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ABSTRACT: This study investigates the tunneling dynamics associated with the
torsional transition in the Al2H4 molecule by photodetaching its anionic counterpart,
Al2H4

−. The stable structure of Al2H4
− exhibits D2h symmetry, whereas neutral Al2H4

adopts a D2d symmetric configuration. According to the Franck−Condon principle,
the tunneling dynamics across the torsional barrier in Al2H4 can be directly probed
through the high-resolution photoelectron spectroscopy of Al2H4

− anions. Our
Franck−Condon factor simulations, based on solutions to the Mathieu equation that
incorporate tunneling effects, successfully reproduce the experimental observations.
The approach presented here is also applicable to other molecular systems involving
intramolecular torsion.

The tunneling effect1,2 is a fundamental physical
phenomenon that distinguishes the quantum world

from the classical one. It frequently occurs during the
instantaneous isomerization involving a reaction barrier.3 As
a special form of isomerization, molecular internal torsion
exhibits periodic conformational interconversion, passing
through transition states along the torsional coordinate.4,5

Ethane serves as a textbook example: its CH3 groups rotate
around the central C−C bond, causing the molecule to
alternate between the unstable eclipsed conformation and the
preferred staggered conformation.6−8 Many organic and
biological molecules exhibit significant and diverse quantum
tunneling effects during the hindered internal rotation of
methyl (−CH3) or hydroxyl (−OH) groups. The dynamics of
such tunneling processes have been extensively studied in gas-
phase species such as the carboxyl radical (HOCO),9 cis-
HCOOH,10 phenol (C6H5OH),11 methylhydroxycarbene
(H3C−C−OH),12 and propofol,13 primarily using infrared
(IR) and microwave spectroscopic techniques.
However, conventional infrared and microwave spectrosco-

py mainly probes stable neutral species, accessing internal
rotation states with energies near the bottom of the periodic
potential well, rather than across the entire potential barrier.
Furthermore, not all internal rotations are IR- or microwave-
active due to electric-dipole selection rules.
When a stable anion adopts a geometry resembling the

transition state on the neutral molecule’s torsional barrier,
detailed information about the torsional dynamics is encoded
in its vibrationally resolved photoelectron spectrum. This
anion photodetachment strategy for probing transition states,
pioneered by Neumark, Lineberger, and their co-workers in
classic studies of vinylidene,14,15 cyclooctatetraene,16 and the F
+ H2 reaction,

17 is now extended to the torsional isomerization
system. During photodetachment, the anion emits its excess

electron, and its vibrational wave function is projected
vertically onto the neutral molecule’s wave functions−
particularly those localized within the barrier region−thereby
directly sampling quantum tunneling dynamics. Crucially, this
anion photodetachment approach enables direct character-
ization of the torsional transition state, a target that is
otherwise inaccessible to IR spectroscopy due to the fleeting
nature of transition states.18

Recently, cryogenic slow electron velocity-map imaging
(cryo-SEVI), a high-resolution variant of anion photodetach-
ment spectroscopy, has emerged as a powerful tool for
experimentally characterizing neutral short-lived species and
transient processes. By achieving an energy resolution as high
as a few cm−1 near the photodetachment threshold, this
method is ideally suited for resolving complex vibrational
structures. SEVI has been successfully used to characterize
chemical reaction dynamics including F+H2,

19 F + CH3OH,20

F+NH3
21,22 and H+NH3.

23

In this work, we employ SEVI to investigate the torsional
isomerization dynamics of Al2H4. Aluminum-containing
clusters have long been of interest due to their distinctive
aluminum−aluminum bonds24−27 and potential applications in
hydrogen storage28 and catalysis.29 Previous theoretical
calculations have identified multiple stable conformers for
both neutral and anionic Al2H4.

30 Among these, the neutral
Al2H4 (D2d) is particularly intriguing: it features a covalent yet
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flexible Al−Al bond and exhibits internal rotation of the two
AlH2 groups.

