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Probing resonances in the double-well entry
valley of the Cl + NH3 reaction using high-
resolution anion photoelectron
spectroscopy

Shuaiting Yan 1,2, Rui Zhang 1, Wenru Jie1, Jiayi Chen1, Mingjuan Yang3,
Hongwei Song 3 & Chuangang Ning 1

The Cl + NH3→HCl + NH2 reaction is a prototypical system featuring multiple
potential wells and transition states along the reaction pathway, presenting
significant challenges for achieving a fully quantum-state-resolved under-
standing of its dynamics. By photodetaching ClNH3‾ anions, we probe the
transition-state region in the reaction using high-resolution photoelectron
spectroscopy combined with exact quantum dynamics calculations. Two
prominent electronic bands are observed experimentally. High-level multi-
reference calculations indicate that they arise from chlorine atom spin–orbit
coupling. Several Feshbach resonances are identified in the lower spin–orbit
state and assigned by excitations of the N–Cl translational, NH3 umbrella, and
NH3–Cl rocking modes of the pre-reaction complexes RC1 and RC2. Impress-
ively, a Walden inversion-like transformation between RC1 and RC2 is identi-
fied, driven by NH3 hydrogen reorientation via the umbrella mode excitation.
These findings reveal that transition-state spectroscopy offers unprecedented
opportunities to deepen our physical understanding of polyatomic reactions
by probing their intricate mechanisms.

Understanding elementary chemical reactions at a fully quantum-
state-resolved level is crucial in fundamental chemistry research,
which not only deepens our understanding of microscopic processes
of chemical reactions but also reveals how quantum effects influence
these reactions. The combination of sophisticated crossed molecular
beamexperiments andhigh-level theoretical calculations hasprovided
major insights into how the fundamental interactions govern reaction
dynamics1–4. Furthermore, Zewail et al. pioneered pump-probe
experimental techniques to monitor reaction dynamics in real
time5–7. Meanwhile, time-resolved cavity-enhanced direct frequency
comb spectroscopy has been employed to clarify the formation

mechanism and quantify the yield of the HOCO intermediate in the
OH+CO reaction8. In this regard, negative ion photoelectron spec-
troscopy provides complementary insights through direct probe of
the transition-state region via photodetachment of an anion geome-
trically similar to the neutral transition state9–16. A representative study
by Neumark et al. employed an integrated approach of high-resolution
image-based spectroscopy and quantum dynamics calculations to
elucidate the neutral vinylidene-acetylene isomerization kinetic
process17. Transition-state spectroscopy utilizing photodetachment of
negative ions has been proven to be a powerful method for inter-
rogating topologies of reactive potential energy surfaces, as
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demonstrated for F +H2
18,19, Cl +H2/D2

20, F + CH4
21,22, F + NH3

23,24,
F + CH3OH

25, F +H2O
26,27.

The gas-phase reaction Cl +NH3 → HCl +NH2 is a prototypical
hydrogen-abstraction reaction28. This reaction has garnered significant
experimental and theoretical interest over recent decades, focusing
primarily on its kinetics29–35. High-level theoretical calculations have
identified several intermediate complexes along its minimum energy
path (MEP), which have been proved to have visible effect on its
dynamics. Actually, the attractive interactions between reactants have
been found to play a critical role in directing the reaction pathway and
dynamics inmany chemical reactions36–44.Monge-Palacios et al. carried
out quasi-classical trajectory (QCT) and reduced-dimensional quan-
tum mechanical (QM) calculations on an analytical potential energy
surface (PES) to investigate the reactivity and mechanism of the
reaction45,46. Recently, Tu et al. built a globally accurate, full-dimen-
sional, and spin–orbit-corrected PES for the reaction47. The calculated
thermal rate constants on the ab initio-based PES agreed well with
experimental values. Meanwhile, Chen et al. explored the typical
multichannel H +NH2Cl reaction and predicted a novel reaction
mechanism termed “heavy-atom assisted rotation” via high-level ab
initio calculations48. To our best knowledge, chlorine is the heaviest
element studied to date using transition-state spectroscopy in a
polyatomic reaction system. The theoretical description of Cl-
containing polyatomic reaction systems using quantum chemical
and dynamical methods remains particularly challenging. Our present
work aims to provide reliable experimental benchmarks for this
endeavor through transition-state spectroscopy of the Cl +NH3→HCl
+ NH2 reaction.

