
6928 |  Phys. Chem. Chem. Phys., 2026, 28, 6928–6943 This journal is © the Owner Societies 2026

Cite this: Phys. Chem. Chem. Phys.,

2026, 28, 6928

Dissociative charge transfer through a conical
intersection: quantum thermal rate constants
up to 1000 K for the He+ + H2 - He + H + H+

reaction

Dario De Fazio, *a Vincenzo Aquilantib and Carlo Petrongoloc

In this work, a previous quantum wave-packet time-dependent study (D. De Fazio, A. Aguado and C.

Petrongolo, Non-adiabatic quantum dynamics of the dissociative charge transfer He+ + H2 - He + H +

H+. Front. Chem., 2019, 7, A249) on the charge-transfer dissociation of the hydrogen molecule by the

helium cation is continued, extending the calculation to eight rotational H2 reactant states. New data are

required to obtain convergent (within about 1 percent) Boltzmann-averaged thermal rate constants

up to 1000 Kelvin, which are necessary to provide reliable reaction yields for astrophysical and

cosmological computational models. To the best of our knowledge, these are the first quantum

mechanical thermal rate constant calculations for a dissociative charge transfer process. As shown in the

previous work for the effect of vibrations, a relevant role of rotations is found, and the use of roto-

vibrational ground state rate constant only, as often employed in astrophysical model is a poor

approximation, especially above room temperature. The large computational scaling of wave-packet

methods for excited rotational reactant states, due to the linear increase of the number of projections of

the diatomic rotational angular momentum along the internuclear axis, is handled efficiently in the

calculations, providing an accurate documentation for developing approximations that are needed to

extend the calculations to higher temperatures. A particular effort has been made to better clarify the

reaction mechanism, which indicated the key roles of the geometrical phase and non-adiabatic effects.

Additionally, the rich resonance pattern, which is the principal reaction mechanism at these

temperatures and represents the main source of the computational load, is analyzed and rationalized in

detail according to the resonance analysis.

1. Introduction

The reactivity of the helium atom has been a topic often
neglected because its inertness as a noble gas restricts its
involvement to only a few interesting chemical processes.
Nowadays, the relevance of helium chemistry in astrochemistry
and cosmology1 has radically changed this view since the
reactions of helium and those of its cations have arguably
played crucial roles in the evolution of our universe, soon after
the primordial Big-Bang nucleosynthesis.2

Known as a rare gas, helium is actually one of the most abun-
dant elements, second only to hydrogen. Recently, renewed

interest in the scientific community in its reactions came from
the possibility of obtaining important data from orbiting3 or flying
infrared telescopes4 that can observe starlight emissions outside
the Earth’s atmosphere. This permitted the observation of unequi-
vocal fingerprints of the long searched5 HeH+ ion in the planetary
nebula NGC 7027,6 confirming the hypothesis that the helium
hydride cation was the first molecule formed in the Early Uni-
verse, and participates in a chemical network including the
reactions He+ + H - HeH+ + hn and HeH+ + H - He + H2

+

whose theoretical quantum mechanical (QM) cross sections7 and
rate constants8 were used for the data analysis.9 This synergy
between observations and calculations points out the necessity of
accurate QM theories of the reaction dynamics and of extensive
calculations to account for astro-chemical findings.

The reaction dynamics of the HeH2
+ system have been

employed as benchmarks in several experimental and compu-
tational studies (for a recent comprehensive review on the
subject, see ref. 10). From a theoretical point of view, the
presence of few electrons and low mass of this system enables

a Istituto di Struttura della Materia, Consiglio Nazionale delle Ricerche,

00010 Montelibretti, Roma, Italy. E-mail: defazio.dario@yahoo.it
b Dipartimento di Chimica, Biologia e Biotecnologie, Università di Perugia,
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highly accurate QM calculations; accordingly, several potential
energy surfaces (PESs) for the electronic ground and excited
states have been reported at different levels of theory.11–26

Additionally, reactive scattering calculations of the direct and
inverse reactions on the ground PES and for some isotopic
variants have been obtained with a variety of reactive theories
using classical (see e.g. ref. 27–29) or quantum mechanical
time-independent30–33 and wavepacket34–38 methods. This the-
oretical information is also important because of the difficulty
in experimentally producing well-collimated molecular beams
of highly reactive He cations to perform high-resolution scatter-
ing measurements.39–44

However, comprehensive dynamical studies of the reactions
on the excited PESs are rare and mostly focused on the proper-
ties of the stable bound or quasi-bound triatomic complex in
given electronic states of the system.45–53 The first large-scale
study of X̃2A0, Ã2A0, and B̃2A0 adiabatic PESs and their non-
adiabatic (NA) couplings was published in the pioneering work
of ref. 22, fitted later by the analytical functionalities in ref. 24.
More recently, an impressive work reporting the first four
adiabatic PESs and their NA couplings54 was presented in ref.
26, and the NA quantum dynamics on the lowest two 2A0

electronic states was calculated.53 Large NA effects were also
found in the dynamics of the ground-state proton transfer
reaction He + H2

+ despite the large energy gap between the
first and second adiabatic PESs for most of the physically
relevant triatomic geometries. A closer agreement with the
experimental results for the ground reactant roto-vibrational
state (ref. 39 and 40) was found, supporting the accuracy of the
presented results. However, no analytically fitted PES functions
were supplied, and no reliable interatomic interaction was
given in the long-range region, which are highly relevant for
ionic systems (see e.g. ref. 20). Therefore, the convergence of
the dynamics (see Fig. SM8 of the SI of ref. 26) needs to be
confirmed to fully assess their reliability.

