
depend on the specific molecular-scale solvent-

substrate interactions.
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Observation of Feshbach Resonances
in the F þ H2 Y HF þ H Reaction
Minghui Qiu,1,3* Zefeng Ren,1* Li Che,1 Dongxu Dai,1 Steve A. Harich,1 Xiuyan Wang,1

Xueming Yang,1† Chuanxiu Xu,4 Daiqian Xie,4† Magnus Gustafsson,5,6 Rex T. Skodje,5,6

Zhigang Sun,1,2,7 Dong H. Zhang1,2,7†

Reaction resonances, or transiently stabilized transition-state structures, have proven highly
challenging to capture experimentally. Here, we used the highly sensitive H atom Rydberg tagging
time-of-flight method to conduct a crossed molecular beam scattering study of the F þ H2 Y HF þ H
reaction with full quantum-state resolution. Pronounced forward-scattered HF products in the
v¶ 0 2 vibrational state were clearly observed at a collision energy of 0.52 kcal/mol; this was attributed
to both the ground and the first excited Feshbach resonances trapped in the peculiar HF(v¶ 0 3)-H¶
vibrationally adiabatic potential, with substantial enhancement by constructive interference between
the two resonances.

D
ynamical resonance in chemical reac-

tions (1) has attracted great attention

from both experimentalists and theoret-

icians (2–5) over the past 30 years. In general,

the transition state is an energy maximum along

the reaction coordinate, and so it does not per-

sist as a discrete structure. However, in special

cases, a reaction complex in the transition-state

region can be transiently trapped in vibrationally

adiabatic wells along the reaction coordinate. A

transiently trapped state along the reaction coor-

dinate in the transition-state region is normally

called a dynamical resonance or a Feshbach

resonance. Dynamical resonance (or reaction

resonance) thus constitutes an extremely sensi-

tive probe of the potential energy surface (PES)

of a chemical reaction.

The most well-studied example for dynam-

ical resonance is the F þ H
2
Y HF þ H re-

action, which is also known to be the main

pumping step for the HF chemical laser. Theo-

retical predictions of a reaction resonance in the

F þ H
2

reaction were first made in the 1970s

(6–9). In a landmark crossed-beams experiment

on the F þ H
2

reaction in the collision energy

range of 0.7 to 3.4 kcal/mol by Lee and co-

workers (10, 11), a forward-scattering peak for

the HF(v¶ 0 3) product was clearly observed

and was attributed to a reaction resonance. Later

theoretical studies using both the quasi-classical

trajectory method (12) and the quantum me-

chanical scattering method (13) on the Stark-

Werner PES (SW-PES) (14), however, did not

confirm this conjecture. In a recent study of the

F þ HD Y HF þ D reaction, a step in the

excitation function around 0.5 kcal/mol was

unambiguously observed (15). Concurrent the-

oretical analysis based on the SW-PES showed

that this step is due to a H-F-D(003) resonance.

Neumark and co-workers also probed the transi-

tion state of the F þ H
2

reaction by negative ion

photodetachment spectroscopy (16). Full quan-

tum mechanical calculations based on the SW-

PES led to nearly quantitative agreement with

the FH
2
j photoelectron spectrum (16). The na-

ture of the resonances observed in the FH
2
j

photoelectron spectrum was analyzed by Russell

and Manolopoulos (17).

Despite more recent experimental studies on

this system (18, 19), a definitive detection of

reaction resonances in the F þ H
2

reaction in a

scattering experiment still remains elusive. More-

over, serious questions have been raised about

the SW-PES that predicts the resonances, such as
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the delayed appearance of the HF(v¶ 0 3), the

inclusion of spin-orbit interaction, and the as-

signment of the resonances (20). On the basis

of modifications of the SW-PES at the exit

channel, a new PES (SWMHS-PES) was re-

cently developed for the F þ H
2

reaction (20).

The picture of reaction resonances at low col-

lision energies on the SWMHS-PES is substan-

tially different from that on the SW-PES.

Clearly, a consensus physical picture of reaction

resonances in this benchmark system has not yet

emerged.

In an effort to resolve the controversy, we

have carried out a full quantum-state resolved

crossed-beam scattering study on the F þ H
2

reaction, with the use of the high-resolution and

highly sensitive H-atom Rydberg tagging meth-

od (21). State-to-state scattering studies have

recently provided great insights into the dyna-

mics of elementary chemical reactions (22–25).