In this work, we report a joint anion photoelectron spectroscopy
and quantum dynamics study of the Cl +NH3→HCl + NH2 reaction.
Two prominent electronic bands and several Feshbach resonances in
the low-energy band are detected by photodetaching the ClNH3‾
anion. A Walden inversion-like transformation between the pre-
reaction complexes RC1 and RC2 is identified. These findings reveal

that transition-state spectroscopy offers unique opportunities to
deepen our physical understanding of polyatomic reactions dynamics.

Results
In thepresentwork,we report acombinedhigh-resolutionphotoelectron
spectroscopy and quantum dynamics study of the Cl +NH3 → HCl +NH2

hydrogen-abstraction reaction, based on photodetachment of the stable
ClNH3‾ anion. Spectra were acquired via slow photoelectron velocity-
map imaging of cryogenically cooled anions (cryo-SEVI), achieving
energy resolutions up to a few cm−149–54. Unlike the exothermic
F +NH3→HF+NH2 reaction23,24, the Cl +NH3→HCl +NH2 reaction is an
endothermic reaction. Figure 1 illustrates the probing of the transition-
state region of the reaction through ClNH3‾ photodetachment. The
upper red dashed curve depicts the neutral potential energy surface
(PES) of the spin–orbit coupling (SOC) excited state, which is a repulsive
potential, meaning a dissociated state after photodetachment. The MEP
connecting the reactants and products in their ground vibrational states
is shown, together with the stationary-point energies and geometries.
TheneutralMEP features two vanderWaals (vdW)wells (RC1 andRC2) in
the entrance channel, a distinct transition state (TS), and a product
complex (PC) well. The entrance valley vdW complexes lie at 3354 (RC1)
and 2162 cm−1 (RC2) below the reactant asymptote, and a saddle point
715 cm−1 above the reactants. A shallow potential barrier (TS2) between
the RC1 andRC2 enables facile interconversion of RC1 andRC2. Basedon
the theoretical assignments (Supplementary Table 3), the experimental
spectra are demonstrated to contain features attributable to both RC1
and RC2. For the complex RC1, the three hydrogen atoms bonded to the
nitrogen atom are located on the side away from the chlorine atom. In
contrast, the three hydrogen atoms are deflected to the side closer to the
chlorine atom when RC1 transforms into RC2. This structural transfor-
mation constitutes a Walden inversion-like process in the nucleophilic
substitution (SN2) reaction

55.
The measured spectra of ClNH3‾ are presented in Fig. 2. The

orange curve shows the overview spectrum obtained with the photo-
detachment laser wavelength at 290 nm. High-resolution composited
spectrum (black), acquired at various photon energies, reveals finer
vibrational structure. The experimental spectrum contains two pro-
minent electronic bands: the first band contains several sharp peaks
labeled as a−i, whereas the second lacks sharp features. The
~1000 cm−1 energy separation between two bands agrees well with the
calculated 926 cm−1 spin–orbit (SO) splitting of the neutral system at
the anion stationary geometry, aspresented in the Suppl. Note 3, and is
comparable to the 882 cm−1 SO splitting betweenCl(2P3/2) andCl*(2P1/2)
atomic states21,22,56. Due to the perturbation induced by NH3, the

2P
state of the chlorine atom splits into twodoublydegenerate 2P3/2 states
and one doubly degenerate 2P1/2 state. As shown in Supplementary
Table 4, relative to the non-relativistic ground-state energy, the 2P1/2
state is raised by 719 cm−1, while the two 2P3/2 states are lowered by
34 cm−1 and 207 cm−1, respectively. The close agreement between the
experimental band separation and the theoretical SO splitting indi-
cates that the two observed bands correspond to distinct spin–orbit
states.

