by solid
circles in Fig. A1~a!, which give the average potential
V(R)/C 6 as a function of R. The functional dependence in
Eq. ~A3! is different than that given by the familiar LJ-type
potential
V * ~ R ! 52

C*
6
R6

.

FIG. A1. ~a! Solid circles: average potential V(R) defined by Eq. ~A3!, with
r N 51.2 Å, normalized to an arbitrary chosen value of C 6 54.0310 278
J m6. Thick curve and hairline: fits using the approximate potential V * (R)
in Eq. ~A4! with C 6* /C 6 52.0 and 3.2, respectively. ~b! Solid circles: average potential V(R) @Eq. ~A3! with r N 51.2 Å#, normalized to C 6 54.0
310 278 J m6 @reproduced from ~a!#. Solid line: a least-squares fit using an
approximate potential V ** (R) defined by Eq. ~A5!, yielding C **
6 /C 6
50.47 and a50.90 Å. The inset expands the long-range part of the graph
for convenience of comparison. In both ~a! and ~b!, the vertical axis has the
same units.

~A4!

As shown in Fig. A1~a!, no single curve of the functional
form given by Eq. ~A4! results in a satisfactory fit over the
entire range of R. The approximate potential V*~R! that is in
good agreement with the exact potential V(R) for R.4 Å
corresponds to C *
6 /C 6 52.0, while the fit reproducing better
the short-range behavior corresponds to C *
6 /C 6 53.2. The
failure to describe correctly the entire potential range results
from the inadequacy of replacing the 1/r 6 term in Eq. ~A1!
by 1/R 6 . Because of the power dependence, the effect of
displacement of the potential origin from the NCO center of
mass to N cannot be averaged out by NCO rotation ( ^ 1/r 6 &
Þ1/^ r & 6 ).

A much better approximation of V(R) in Eq. ~A3! is
given by
V ** ~ R ! 52

C **
6
~ R2a ! 6

.

~A5!

A least-squares fit of Eq. ~A5! to the solution of Eq. ~A3! is
shown in Fig. A1~b! by the solid line. This fit is obtained
with C **
6 /C 6 50.47 and a50.90 Å. The good quality of the
fit over the entire range supports the use of Eq. ~A5!, to
which we offer a simple interpretation. When NCO rotates
about its center of mass, the N atom appears to the H fragment, on average, as a circle of effective radius a(aÞr N )
centered at the NCO center of mass. The potential scales as
1/r 6 , where r is now the distance from the effective circle:
r5R2a.
Mathematically, the potential shift reflects the fact that
^ 1/r 6 & .1/^ r & 6 , which makes the average LJ attractive force
appear closer in origin to the H fragment than dictated by the
average H–N distance ~^r&5R!. In other words, due to the
negative-power dependence of the potential, those parts of
the N orbit that are closer to H contribute more to the average attraction than remote points. At the same time, the average effective potential magnitude is attenuated (C **
6 /C 6
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50.47), since the attraction center N spends only a fraction
of time in those parts of its orbit that contribute the most to
the potential.
In general, any anisotropic potential expressed as a polynomial expansion V(r)52 ( C n r 2n ~n.0! can be averaged
following the treatment suggested here to yield
V ** ~ R ! 52

C **

(n ~ R2an

n!

n

,

~A6!

where the C n** and a n coefficients have similar meanings as
in Eq. ~A5!.
While these considerations are general, we are nevertheless able to reproduce all the experimental results using Eq.
~A4! with C 6* 5(462)310278 J m6. This is not surprising
considering the looseness of the TS for a typical barrierless
dissociation. Notice that at large fragment separations there
is good agreement between Eq. ~A3! and the approximate
form given by Eq. ~A4! @Fig. A1~a!#. Since the long-range fit
in Fig. A1~a! gives C 6* /C 6 52.0, we expect the true value of
C 6 for the H–N interaction in HNCO to be smaller than the
value obtained by using Eq. ~4! in the main text; i.e., C 6
'(261)310278 J m6.
In summary, orientation averaging of any anisotropic
negative-power-law potential V(r) ~where r is the dissociated bond length! yields a one-dimensional potential V(R)
~where R is the fragment c.m. separation! that can be approximated by the same functional form as the original potential. However, it is attenuated in magnitude and its effective origin is shifted with respect to the center of mass of the
polyatomic fragment.
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