We also modeled the reaction in a full quantum

scattering study, based on a highly accurate PES

constructed for this purpose, which includes the

spin-orbit interaction with small empirical cor-

rections (26). Because the F* atom in the first

electronic excited state 2P
½

is about 400 cmj1

higher in energy than the ground state F(2P3=2
),

the resolution (about 1% in energy, or roughly

20 cmj1 at the translational energy E
t
0 2000

cmj1) in this work can easily distinguish the

F(2P3=2
) and F*(2P

½
) reactions. All the main

signals observed and analyzed here were

attributed to the ground-state F atom reaction.

Time-of-flight (TOF) spectra of the H atom

products from the F þ H
2

reaction were mea-

sured at many laboratory angles at 5- intervals,

with the collision energy fixed at 0.52 kcal/mol

(Fig. 1). The main structures in these TOF spec-

tra can be clearly assigned to the HF product ro-

vibrational states from the ground-state F(2P
3=2

)

reaction with H
2
( j 0 0). The spectra were then

converted to the center-of-mass frame, using a

standard Jacobian transformation, to obtain the

product kinetic energy distributions. During the

conversion, detection efficiencies of the H atom

product at different laboratory angles and

different velocities were simulated and included.

The kinetic energy distributions obtained exper-

imentally in the laboratory frame were fitted by

simply adjusting the relative populations of the

ro-vibrational states of the HF product. From

these fittings, relative population distributions of

the HF product at each ro-vibrational state were

determined at 36 laboratory angles at the

collision energy of 0.52 kcal/mol. Quantum-state

distributions of the HF product in the center-of-

mass frame (Q
cm

0 0- to 180-) were then

determined by a polynomial fit to the above

results, and from these distributions, full ro-

vibrational state–resolved differential cross sec-

tion (DCS) values were determined (Fig. 2A).

At this collision energy, all HF(v¶ 0 1, 2, 3)

products were observed. The observation of the

HF(v¶ 0 3) product (the middle sharp peak in

Fig. 2A) suggests that the HF(v¶ 0 3) product

appears as soon as the collision energy reaches

this channel_s threshold. This result is consist-

ent with previous experimental results at higher

collision energies and is considerably different

from the result predicted by the SW-PES, in

which the HF(v¶ 0 3) product does not appear

below collision energies of 1 kcal/mol. Another

intriguing observation from this experiment is

the pronounced forward-scattering peak (refer-

enced to the F beam) for the HF(v¶ 0 2) product,

which was not observed previously because of

the experimental difficulty in accessing the low

collision energy region and in measuring the

DCS for this reaction. The forward-scattered

product is potentially an important probe of re-

action resonances, because forward reactive

scattering could relate closely to the time delay

caused by resonance-state trapping (4, 23).

We also carried out a careful measurement of

the DCS collision energy dependence for the

HF(v¶ 0 2) product in the forward-scattering

direction. The detector was fixed in the forward

direction at different collision energies, and the

measurement was repeated 10 times at different

collision energies to reduce experimental er-

ror, which was estimated to be about 10%. The

data in the collision energy range of 0.2 to 0.9

kcal/mol show a peak for the forward-scattering

HF(v 0 2) product at the collision energy of

0.52 kcal/mol (Fig. 3A).

Fig. 2. Experimental (A) and theoretical (B) 3D
contour plots for the product translational energy
and angle distributions for the F(2P3/2

) þ H2( j 0
0) reaction at the collision energy of 0.52 kcal/
mol. The different circles represent different HF
product ro-vibrational states. The forward-
scattering direction for HF is defined along the F
atom beam direction.

Fig. 1. TOF spectra of the H atom
product from the F(2P3/2

) þ H2( j 0
0) reaction at the collision energy
of 0.52 kcal/mol. TOF spectra at
three laboratory angles are shown:
(A) QL 0 –60-, (B) QL 0 25-, and
(C) QL 0 95-, which correspond
roughly to the forward-, sideways-,
and backward-scattering directions
for the HF(v¶ 0 2) product in the
center-of-mass frame, respectively.
Only HF(v¶ 0 1, 2, 3) products are
observed here. The inset in (B) also
shows the formation of HF(v¶ 0 3),
which is much more abundant than
HF(v¶ 0 2) at this scattering angle.
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To interpret these data, we constructed a

highly accurate PES for the F(P3=2
) þ H

2
reac-

tion. We used the internally contracted multiref-

erence configuration interaction method (27, 28)

with the Davidson correction (icMRCI þ Q) (29)