Figure 3 shows the two-dimensional SO splitting corrected PES
along the bond-forming coordinate (Cl−NH3) and the bond-breaking
coordinate (H−NH2), with all other coordinates optimized on the non-
relativistic ground-state PES. Clearly, the 2P1/2 state is repulsive along
the minimum energy path (MEP), which would yield a photoelectron
spectrumwithout resolved vibrational structure. In contrast, the lower
2P3/2 state is attractive in the entrance valley and is expected to pro-
duce a spectrum with well-resolved vibrational features. These theo-
retical predications align closely with the experimental observations.
Furthermore, the upper 2P3/2 state is also repulsive along the MEP,
similar to the 2P1/2 state, and would therefore contribute a broad
spectral envelope. However, this band is not distinctly observed in the
experiment due to the small energy separation (only 173 cm−1) between

Fig. 1 | Energydiagramforphotodetachment of the ClNH3‾ anion to the neutral
Cl + NH3→HCl +NH2 reaction. The upper red dashed curve depicts the neutral
potential energy surface (PES) of the spin–orbit coupling (SOC) excited state. The
upper bold curve is the neutral reactionminimumenergy path (MEP) that connects
the reactants and products. The lower thick curve depicts the anion potential
energy surface. Structures are shown for the reactant complexes (RC1 and RC2),
transition state (TS), product complex (PC) and anion using gray (H), blue (N) and
green (Cl). Energies of stationary points are shown in parentheses (in cm−1) relative
to the reactant asymptote with zero-point energy corrected. The relationship
between thephoton energy (hv), electronbinding energy (eBE) and electron kinetic
energy (eKE) in the cryo-SEVI experiment is also indicated.
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the two 2P3/2 states at vertical excitation. As a result, the broad spectral
signature from the upper 2P3/2 state overlaps with the vibrationally
resolved spectrum from the lower 2P3/2 state. In other words, the first
experimental band contains contributions from both 2P3/2 states, with
the upper state providing a broad background.

For comparison, the raw theoretical ClNH3‾ photoelectron spec-
trum (purple), as shown in Fig. 2, was convolved with a Gaussian
function with a full width at half maximum (FWHM) value of 150 cm−1

for the low-resolution simulation (blue), and 75 cm−1 for the high-
resolution simulation (red). Theoretical spectra were uniformly red-
shifted by 90 cm−1 to align simulated peaks with the experimental
features. The first band is assigned to the SOC ground state. The ver-
tical photodetachment transition to this state yields a spectrum

exhibiting resolved vibrational fine structure. The detailed structure of
the first band is well reproduced by the full-dimensional quantum
dynamics calculations on the ground electronic state neutral PES. The
absence of the second band at 33,100 cm−1 in the theoretical photo-
electron spectrum is attributed to the SOC excited state, whose
repulsive nature leads to a continuum-like feature upon vertical pho-
todetachment from the ClNH3‾ anion, lacking discrete vibrational
peaks. The well-resolved peaks (a−i) correspond to photodetachment
transitions from the anion ground state to high-lying quasi-bound
states around the neutral RC1 and RC2 regions. Experimental and
theoretical peak positions, along with their assignments, are sum-
marized in Supplementary Table 3. The reactant asymptote for the
Cl +NH3→HCl +NH2 reaction lies at 32,381 cm−1, while the transition-
state barrier is located at 33,279 cm−1. These are marked in Fig. 2 with
gray and black arrows, respectively. Peaks a−g lie below the reactant
asymptote, indicating that they are bounded in the reactant complex
(RC) wells, whereas peaks h and i lie above the reactant asymptote and
below the transition-state barrier, implying that they are Feshbach
resonance states.

