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gion). It is then possible that the initial GRB 
emission is isotropic and is then collimated 
by the interaction with a funnel-like medium. 
This limit on anisotropy allows the determi- 
nation of the total, isotropic, electromagnetic 
energy produced by a GRB, which for 
GRB991216 is E > 7.2 X los2 erg s p l  = 

0.04M,c2. Another important implication of 
the previous limit is on the iron abundance of 
the medium, which must be much higher than 
solar (X,, > 60). This high value of the iron 
abunda&e indicates that the ejecta were-at 
some stage of the progenitor evolution-pro- 
duced by a supernova explosion (30, 31). 

In conclusion, the most straightforward 
scenario that emerges from all the pieces of 
evidence we have gathered is the following. 
A massive progenitor-like a hypernova or a 
collapsar (32, 3 3 t e j e c t s ,  shortly before the 
GRB, a substantial fraction of its mass. This 
event is similar to a supernova explosion, as 
in the case of the SupraNova model (34). 
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Mode-Specific Energy Disposal 
in the Four-Atom Reaction 

OH + D, +HOD + D 
Brian R. Strazisar, Cheng Lin, H. Floyd Davis* 

Experiments, employing crossed molecular beams, with vibrational state res- 
olution have been performed on the simplest four-atom reaction, OH + D, -+ 

HOD + D. In good agreement with the most recent quantum scattering pre- 
dictions, mode-specific reaction dynamics is observed, wi th  vibration in the 
newly formed oxygen-deuterium bond preferentially excited t o  v = 2.  This 
demonstrates that quantum theoretical calculations, which in the past decade 
have achieved remarkable accuracy for three-atom reactions involving three 
dimensions, have progressed t o  the point where it is now possible t o  accurately 
predict energy disposal in four-atom reactions involving six dimensions. 

A central goal in the study of chemical reaction 
dynamics is to understand the details of how 
bonds are broken and formed during a reaction 
(1). The potential energy surface (PES), which 
describes how the potential energy of the sys- 
tem depends on the relative position of the 
atoms, may be derived using ab initio or density 
functional theory (2). Classical, quasi-classical, 
or quantum scattering calculations may be car- 
ried out using the PES to understand which 
collision geometries and forms of reactant en- 
ergy (such as translational or vibrational) facil- 
itate passage through the transition state region 
to the chemical products (3, 4). Scattering cal- 
culations can also predict product quantum state 
distributions as a function of scattering angle (3, 
4). 

'The accuracy of theoretical calculations 
may be tested by comparing predicted prod- 
uct quantum state and angular distributions to 
those measured experimentally (3-5). To 
date, studies of three-atom systems (A + BC-AB + C), using crossed molecular beams, 
have provided the most detailed insight into 
the mechanisms and energy disposal in chem- 
ical reactions (5-11). Recent studies of the 
H + D, -HD + D (6,7 )  and 0 + H, -
OH + H (11) reactions have employed the 
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high-resolution H atom Rydberg tagging 
method (12) to determine the vibrational and 
rotational energy distributions of the diatomic 
products as a function of scattering angle. 

A more recent challenge to both theoreti- 
cians and experimentalists has been the study 
of four-atom reactions (AB + CD -.ABC + 
D or ABC + D AB + CD). In three-atom 
systems, internal excitation is limited to two 
rotational and one vibrational degree of free- 
dom in the diatomic reactant and product. In 
four-atom reactions. the triatomic reactant or 
product (if nonlinear) has three vibrational 
degrees of freedom. some involving motion 
of the newly broken or formed bond. When a 
triatomic molecule is produced in a four-atom 
reaction, it becomes possible to ask not only 
how much energy is deposited into product 
vibration, but also how energy is distributed 
among the vibrational modes. 