31,32 The photodetachment of Al2H4
− (D2h) anion

leads to the neutral Al2H4 at a transition state connecting the
stable Al2H4 (D2d) through the AlH2-group rotation around
the Al−Al bond. Moreover, a quantum tunneling across this
transition state is highly preferred due to the low barrier height
of 355 cm−1. Crucially, the stable Al2H4

− (D2h) anion exhibits a
geometry similar to that of the neutral transition state, allowing
direct experimental observation of the tunneling dynamics via
photodetachment of Al2H4

− anion. The simple and symmetric
structure reduces computational cost and facilitates Franck−
Condon factor (FCF) simulations of wave function overlap
between the anionic ground state and the tunneling-accessible
states within the torsional barrier. As a result, Al2H4

− anion
represents an ideal model system for exploring quantum
tunneling dynamics in intramolecular torsion.

■ OBSERVATION OF TORSIONAL TRANSITION
STATE

Neutral Al2H4 exhibits three stable conformers: 1 (C3v), 2
(C2v) and 3 (D2d). Among these, conformer 3 (D2d) undergoes
hindered internal rotation around the Al−Al bond, periodically
interconverting between itself and the torsional transition state
4 (D2h) every 90°. This transition state is calculated to lie
about 355 cm−1 above 3 (D2d). Anionic Al2H4

− has two stable
structures: 2− (C2v) and 4− (D2h). Photodetachment of these
two anionic species directly reveals the structures of neutral 2
(C2v) and 4 (D2h). The structures of neutral and anionic Al2H4,
along with their calculated relative energies, are shown in
Figure 1. Molecular orbital analysis of 3, 4 and 4− reveals why

the photodetachment of 4− anion can trigger the interconver-
sion between 4 (D2h) and 3 (D2d). In conformer 3, the distance
between two electron clouds localized at −AlH2 groups is
longer than in conformer 4. Consequently, the torsional
repulsion is smaller, rendering 3 more stable than 4. Generally,
the staggered-type torsional conformers are more stable than
the eclipsed-type.7,8 However, the excess electron in 4−

occupies a delocalized π orbital, which makes the planar
structure more stable (Figure 1), and creates a deep potential
well at D2h symmetry that suppresses torsion. This orbital-
driven stabilization enables direct experimental access to the
transient transition state 4 through photodetachment spec-
troscopy of 4−.

Figure 2 shows the cryo-SEVI overview spectrum of Al2H4
−

anions acquired at a wavelength of 600 nm. The spectrum

reveals photodetachment transitions originating from two
distinct stable anionic conformers of Al2H4

−, 2− (C2v) and
4− (D2h). The higher-energy C2v anionic isomer cannot
transform into the D2h anionic isomer under the current
experimental conditions due to a high interconversion barrier.
To assign the peaks, we conducted FCF simulations. As
indicated by the vertical spikes, the simulations exhibit
excellent agreement with the experimental spectra, which are
notably different from previous theoretical predictions.30 Peaks
a and A correspond to transitions from the ground states of
Al2H4

− anion in C2v and D2h symmetries to their respective
neutral ground states. The measured binding energies of peaks
a and A, which correspond to the vertical electron affinities of
Al2H4 in each symmetry, were determined to be 6590(138)
cm−1 (C2v) and 11454(208) cm−1 (D2h), respectively. These
experimental values are consistent with our theoretical
calculations, 6566 and 11212 cm−1 for the respective
symmetries. The fundamental frequency of the AlH2 stretching
modes in transition state 4 (D2h) was experimentally
determined to be 347 cm−1 by comparing the positions of
peaks A and B, in excellent agreement with the theoretical
results of 348 cm−1. A higher-resolution photoelectron
spectrum of the 2− (C2v) anion, acquired near its photo-
detachment threshold, is provided in the Supporting
Information. All observed peaks and their assignments are
also summarized in Table S5. It should be noted that the FCF
simulation for the D2h symmetry in Figure 2 temporarily
excluded the AlH2 torsional mode because the corresponding
neutral transition state 4 (D2h) has an imaginary frequency
associated with this mode. A detailed analysis of the AlH2
torsional mode will be presented in the subsequent subsection.