and the augmented correlation-consistent va-

lence 5-zeta (aug-cc-pv5z) basis set of Dunning

(30). EFor a detailed description of the PES con-

struction, see (26).^ The static barrier for the

reaction was calculated to be 2.33 kcal/mol. On

the basis of this PES, fully converged quantum

scattering calculations were carried out for the

F(P
3=2

) þ H
2
( j 0 0) reaction at collision en-

ergies up to 1.5 kcal/mol using the ABC code

(31). All the theoretical results shown here are

convoluted with the experimental collision en-

ergy spread. The calculations support predom-

inantly forward-scattered HF(v¶ 0 2) products at

a collision energy of 0.52 kcal/mol. The overall

agreement between the theoretical and experi-

mental data is very good (Fig. 2), which is

remarkable given that the DCS varies rapidly

around 0.52 kcal/mol. Thus, the new PES is

clearly accurate from the dynamical point of

view. We also compared theoretical and exper-

imental DCSs at other collision energies, and the

agreement is also generally good. Theoretical

results show that the HF(v¶ 0 3) product (the

middle sharp peak in Fig. 2B) is already

abundant at 0.52 kcal/mol, in good agreement

with the current experimental observation. This

agreement shows clear progress from simulations

based on previous potential energy surfaces.

We also calculated the collision energy de-

pendence for the forward-scattering HF(v¶ 0 2)

product (Fig. 3A), and the result mirrors the

experimental result. It is obvious that the the-

oretical result is very similar to the experimen-

tal data, with a clear narrow peak precisely at

0.52 kcal/mol. Small empirical corrections,

which scaled the ab initio calculated energies

so that the asymptotic energetics matched the

correct experimental values, rendered the theoret-

ically predicted resonance peak in almost perfect

agreement with the current experimental result.

With these corrections, the predicted DCS is

also in excellent agreement with the experi-

mental DCS at the same collision energies.

The nature of the narrow resonant peak for

the forward-scattered HF(v¶ 0 2) product is very

intriguing. The energy-dependent reaction prob-

ability (32) (fig. S1) for the total angular mo-

mentum J 0 0 exhibits two distinctive peaks, at

0.26 and 0.46 kcal/mol, that correspond to two

reaction resonance states: the ground and the

excited resonance states. Partial wave analysis

shows that about 65% of the reaction cross

section at 0.52 kcal/mol comes from the excited

resonance with contributions from the J 0 0 to

4 partial waves, whereas the other 35% is due

to the ground resonance with contributions from

J 0 5 to 11 (32) (figs. S2 and S3). Figure 3B

shows the total DCS and the DCS contributions

from both the ground and the excited resonance

partial waves at 0.52 kcal/mol. Clearly, the

excited resonance plays a major role in the

HF(v¶ 0 2) forward scattering, but the ground

resonance is also important. More interest-

ingly, it seems that the partial waves from

both resonances interfere constructively, making

the forward-scattering HF(v¶ 0 2) peak much

more pronounced than the mere summation of

the DCS contributions from the ground and the

excited resonances. The narrow peak for the

HF(v¶ 0 2) forward scattering at the collision

energy of 0.52 kcal/mol (Fig. 3A) is thus di-

rectly related to the constructive quantum inter-

ference between the two reaction resonance

pathways.

From the converged time-dependent wave

packet calculations, the exact scattering wave

functions at 0.26 and 0.46 kcal/mol for J 0 0

are extracted. The three-dimensional (3D) scat-

tering wave function at the collision energy of

0.26 kcal/mol shows the existence of three

nodes along the H-F coordinate (correlating to

the HF product) in the HF-H¶ complex with no

node along the reaction coordinate (32) (fig. S4).

The projection of the J 0 0 scattering wave

function at 0.26 kcal/mol to the HF vibrational

states shows that the main character in this

wave function is HF(v¶ 0 3) with the outgoing

waves mostly on HF(v¶ 0 2) (32) (fig. S5). This

implies that the resonance state at 0.26 kcal/mol

is the ground resonance state, (003), trapped in

the HF(v¶ 0 3)-H¶ vibrational adiabatic potential

(VAP) well. The 3D scattering wave function

for J 0 0 at the collision energy of 0.46 kcal/mol

shows the existence of three nodes along the H-

F coordinate (correlating to the HF product) in

the HF-H¶ complex with one node along the

Fig. 3. (A) Collision energy–dependent DCS for
the forward-scattering HF(v¶ 0 2) product. A
resonance-like peak is clearly observed at the
collision energy of 0.52 kcal/mol. The solid circles
are the experimental data, and the solid line is
the calculated theoretical result. (B) The total DCS
of the HF(v¶ 0 2) product and the DCS con-
tributions to the HF(v¶ 0 2) product from both the
ground and the excited resonance partial waves at
0.52 kcal/mol.