Mode-specific behavior is an important 
feature of reaction dynamics involving four- 
atom systems. Excitation of the OH stretch- 
ing mode of H 2 0  greatly enhances the rate of 
the H + H,O -+ OH + H, reaction, whereas 
excitation of the H,O bending mode has no 
effect (13, 14) .  In the H + HOD reaction. 
selective excitation of either the OH or OD 
stretching overtone (13) or fundamental ( 1 5 )  
in HOD can dictate which bond is reactive. 
From the principle of microscopic reversibil- 
ity, preferential vibrational excitation of the 
new bond in the reverse reaction might be 
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anticipated. However, earlier scattering cal- 
culations on two different PESs showed no 
evidence for mode-specific energy disposal 
(1 6, 17). Instead, the HOD was predicted to 
be produced in a range of vibrational states, 
with no clear preference for particular HOD 
bending or OD stretching levels. In contrast, 
very recent quantum scattering calculations 
(18) on a new PES (19) predicted highly 
mode-specific energy disposal with preferen- 
tial vibrational excitation of the newly 
formed OD bond to v = 2. 

TheOH+IE,+IE,O+Hreactionisthe 
primary source of water in the combustion of 
hydrogen (20). It is also important in interstellar 
chemistry as the regendve step in the OH 
maser and the active medium in the I&O maser 
(21). It is a prototype reaction for H atom 
abstraction by OH radicals leading to water 
production. The reaction has become the most 
important four-atom benchmark, and calcula- 
tions of the reactive PES have been performed 
with increasing sophistication (16-19. 22. 23). 
Previously, the most detailed experimental in- 
sight into the mechauism came hm an exper- 
iment using crossed molecular beams, in which 
the HOD product h m  the OH + D2 + 
HOD + D reaction was detected (17). The 
HOD was found to be strongly backward scat- 
tered with respect to the initial OH -on, 
indicating a direct mechanism, with the 0 atom 
in OH abstracting a D atom hm D2 via a 
nearly coIlinear 0-D-D geometry. Although 
64% of the available energy was channeled into 
HOD internal excitation, it was not clear how 
this energy was distributed 

Our experimental apparatus consists of 
two fixed, pulsed molecular beams and a 
rotatable detector assembly housed within a 
large vacuum chamber. The OH radicals were 
produced by photodissociation (at 193-nm 
wavelength) of anhydrous nitric acid (24) 
seeded in a pulsed supersonic expansion of 
hydrogen at 2 atm (1 atm = 101.3 kPa) (25). 
The measured velocity of the OH beam was 
3340 m/s, and the rotational temperature 
(characterized using laser-induced fluores- 
cence) was -85 K. The D, beam was pro- 
duced by pulsed superso& expansion of 
20% D2 seeded in H2 (5-atm total pressure) 
and characterized using 2+ 1 resonanceen- 
hanced multiphoton ionization (26). The D2 
velocity was 2416 m/s and the rotational 
temperature was - 130 K. 

The beams were collimated by skimmers 
and crossed at 90° in a separately pumped 
scattering chamber. From the measured beam 
characteristics, the average collision energy was 
6.6 2 0.5 kcaVmol (half width at half maxi- 
mum), nearly identical to the 6.3 W m o l  used 
previously in expexhmtal(17) and t h d c a l  
(17. 18) studies. Pulsed lasers operating at 
121.6and365.6nmwereusedtoexcitenascent 
D atoms at the interadon ~ g i o n  to a high-lying 
Rydberg state (n = 40). The 'Vagged" D atom 

products evolved spatially through a distance of 
29.2 cm to a detector where they were field- 
ionized and collected on a microchannel plate 
(12). The detector assembly may be rotated 
within the plane of the beams to obtain a fbll 
angular distribution of the products. For this 
collision energy, data was acquired at 14 labo- 
ratory angles. 

The energetics of the reaction are shown 
in Fig. 1, along with the HOD product vibra- 
tional energy levels accessible under our ex- 
perimental conditions. It is believed that the 
OH bond acts as a "spectator" (22), with the 
bond length remaining essentially unchanged 
throughout the course of the reaction. There- 
fore, only the "active" modes-that is, the 
HOD bending and the OD local stretching 
modes-are included (1 7). 