Figure 1. Relative calculated energies with zero-point energy
corrections of the neutral and anionic Al2H4 conformers. Energies
are referenced to the most stable anionic conformer 4− (D2h). The
neutral conformer 4 (D2h) is the transition state of the intramolecular
AlH2 torsion process of 3 (D2d). T12 and T23 are the other transition
states between neutral Al2H4 conformers. Optimized structures are
illustrated for the anionic and neutral Al2H4 in light blue (Al) and
white (H). The highest occupied molecular orbitals (HOMO) of
conformers 3, 4 and 4− are also depicted around their structures.

Figure 2. Photoelectron image and full spectrum of Al2H4
−. The

double-headed arrow indicates the polarization of the detachment
laser. Two bands are assigned to photodetachment transitions 2−−2
and 4−−4, respectively. The blue vertical lines indicate Franck−
Condon simulations. The geometric structures of two Al2H4

− isomers,
2− and 4−, are also plotted.
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Calculation of Torsional Energy Levels
The torsional motion of Al2H4 is significantly slower than its
other vibrational motions, permitting the torsional energy
levels to be calculated approximately by solving the
Schrödinger equation with all other vibrational coordinates
fixed at their equilibrium values. The torsional interconversion
between D2d and D2h conformers is periodic with a period of π.
Accordingly, the torsional potential energy V, as a function of
torsional angle τ, can be expressed as

= +V
V

( )
2

(1 cos 2 )2

where V2 represents the relative energy difference between
these two configurations of Al2H4. High-level UCCSD(T)-F12
calculations performed with the MOLPRO computational
package33 yield a value of V2 = 410.33 cm−1. This value
includes a correction for the zero-point energy of all modes
except torsion. Substituting this torsional potential V(τ) into
the one-dimensional Schrödinger equation yields the angular
Mathieu equation

+ =q( 2 cos 2 ) 0

Here, ψ is the wave function of the torsional mode. The
dimensionless parameters λ and q are defined as λ = E

F
V
F2
2

and q = V
F4
2 , where F ≈

I2 r

2
is the kinetic factor under the rigid-

top approximation,34,35 Ir is the reduced moment of inertia for
the two AlH2 groups, and E is the torsional energy. Therefore,
determining the torsional energy levels En and the wave
function ψn is equivalent to solving the characteristic Mathieu
equation for its eigenvalues and eigenfunctions.
Each calculated torsional energy level splits into two

sublevels due to the quantum tunneling effect, which mixes
states otherwise localized in one potential well. These
symmetric and antisymmetric sublevels are all plotted in
Figure 3. Their corresponding wave functions are depicted in
purple and blue, respectively. The symmetric wave function
possesses a lower energy than its antisymmetric counterpart.

Since the Al2H4
− anions were cooled down and thermalized to

their vibrational ground state via buffer gas cooling in the
cryogenic ion trap, only the wave function of the anionic
ground state is plotted in Figure 4(a). The neutral torsional

wave functions are plotted against the anionic wave function in
Figure 4(b)−(i) to show their overlap. The calculated energy
splitting between the symmetric and antisymmetric ground
states is approximately 0.0021 cm−1, corresponding to a
tunneling rate of 63 MHz for the Al2H4 molecule through the
torsional barrier. The tunneling rate increases with higher
torsional energy levels. As the energy levels surpass the barrier
height, AlH2 groups become a nearly free rotator. The
calculated values for all torsional energy levels are summarized
in Table 1.

Observation and Simulation of Torsional Dynamics
To resolve the energy levels related to the torsional mode of
Al2H4, the detachment laser energy was tuned near the
threshold of peak A. As shown in Figure 5, peak A exhibits
several finer features, labeled A0−A5 with an energy gap ∼70
cm−1. To assign the finer features, we employed FCF
simulations. It should be noted that the conventional FCF
programs based on the harmonic oscillator model are not
applicable here. Instead, we directly calculate the overlap fc

Figure 3. Torsional potential energy curve and energy levels for the
AlH2 internal torsion in neutral Al2H4. The energy is referenced to the
potential minimum. Each torsional level splits into doublets due to
quantum tunneling. Solid and dashed black lines indicate energy
sublevels with a symmetric (purple) and an antisymmetric (blue)
eigenfunction, respectively.