Discussion
To better interpret the observed spectral features (a−i), vibrational
wavefunctions corresponding to these peaks were calculated. As
shown in Fig. 1, there exist two vdWwells in the entrance valley, which
are separated by a shallow barrier (TS2). The excited states of both
vdW complexes exhibit significant Franck-Condon overlaps with the
anion ground state. Figure 4 displays the wavefunction density dis-
tribution Ψ ϕ2

� ��� ��2 along the NH3−Cl azimuth angle ϕ2 (defined in
Supplementary Fig. 1) of the bound states assigned to spectral peaks a,
c, f, and i. These distributions reveal that the photodetachment of the
ClNH3‾ anion creates amixtureof RC1 andRC2—not a single complex—
demonstrating the approximate and dilemmatic nature of single-
complex assignments. For example, the vibrational wavefunction of
the specific bound state corresponding to peak a has a contribution of
57% from RC1 and 43% from RC2 if setting TS2 (ϕ2 = 21.6°) as the cut
point. Similarly, the vibrational wavefunction of the specific bound
state corresponding to peak c has a contribution of 36% from RC1 and
64% fromRC2. The proportions of RC1 and RC2 for peaks a−i are listed
in Supplementary Table 5. The changes in the proportions of the two
components (RC1 and RC2) for different peaks imply that an isomer
inversion occurs between RC1 and RC2 through a Walden inversion-
like transformation.

Figure 5 displays two-dimensional (2D) cuts of several repre-
sentative wavefunctions, superimposed on the neutral PES (the
remaining wavefunctions are given in Supplementary Fig. 3). Unlike

Fig. 2 | Experimental and theoretical photodetachment spectra of ClNH3‾. The
top spectrum (orange) is an experimental overview spectrum obtained at the laser
wavelength 290 nm. Below it, the high-resolution spectrum is shown in black. Peaks
in the first band are labeled as a−i. The second band lacks sharp features. The raw
theoretical simulation (bottom, purple) is plotted with two convoluted spectra
(blue with a 150 cm−1 FWHM Gaussian function and red with 75 cm−1) for compar-
ison. The gray arrow and the black arrow indicate the energy positions of the
reactant asymptote and the transition-state, respectively.

Fig. 3 | Spin–orbit splitting corrected potential energy surface (PES) of theClNH3complex. a The spin–orbit splitting PES along the bond-forming coordinate (Cl−NH3)
and the bond-breaking coordinate (H−NH2). b The spin–orbit splitting curve along the minimum energy path (MEP) on the PES.
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the H−F bond vibrational excitation observed in the F +NH3

reaction23,24, theH−Cl bond in theCl + NH3 reaction remains unexcited.
To highlight this difference, 2D cuts of thewavefunctions are provided
along the distances NH3−Cl and N−H by fixing the remaining coordi-
nates at the geometries of RC2 and RC1, respectively. The assignments
of the vibrational wavefunctions were performed by analyzing their
nodal patterns.

As shown in Fig. 5, the nodal count along the horizontal axis
corresponds to the vibrational quantum number of the H3N−Cl
translational mode (v2). In the “Peak a RC2” panel, the wavefunction
exhibits a single vibrational mode with six nodes, which is assigned as
v2 = 6. The anion ground-state wavefunction is also superimposed on
the neutral PES contour to visualize their overlap during photo-
detachment. The anionic ground state shows a poor Franck-Condon
overlap with the neutral vibrational ground state and low-lying state
wavefunctions, explaining their absence in the spectra. Peak c is ana-
logously assigned as v2 = 6. In contrast, features f−i at higher energies
exhibit delocalized wavefunctions, complicating the assignments. It
can also be noted from Supplementary Fig. 4a, 4b that their

wavefunctions span the entire angular space along θ1, indicating that
the complex becomes a free rotator at high energies.