Our observations are in good agreement 
with the earlier experimental findings that the 
HOD products are strongly backward scattered 
hm a direct rebound reaction, with a large 
fixtion of available energy deposited into 
HOD internal excitation (1 7). The higher reso- 
lution of our experiment allows us to gain much 
more quantitative insight into the disposal of 
energy into the various vibrational modes of 
HOD. The D atom time-of-flight (TOF) spectra 
are dominated by two peaks (Fig. 2). From 
conservation of energy and momentum, the 
faster and slower peaks correspond to one and 
two quanta of excitation in the OD local stretch- 
ing mode, respectively [(0,1) and (0,211. A 
smaller featm. appearing between these peaks 
comxponds to one quantum of OD smhing  
and one quantum of HOD bendmg excitation 

Reaction coordinate 

Fig. 1. Energy level diagram for the OH + D, + 
HOD + D reaction. Vibrational levels of the 
HOD product are labeled (ma), where m is the 
quantum number for the bending mode and n 
that for the OD local stretching mode. 

Table 1. Energy disposal into HOD + D products. 

(1,l). A very small, fast contribution indicates a 
small yield of vibrationless HOD (0,O). The OD 
vibrational h q e n c y  in HOD is nearly double 
the bending frequency, and it is therefore im- 
possible to distinguish some of the very close 
lying levels (0,l h m  2,O; 1,l hm 3,O; and 0,2 
h m  2,l and 4,O). However, recent t h d c a l  
calculations (18) @ct that only the four vi- 
brational levels noted above are sigdicautly 
populated 

The solid lines in each TOF spectrum (Fig. 

20 40 60 
Flight time (ps) 

Fig. 2. D atom product time-of-flight spectra at 
four selected laboratory angles relative to the 
OH initial velocity vector. Solid lines represent 
simulations based on best-fit translational en- 
ergy and angular distributions. 

HOD vibrational Level 
Parameter 

(0.0) (0.1) (1.1) (0.2) 

Total population 3% 30% 11% 56% 
Total available energy (kcaVmol) 21.2 13.4 9.5 5.9 
Average translational energy (kcaVmol) 16.0 10.1 7.1 4.1 
Average rotational energy (kcaVmol) 5.2 3.3 2.4 1.7 
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2) cmreqond to simulated spectra based on a 
f m d  convolution calculation using a sepa- 
rate translational energy distribution [P(E)] and 
center-of-mass angular distribution [T(0)] for 
each of the four populated HOD vibrational 
energy levels. The simulations explicitly in- 
cludeaveraging~duetothefiniteangular 
divergences of the beams, the velocity W i u -  
tions of the reactants, and the distribution of 
collision energies. After optimizing the simula- 
tions to agree with our experimental TOF data, 
we directly transformed the P(E) and T(8) dis- 
tributions to velocity space to obtain a D atom 
product center-of-mass flux contour map (Fig. 
3). We also extracted relative populations for 
each vibrational state and the average amount 
of rotational energy for each individual viira- 
tional level. Approximately 37% of the total 
available energy goes into translation, in close 
merit with the results of Alagia et al., who 
&easured 34% (1 7). By the average 
translational energy to the total energy available 
for each vibrational level, we detmnhed that 
58% of the total energy is deposited into HOD 
vibration and 5% into HOD rotation. The HOD 
vibrational populations and average translation- 
al and rotational energies in each vibrational 
state (Table 1) show that this reaction exhibits 
highly mode-specific behavior, with the newly 
formed OD bond preferentially vibrationally 
excited This is consistent with theoretical cal- 
culations, which indicate that the OD bond is 
significantly longer in the transition state (1.36 
A) than in the HOD product (0.957 A) (19). 
Relatively little excitation of the bending mode 
is observed because the transition state HOD 
angle (97.1") is only slightly smaller than that 
of the product (104.5") (19). As noted previous- 
ly, the OH stretch is not excited because this 
spectator.bond length remains essentially un- 

Fig. 3. D atom product flux contour map and 
surface plot in center of mass velocity space. 
Dashed circles represent the maximum velocity 
of D atoms recoiling from HOD in indicated 
vibrational states. 