Figure 4. (a) Ground-state torsional wave function of the anion. (b)−
(l) Symmetric (purple) and antisymmetric (blue) torsional wave
functions of neutral Al2H4, labeled according to their quantum states
from Figure 3. The dashed line in each panel is the wave function of
anion for showing the overlap with neutral wave functions.

Table 1. Calculated Torsional Energy Levels of Neutral
Al2H4 (cm−1)

Symmetric Level Energya Antisymmetric Level Energy

0 59.03 0̃ 59.04
1 171.77 1̃ 171.86
2 272.09 2̃ 273.65
3 352.58 3̃ 365.32
4 409.29 4̃ 454.21
5 467.55 5̃ 552.35

aThe energy is referenced to the potential minimum 3 (D2d).
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between the anionic ground wave function and the neutral
torsion wave function generated using the Mathieu equation,
as shown in Figure 4. The observed intensity of each fine
feature is proportional to |fc|.2 The dominant FC overlap
contribution is from the neutral wave functions within the
tunneling region since the anionic ground-state wave function
has its greatest amplitude near the top of the neutral torsional
barrier. Since the anionic ground state is of even symmetry,
only transitions to symmetric (even) neutral vibrational states
have significant intensity, while transitions to antisymmetric
(odd) states are formally forbidden and yield near-zero
intensity. Therefore, all observed peaks are assigned as
transitions to the neutral symmetric torsional sublevels.
As shown in Figure 5, the FCF simulation reproduces the

experimental spectrum well. The FCF simulation reveals that
peaks A0−A3 correspond to torsional levels below the barrier,
which are classically forbidden. The relative intensity of A0−A3
represents the probability of the torsional interconversion due
to quantum tunneling. In contrast, peaks A4 and A5 represent
torsional eigenstates above the barrier, where Al2H4 behaves
like a free internal rotator, rapidly switching between two
conformers. The relatively well-resolved peak A2 served as the
reference, yielding a measured binding energy of 11360(45)
cm−1. By subtracting the calculated torsional level difference of
213 cm−1 between the torsional second excited and ground
states, we indirectly obtain a refined adiabatic electron affinity
of 11147(46) cm−1 for Al2H4. The energy splitting between
torsional sublevels cannot be resolved in the current experi-
ment, and the existence of tunneling splitting was inferred from
the Mathieu-equation-based simulation. The measured binding
energies for these torsional transitions, alongside their
calculated values, are summarized in Table 2.
The photodetachment of Al2H4

−, combined with the FC
simulation based on solutions to the Mathieu equation,
effectively captures the transient torsional dynamics of Al2H4.

Internal torsion is ubiquitous in nature, ranging from the
isomerization of single molecular groups to the double helix of
DNA and the folding of protein polypeptide chains. Observing
such torsion via negative ion photodetachment represents a
powerful approach to significantly advance our understanding
of torsional dynamics. Al2H4

− is a stable anion with a simple
structure. It may also serve as a good model system to answer
the question: Does the tunneling process take time?36−39 In a
pump−probe experiment, a short laser pulse could detach
Al2H4

− and create a transition state under the barrier; then, a
second short laser pulse could probe the geometrical evolution
of the nascent neutral Al2H4 using an experimental technique
such as Coulomb Explosion,40 or Mega-electronvolt Ultrafast
Electron Diffraction (MeV-UED).41

In conclusion, we have observed the transient torsional
transition state by photodetachment of Al2H4

− anions. The
FCF simulations based on the torsional wave function overlaps
successfully reproduced the experimental results, revealing that
the torsional internal conversion occurs in both the tunneling
region and the free rotator region. Compared with the
conventional IR spectroscopy, which typically probes only
the energy levels near the torsional potential well bottom, the
anion photodetachment method can probe both the tunneling
region below the barrier and the free rotator region above the
barrier. The present work demonstrates the successful
application of anion photodetachment for studying the
dynamics of the fleeting torsional transition states.