Another important well-known obstacle to the comparison
with experiments and/or to use QM data in astrophysical
models, is that the reactions of this system are highly sensitive
to the reactants’ initial states. Large vibrational effects in the
direct reaction of the ground electronic state were already
evident in the first experimental investigations,39–42 and the
relevant rotational effects were confirmed in ref. 32. A rota-
tional state resolution is therefore required for comparison
with theoretical data, which is very demanding in molecular
beam experiments of ionic species.44

In ref. 52 we have tackled the first rigorous QM calculation
of the dissociative charge transfer (DCT) process including the
conical intersection (CI) between the first and the second electro-
nic adiabatic Ã and B̃ states of the HeH2

+ system (see a schematic
energy diagram in Fig. 1): the reaction He+ + H2 - He + H + H+,
all chemical species being in their ground electronic state. This
reaction can occur in He+-rich interstellar molecular clouds, such
as NGC70276 and has recently been found to be of relevance to
interpret astronomic observations outside of the solar system by
modeling escape from the atmosphere of warm Neptune-sized
exoplanets55 on account of the effect of vibrations.56

In particular, we compared the reaction dynamics from the
lowest H2 rotational level j0 = 0 in the ground and first excited
vibrational states n0 = 0 and 1 using the analytical PESs of ref.
24 (A0 PESs).

A main result from this study is that DCT can also occur at
low collision energies notwithstanding the high energy location
of the CI minimum (about 1.34 eV over that of reactants). This
is possible because of the extremely long-lived resonances
trapped in the van der Waals (vdW) well of the surface. They
are particularly demanding computationally but still affordable
with the present methodology. The geometry of the well (see
details in Section 3) is very similar to the minimum CI. This
intense resonance pattern survives in the kinetic observables,
giving a broad maximum in the rate constants of around 100 K.
A strong vibrational effect was also characterized, so the
reactivity increased by more than an order of magnitude for
the state of the first excited vibrational reactants.

In Fig. 2, we show the thermal populations (following the
Boltzmann distribution) of the normal hydrogen molecules up
to 1000 K.

As illustrated in Fig. 2, where several excited rotational states
are significantly populated in the range of temperature (T)
considered, restriction to the reactant ground states to the
reaction kinetics appears as a poor approximation already from
one hundred Kelvin.

To meet these requirements, in this work, we extend the
calculations of ref. 52 by reporting initial-state-resolved integral
cross sections and rate constants for H2 in the ground vibra-
tional state and rotational levels of j0 r 7, thus obtaining highly
converged thermal rate constants for para-, ortho-, and normal-
H2 up to 1000 K. To the best of our knowledge, this is the first
time that convergent quantum thermal rate constants have
been presented for a CI DCT process.

The rest of this article is organized as follows. In Section 2,
a brief account of the reactive computational method adopted

Fig. 1 Correlation diagram (in eV) of the adiabatic Ã2A0 (red) and B̃2A0

(blue) and diabatic (1)2A1 and (2)2A1 PESs. All reactants and products are
in their ground electronic states, except the unbound H2

+(A2S+
u). The

energies of the minima of the van der Waals well and conical intersection
seam are also indicated.
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(essentially the same as that used previously) is given together
with a discussion of the convergence input parameters
employed. In Section 3, we show the results obtained, including
those from two useful approximations, and offer a convergence
analysis for extending the calculations to higher temperatures.
In Section 4, we analyze the obtained results to extract physical
insights into the main reaction mechanism. In particular, a
resonance analysis is performed to understand the complex
resonance spectrum presented in the reactive observables
and its evolution as the reactant rotational quantum number
varies. Finally, in Section 5, we present the conclusions and
perspectives.

2. Theory and calculations

The PESs and CI coupling are discussed in detail in previous
works,24,52 so here we present only a summary following the
schematic correlation diagram of the electronic states plotted
in Fig. 1, showing the symmetry, CI, and energetics of the (Ã, B̃)
adiabatic and (1, 2) diabatic states. Note that the DCT channel
is strongly exoergic by 6.25 eV but the CI barrier inhibits the
reactivity. A small vdW well (with a depth of about 80 meV) near
the CI configuration is also indicated. As we reported in detail
later, although energetically small, this feature deeply affects
the reactivity of the process. The (1, 2) diabatic PESs and the
associated electronic coupling calculated in ref. 22 were used.