changed throughout the reaction. 
Product vibrational state populations are an 

extremely sensitive test of calculated reactive 
PESs. We compared our results to t h d c a l  
predictions based on scattering calculations, us- 
ing three progressively newer PESs (Fig. 4). 
The three calculated vibrational energy distri- 
butions (Fig. 4, A through C) were obtained 
h m  quantum scattering calculations using the 
rotating bond approximation (18), which in- 
volves treating the HOD bending and OD 
stretching vibrations with explicit quantum me- 
chanics, whereas the other degrees of fkedom 
are treated approximakly. As the PESs have 
improved over the past few decades, the pre- 
dicted HOD prcduct vibrational distributions 
have changed quite significantly. The first vi- 
brational distribution (Fig. 4A) was calculated 
using the first analytical OH + H, PES by 
Schatz and Elgersma (SE), published in 1980 
(16). This surface is a many-body expansion fit 

Vibrational energy (kcaVmol) 

Fig. A Comparison of three different theoretical 
predictions (A to C) of HOD vibrational energy 
distributions (17, 18) to experimental measure- 
ments (D). Theoretical predictions are based on 
rotating bond approximation calculations on the 
SE (76). W C  (17). and OC (79) potential at 
Em, = 6.3 kcaVmoL 

to the somewhat limited ab initio data available 
at the time. This surface has been used exten- 
sively for many years, and has therefore been 
subject to a great deal of scrutiny. Most notably, 
the transition state has a considerably shorter 
OD bond length than predicted by more recent 
calculations, leading to much less OD stsetch 
excitation in the products. The second distribu- 
tion (Fig. 4B) is fkom a more recent PES cal- 
culated by Kliesch, Werner, and Clary (KWC) 
(1 7). This surface was generated by a reduced 
dimensionality fit to newer, more extensive ab 
initio data. To simplify the fitting of the surface 
to the ab initio points, the ''pxtatof' OH bond 
distance and the out-of-plane angle away fkom 
the transition state were held constant. The 
agreement with our data is slightly better be- 
cause more vibrational excitation of HOD is 
predicted The prediction does not, however, 
reflect the mode-specific behavior observed ex- 
perimentally. The third calculated vibrational 
energy distribution (Fig. 4C) was obtained from 
recent quantum scattering calculations (18) us- 
ing a new PES by Ochoa de Aspw and Clary 
(OC) (19) generated fiom a full six-dimension- 
a1 fit to the same ab initio data used for the 
KWC potential. The predicted vibrational dis- 
tribution h m  the OC PES agrees quite well 
with our experimental measurements (Fig. 4D). 

Our experimental results demonstrate that 
modem quantum scattering calculations, pre- 
viously verified only for three-atom systems 
in three dimensions. are now able to accu- 
rately predict vibrational energy disposal in 
much more complex four-atom reactions in- 
volving six dimensions (4, 18). 
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First-Principles Theory for the 

H + H,O, D,O Reactions 

Dong H. ZhangS1* Michael A. C ~ l l i n s , ~Soo-Y. Lee2 

A full quantum dynamical study of the reactions of a hydrogen atom with water, 
on an accurate ab initio potential energy surface, is reported. The theoretical 
results are compared with available experimental data for the exchange and 
abstraction reactions in H + D20 and H + H20. Clear agreement between 
theory and experiment is revealed for available thermal rate coefficients and 
the effects of vibrational excitation of the reactants. The excellent agreement 
between experiment and theory on integral cross sections for the exchange 
reaction is unprecedented beyond atom-diatom reactions. However, the ex- 
perimental cross sections for abstraction are larger than the theoretical values 
by more than a factor of 10. Further experiments are required to resolve this. 

Since molecular beam experiments first ex- 
amined chemical reactions at the most rigor- 
ous elementary level (I), there has been in- 
tense effort to develop theory for reliable 
calculations of chemical dynamics. The pur- 
pose of this quest for quantitatively accurate 
theory is to provide a definitive understand- 
ing of the mechanisms of chemical reac- 
tions-an understanding that will ultimately 
provide the basis for confident prediction of 
chemical rates and for control of chemical 
reactions. 