The RC1 components exhibit higher vibrational nodes compared
to RC2, indicating broader excitation dynamics. The assignment of
peak a is v2 = 6 for the RC2 component while it is v2 = 8 for the RC1
component. The assignment of peak c is v2 = 6 for the RC2 component
and v2 = 4 for the RC1 component. The excitation of the v2 mode is a
result of the change in theN−Cl equilibriumdistance. By examining the
2D cuts of the wavefunctions along the other coordinates (see in
Supplementary Fig. 4a and Supplementary Fig. 4b), these quasi-bound
states are formed by excitations in v3 and v6 as well. The v3mode arises
from the classical umbrella vibration of the ammonia molecule,
exciting the Walden inversion between the RC1 and RC2. The v6 mode
originates from the NH3−Cl out-of-plane wagging motion. Photo-
detachment dynamics primarily involve these three vibrational modes
of RC1/RC2. In addition, Supplementary Fig. 5 exhibits 2D cuts of the
wavefunctions of peaks a−i along the distance NH3−Cl and the azimuth
angleϕ2, with the remaining coordinates fixed at the geometry of TS2.
It can be seen that the wavefunctions are distributed on both sides of
TS2, which accounts for the fact that the wavefunction of the specific
bound state corresponding to each spectral peak exhibits features
characteristic of both RC2 and RC1.

In conclusion, this studymaps the transition-state region of the Cl
+ NH3→HCl +NH2 reaction through the combination of the high-
resolution slow photoelectron velocity-map imaging spectroscopy
and exact quantum dynamics calculations. Two prominent electronic
bands are observed in the experimental photoelectron spectrum.
These bands are identified, via high-level multi-reference calculations,
as originating from chlorine atom spin–orbit coupling. The low-energy
band exhibits a series of sharp peaks, which are accurately reproduced
by quantum dynamics simulations. These peaks originate from the
formed quasi-bound states in the reactant complex region of the
neutral potential energy surface, unveiling a double-well entry valley in
the reaction. The present results highlight the importance of pre-
reactive van der Waals complexes for the Cl + NH3→HCl + NH2 reac-
tion. The broad spectral envelope observed in the high-energy region
arises from the repulsive upper spin–orbit state. The integrated
methodology of cryo-SEVI spectroscopy and theoretical simulations
establishes the anion photoelectron spectroscopy as a powerful tool
for probing elusive reactive intermediates, and positions quantum

Fig. 4 | Density distribution of the wave function. The wavefunction density
distribution ( Ψ ϕ2

� ��� ��2) of spectral peaks a, c, f, and i along the azimuth angle ϕ2.

Fig. 5 | 2D cuts of the RC2 and RC1 vibrational wavefunctions accessed via
photodetachment. The labels correspond to the observed peaks a, c, f, and i in
Fig. 2. The wavefunctions are superimposed on the neutral PES, and the transition

state is marked with a red star. The blue area in panels “Peak a RC2” and “Peak a
RC1” represents the projection of anionic ground-state wavefunction onto the
neutral PES.
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dynamical calculations as an indispensable tool for shedding light on
polyatomic transition-state dynamics in complex chemical systems.

Methods
Experimental methods
In this study, we acquired the high-resolution binding energy spectra
of ClNH3‾ employing the cryogenic slow-electron velocity-map ima-
ging (cryo-SEVI) method. Details of our cryo-SEVI apparatus can be
found elsewhere57. Briefly, the ClNH3‾ anions were generated by
expanding trace amounts of CCl4 with ammonia gas ( ~ 0.5MPa)
through a pulsed valve equipped with a high-voltage discharge ion
source58. The nascent ClNH3‾ anionswere directed through a hexapole
ion guide, then collected and cooled in a radio frequency (RF) ion trap
mounted on the second stage of closed-cycle helium refrigerator, with
a nominal temperature of 8 K. The trapped anions were cooled down
to their ground vibrational states after sufficient collisions with a
buffer gas (20% H2 and 80% He) for 45ms, and were subsequently
ejected from the cold trap into an orthogonal Wiley-McLaren type
time-of-flight (TOF) mass spectrometer59. The 35ClNH3‾ anions were
selectively filtered with a mass gate and intercepted by a detachment
laser in the interaction region of velocity-map imaging (VMI)60. Pho-
todetachment was performed at various photon energies with a tun-
able ultraviolet laser of an optical parametric oscillator (OPO,
210−405 nm, line width ~6 cm−1) pumped by a Quanta-Ray Lab 190 Nd:
YAG laser. The outgoing photoelectrons were projected onto a set of
microchannel plates coupled with a phosphor screen and recorded
using a charge-coupled device (CCD) camera. Energy calibration was
carried out using the known spectra of 35Cl‾ at various photon ener-
gies. The projected 2D photoelectron image was used to reconstruct
the 3D photoelectron distribution via the maximum entropy velocity
Legendre reconstruction (MEVELER) method61. The cryo-SEVI features
a high resolution for low-kinetic-energy photoelectrons, typically a few
cm−1 near thephotodetachment threshold62. A series of high-resolution
spectra at different photon energies were concatenated to produce a
full spectrum.