■ METHODS

Experimental Methods
The experiments were performed using our slow-electron velocity-
map imaging apparatus equipped with a cryogenically controlled ion
trap (cryo-SEVI).42−44 Aluminum−hydrogen cluster ions were
generated by laser ablation of a rotating and translating aluminum
target in the presence of hydrogen gas. The hydrogen gas was pulsed
and directed toward the aluminum target before each ablation laser
shot via a pulse valve, with the timing sequence optimized to
maximize the anion beam intensity. The produced anions were guided
by a radio frequency (RF) hexapole and stored in an RF octupole
cryogenic ion trap held at 15 K.45 After cooling for 45 ms via
collisions with the buffer gas (20% H2 and 80% He) in the ion trap,
the anions were thermalized to their vibrational and electronic ground
state, with only the lowest few rotational excited states populated.
Subsequently, they were pulsed out of the ion trap and analyzed by a
time-of-flight (TOF) mass spectrometer.46 The mass-selected Al2H4

−

anions were then photodetached at various photon energies using a
tunable optical-parametric-oscillator (OPO) laser in the photodetach-
ment region. The outgoing photoelectrons were analyzed via a
velocity-map imaging (VMI) spectrometer.47,48 Their velocity

Figure 5. (a) High-resolution photoelectron spectrum reveals the
AlH2 internal torsion states of neutral Al2H4. (b) Simulated
photodetachment electron spectrum, based on the calculated
Franck−Condon factors using the Mathieu equation. The labels at
the top indicate the assignment of the torsional state.

Table 2. Binding Energies of Photodetachment Transitions
for Torsional Mode

Peaks
Exptl eBE
(cm−1)

Exptl Shift
(cm−1)a

Theor Shift
(cm−1) Assignmentb

A0 −213 0
A1 11266(62) −94 −100 1
A2 11360(45) 0 0 2
A3 11427(59) 67 80 3
A4 11499(53) 139 137 4
A5 11559(26) 199 195 5

aSince peak A0 is too weak to determine its position in the current
experiment, the energy shift is referenced to the binding energy of
peak A2.

bAll transitions are from the anionic ground state to the
different neutral torsional symmetric states.
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distributions were reconstructed from the raw projected images using
the Maximum Entropy Velocity Legendre Reconstruction (MEVEL-
ER) method.49,50

Computational Methods
The geometrical optimization and energy calculations of all neutral
and anionic Al2H4 conformers were performed with the MOLPRO
computational package33 at CCSD(T)-F12/aug-cc-pVTZ level. The
relative energies of all neutral and anionic Al2H4 conformers are listed
in Supplementary Table 3. The Franck−Condon factor simulations
for modes other than the torsion were conducted using the ezFCF
program.51 For the torsional mode, the simulation incorporated
anharmonic effects. Specifically, the periodic torsional potential

= +V
V

( )
2

(1 cos 2 )2

was used instead of a harmonic potential. The harmonic
approximation would confine the vibrational wave function to a
single potential well, yielding no tunneling. In contrast, solving the
Mathieu equation for this periodic potential allows the wave function
to delocalize across the torsional barrier, producing symmetric and
antisymmetric eigenstates whose splitting corresponds to quantum
tunneling. The initial state was described by the harmonic oscillator
ground-state wave function of the anion. The final neutral torsional
wave functions, which are critical for describing the tunneling
dynamics, were obtained by solving the Mathieu equation for its
eigenfunctions, providing a more accurate treatment of the large-
amplitude motion than the harmonic approximation. The photo-
detachment simulation of peak intensities also takes into account the
Wigner threshold law,52 and the simulated peak widths were
convoluted with a Gaussian function accounting for instrumental
resolution and rotational broadening.
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