Fig. 4. Schematic diagram showing the resonance-mediated reaction mechanism for the Fþ H2 reaction
with two resonance states trapped in the peculiar HF(v¶ 0 3)-H¶ VAP well. The 1D wave functions of the
two resonance states are also shown. The (003) state is the ground resonance state; the (103) resonance
is the first excited resonance state. Calculated van der Waals states for the lower VAPs are also shown.
OP, overtone pumping; Eb, barrier height; Ec, collision energy.
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reaction coordinate (32) (fig. S4). The projection

of the J 0 0 scattering wave function at 0.46

kcal/mol to the HF vibrational states shows the

main character in this wave function is predom-

inantly HF(v¶ 0 3) with the outgoing waves also

mostly on HF(v¶ 0 2) (32) (fig. S5). This sug-

gests that the resonance state at 0.46 kcal/mol is

the excited reaction resonance state trapped in

the HF(v¶ 0 3)-H¶ VAP well. This resonance

state can be assigned to the (103) resonance state

with one-quantum vibration along the reaction

coordinate, zero-quantum vibration on the bend-

ing motion (or hindered rotation), and three-

quanta vibration along the HF stretching.

Figure 4 shows the resonance-mediated

reaction mechanism. The HF(v¶ 0 3)-H¶ VAP

on the new PES is very peculiar with a deeper

vibrational adiabatic well close to the reaction

barrier and a shallow van der Waals (vdW) well,

which is similar to the picture on the SW-PES

(33) and different from that on the SWMHS-

PES (20). The 1D wave function for the ground

resonance state in Fig. 4 shows that this state is

mainly trapped in the inner deeper well of the

HF(v¶ 0 3)-H¶ VAP with a considerable vdW

character, whereas the excited resonance wave

function is mainly a vdW resonance. The main

character of the ground resonance state is

similar to that of the observed resonance in

the F-H-D reaction (15), but with some

difference because of the vdW character in the

F-H-H case. Because of the vdW characters, these

two resonance states could likely be accessed

via overtone pumping from the HF(v¶ 0 0)-H¶

vdW well. The above analysis also suggests

that the vdW interaction can affect the reaction

dynamics in a substantial way (17, 34).
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Signatures of H2CO Photodissociation
from Two Electronic States
H. M. Yin,1 S. H. Kable,1* X. Zhang,2 J. M. Bowman2*

Even in small molecules, the influence of electronic state on rotational and vibrational product
energies is not well understood. Here, we use experiments and theory to address this issue in
photodissociation of formaldehyde, H2CO, to the radical products H þ HCO. These products result
from dissociation from the singlet ground electronic state or the first excited triplet state (T1) of
H2CO. Fluorescence spectra reveal a sudden decrease in the HCO rotational energy with increasing
photolysis energy accompanied by substantial HCO vibrational excitation. Calculations of the
rotational distribution using an ab initio potential energy surface for the T1 state are in very
good agreement with experiment and strongly support dominance of the T1 state in the dynamics
at the higher photolysis energies.

T
he study of reaction dynamics of small

molecules has contributed greatly to our

understanding of molecular reactivity—

an understanding that now allows us to follow

and even control reactions from precise quan-

tum states of a reactant to the quantum states of

the products. However, even for molecules as

small as four atoms, the influence of different

electronic states on the product state distribu-

tions is not well understood. Here we examine

this issue for the otherwise very well studied

photodissociation of the tetra-atomic formalde-

hyde molecule (H
2
CO).

Formaldehyde is found in the troposphere as

a result of air pollution. It decomposes via

photodissociation due to absorption of actinic

solar radiation (1). Although this process might

seem to represent a simple chemical reaction,

there are at least six different photochemical

and photophysical pathways that could occur

after absorption of a near-ultraviolet photon

excites H
2
CO to its lowest excited singlet elec-

tronic state (Fig. 1). These processes include

fluorescent relaxation; internal conversion to a

vibrationally excited electronic ground state

(S
0
), which in turn results in dissociation to

radical or molecular products; or intersystem

crossing to a triplet electronic state, also fol-

lowed by dissociation to radical products.

The fluorescence and S
0

dissociative path-

ways to the radical and molecular products

have a long history, with much of the pioneer-

ing work done by Moore and Weisshaar (2).

Knowledge of the respective branching ratios

(or quantum yields) is vital to atmospheric

modeling. An alternative route to molecular

products from S
0
, via a Broaming atom[

mechanism (3), was reported in 2004 (4). An

isomerization pathway on S
0

has been predicted

(5, 6) but not observed experimentally.

Reaction via the triplet channel has also long

been suspected, although its precise threshold

energy and probability are not well established.
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