Quantitative theory faces two difficult tasks: 
the construction of accurate multidimensional 
potential energy surfaces (PESs) and the per- 
formance of reactive scattering calculations on 
these surfaces. These tasks have been largely 
achieved for triatomic systems (2, 3), in partic-
ular for the H + H, reaction family (4, 5). 
Accurate theory for tetraatomic reactions 
should substantially extend our understanding 
of elementary reaction mechanisms (3, 6). 
Four-atom systems support a much richer vari- 
ety of phenomena, including competing reac- 
tion pathways, steric hindrance, and the influ- 
ence of different reactant vibrations on the 
course of the reaction. Over the past several 
years, advances in accurate reactive scattering 
calculations (7-9) and the construction of PESs 
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(10-14) have been combined with the rise in 
computational power to make accurate ab initio 
dynamics practicable for four-atom systems. 
This study reports such calculations for the H + 
H20 family 

H + D20  -+D + HOD (1) 

These reactions have become the prototype 
tetraatomic reactions, in which different vi- 
brational modes in the reactants can play an 
important role in the reaction dynamics (I). 
This role has been extensively studied in the 
past decade (15-23). In addition, the thermal 
rate coefficient for reaction 3 is known (24), 
and the effect of reactant translational energy 
on reactions 1 and 3 has been closely exam- 
ined (25-29). Because this system has few 
electrons and three very light atoms, it is an 
ideal candidate for the theoretical study of 
tetraatomic reactions in terms of both practi- 
cality and importance. Not surprisingly, these 
reactions, and the reverse reaction of OH + 
H,, have been the focus of the development 
of quantum reaction dynamics for four-atom 
systems (6-9, 30-32). Once substantial 
progress had been made with the scattering 
methodology, attention naturally turned to 
improving the PES (33-35). However, only 
very recently have PESs been developed that 
can accurately describe reactions 1 to 3 ,  in-
cluding the effect of vibrationally excited 
reactants (14). We briefly describe the meth- 
ods used to obtain "benchmark" descriptions 
of reactions 1 to 3. The calculations are then 
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compared with the available experimental 
data to see what stage theory has reached. It 
will become clear that the substantial amount 
of computer time expended here was neces- 
sary to approach "chemical accuracy," as 
measured by some types of experimental 
data. In one case, the theory is sufficiently 
reliable to suggest that some experimental 
data ought to be reconsidered. 

The PES is constructed as an interpolation 
of high-level ab initio quantum chemistry 
data (36) evaluated over a large range of 
molecular geometries. This interpolation 
scheme for PES (10-12) has been demon- 
strated to be sufficiently accurate for quan- 
tum scattering (13, 14). The quantum chem- 
istry calculations are discussed in a recent 
paper (14). A data set of 1000 geometries 
was constructed (which required -800 days 
of CPU time on a state-of-the-art worksta- 
tion). In contrast to earlier work (14), no 
additive or scaling approximations have been 
employed here. The resulting PES is depicted 
schematically in Fig. 1. When the total angu- 
lar momentum J = 0, the exact quantum 
dynamics of the molecule is calculated by 
using a time-dependent wave packet method 
(a),extended so that the exact total probabil- 
ities for reactions 1 to 3 could be evaluated 
with all six internal degrees of freedom taken 
into account explicitly. For J > 0, the cen- 
trifugal sudden (CS) approximation is used 
(which should only introduce a few-percent 
error in the total reaction cross sections at 
medium to high translational energy) (9). 

In Fig. 2, we compare theoretical integral 
cross sections for the exchange reaction with 
the experimental results (28, 29): the absolute 
cross sections at a relative translational ener- 
gy of 1.5 and 2.2 eV and the excitation 
function of the reaction in the line-of-center 
functional model (29). The first-principles 
theoretical results agree excellently with the 
experiments in all respects. We note that the 
experimental result is thermally averaged 
over the initial rotation of D20, whereas the 
theoretical result is for initial nonrotating 
D20 (preliminary calculations showed that 
rotational excitation of the triatomic reactant 
has no substantial effect on the integral cross 
section). 

The agreement between theory and exper- 
iment for the abstraction reactions is both 
positive and negative. A comparison of the 
experimental data (24) with the theoretical 
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