Computational Methods
The quantum dynamics calculations were performed to simulate the
photodetachment process. The reactive system studied in this work is
characterized by atom-tetra-atom (A-BCDE) Jacobi coordinates, as
shown in Supplementary Fig. 1. The full-dimensional Hamiltonian of
the system is expressed as (ℏ=1 hereafter)63:

Ĥ = � 1
2μR

∂2

∂R2 �
1

2μr1

∂2

∂r21
+

Ĵtot � Ĵ
� �2

2μRR
2 +

l̂
2

1

2μ1r
2
1

+
l̂
2

2

2μ2r
2
2

+
Ĵ
2
3

2μ3r
2
3

+ V̂ R, r1, r2, r3, θ1, θ2, θ3,φ1,φ2

� �
ð1Þ

where R, r1, r2, and r3 are defined as the distance between ClA and the
center of mass (COM) of HBHCHDNE, the distance from HB to the COM
of HCHDNE, the distance from HC to the COM of HDNE, and the
interatomic distance of HDNE, respectively, and the corresponding
reduced masses are denoted by μR, μ1, μ2, and μ3. Jtot is the total
angular momentum of the system, which is set to zero in this calcu-
lation. j3 is the rotational angular momentum of HDNE, l2 is the orbital
angular momentum of HC with respect to HDNE, l1 is orbital angular
momentumof HBwith respect to HCHDNE, and J is the coupled angular
momentum of l1, l2 and j3.

Thephotoelectrondetachment process of an anionwas described
within the Condon approximation, which treats electron ejection as
instantaneous relative to nuclear motion. Under this assumption, the
photoelectron spectrum was represented by the Franck-Condon fac-
tor between the anionicwavefunction andneutral scattering (or bound
state) wavefunction. In the simulations, the initial wave packet was
prepared as the ground vibrational eigenstate of the anion, obtained

by diagonalizing the nine-dimensional Hamiltonian on the anionic
potential energy surface (PES). The initial wave packet is propagated
on the neutral PES using the Chebyshev propagator. The energy
spectrum was obtained through cosine Fourier transformation of the
corresponding Chebyshev autocorrelation function. Additional details
regarding the quantum dynamics methodology were provided in the
Supplementary Computational Methods.

The neutral PES employed in the dynamics calculations was
adopted fromearlierwork by someof the authors48. It was constructed
by fitting approximately 52,000 ab initio energy points at the
UCCSD(T)-F12a/aug-cc-pVTZ level of theory64. In this work, the anionic
PES was newly constructed by fitting a total of 8794 energy points at
the same level of theory. The energy range of the sampled data points
spans approximately 12,000 cm−1 from the global minimum. The flex-
ible, fundamental invariant-neural network method65 was applied for
the fitting, with the neural network architecture being 20-30-60-1,
resulting in a root mean square error of 4.3 cm−1.

Data availability
The raw spectral and calculated data of figures generated in this study
have been provided in the figshare database and can be obtained at
https://doi.org/10.6084/m9.figshare.31130017. The measured data of
all peaks and the numerical parameters used in the calculation in this
study are provided in the Supplementary Information.

Code availability
The associated codes, such as the subroutine to generate anion and
neutral PESs and the quantum scattering code, are available on GitHub
at https://github.com/apmtcc/A-BCDE and described in the
README file.
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