The reaction dynamics are performed by applying a well-
consolidated quantum, time-dependent, real wavepacket (WP)
method57,58 implemented and parallelized to treat efficiently
the main NA couplings (Renner–Teller, CI and spin–orbit
effects) in different triatomic processes and adopted to study
a large variety of reactions.59,60 It is based on a general theory61

of NA effects in triatomic species; many details of the theory
and an account of the numerical code can be found in
the literature cited above. The parameters used in this specific

calculation are also provided, and the physical quantities are
defined.

We use atomic units (a.u.) unless otherwise specified. We
describe the He+ + H2 configurations by reactant Jacobi coordi-
nates R, r, and g in a body-fixed reference frame with the z axis
along R and by a HeH2

+ spinless rovibronic Hamiltonian Ĥ,
which contains the electronic Ĥel and the total angular momen-
tum Ĵ operators. Ĥ is represented in an orthonormal basis of
diabatic electronic states (1)2A1 and (2)2B2, radial grid |Rri,
associated Legendre |jKi, and symmetry Wigner states |K + pi.
Here (1)2A1 and (2)2B2 are coupled by Ĥel owing to the CI, and K
is the Ĵz eigenvalue. Omitted are J and its space-fixed Z compo-
nent in |K + pi, where the total parity inversion parity is p =
(�)J+Kmin with Kmin = 0 or 1. The 2J + 1 values of K are thus
factorized into two noninteracting groups, with Kmin r K r J,
of dimensions J + 1 or J according to Kmin = 0 or 1, respectively.

The wavepacket Chebyshev propagation is performed using
the diabatic PESs directly and therefore automatically contains
(see e.g. ref. 62) the geometric phase (GP) effects,63–65 which, as
discussed at the end of Section 3, play a key role in the
dynamics of this process.

Initial-state-resolved reaction probabilities are computed
through the quantum, real WP formalism of Gray and Balint-
Kurti,57 which is essentially equivalent to the Chebyshev
approach of Guo.66 Briefly, an arccos mapping of the HeH2

+

time-dependent Schrödinger equation is solved recursively
using a scaled and shifted Hamiltonian Ĥs and starting from
an initial complex WP57 |c0i = |a0i + i|b0i, which describes the
entrance channel He+(2S) + H+

2(X̃1S+
g).

We have

|c0i = |a0i + i|b0i = |1i|g0(R)i|0j0(r)i|j0K0i, (1)

where |1i is the first diabatic electronic state;

g0(R) = p�1/4a�1/2 exp[�(R � R0)2/2a2]exp[�i(2mRE0)1/2(R � R0)];
(2)

and |0j0(r)i|j0K0i are the H2
+(X̃1S+

g) vibrational and rotational
states, respectively. a is the Gaussian width parameter, and mR

is the He+ + H2 reduced mass,
The recursions are

|a1i = Ĥs|a0i � (1 � Ĥs
2)1/2|b0i, which is the first

complex propagation, (3)

|an+2i = 2Ĥs|an+1i � |ani, which is theother real
Chebyshev propagation, (4)

where the square root in eqn (3) is evaluated as a Chebyshev
expansion and eqn (4) is the standard Chebyshev propagation
of a real WP.

The WP is absorbed at R 4 Rabs and r 4 rabs using the
Gaussians exp[�CR

abs(R � Rabs)
2] and exp[�Cr

abs(r � rabs)
2], in

order to terminate propagation in the reactant Jacobi coordi-
nates and in time: with the parameters in Table 1, the corres-
ponding basis states are 7 053 300 basis states at K = 0,
including two coupled electronic states. These parameters span

Fig. 2 Thermal populations of a normal (75% ortho and 25% para)
hydrogen molecule as a function of temperature.
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the whole range of Ecoll from 0.0002 to 1 eV, with DEcoll = 0.0001
or 0.001 eV below or above 0.2 eV, respectively.

The nonadiabatic initial-state-resolved reaction probabilities

P
Jp
j0K0

Ecollð Þ are calculated at the end through a time-to-energy

Fourier transform and a flux analysis58 on the |1i PES at rf.
The reaction probabilities are obtained by the formula

P
Jp
j0K0

Ecollð Þ ¼
X
v0 j0K 0

S
Jp
2v0 j0K 0 10j0K0

Ecollð Þ
��� ���2; (5)

where (1) and (2) are the diabatic electronic states; v0, j0, and K0

label open vibrational, rotational, and helicity states of the
products, and SJp is the state-to-state symmetry adapted
S-matrix at total angular momentum J and inversion parity p.

Coupled-channel calculations are performed up to J = 164,
j0 = 7, and Ecoll = 1 eV, propagating WPs by kilo-steps (k-steps).
After extensive calculations and checks, converged k-steps were
found at the values shown in Table 2 and Kmax to j0 + 3.

Note that in Table 2, a large number (up to k-step = 480) of
propagation steps is required to obtain convergent (within a

few percent) reaction probabilities P
Jp
j0K0

Ecollð Þ at low collision

energies (below 0.2 eV) for the first 20 J. As discussed in detail
in subsequent sections, this is needed because of the presence
of very sharp resonance peaks with unusually large lifetimes.
They markedly increase the computational load, requiring
wavepacket propagation for a large number of time steps to
obtain the high accuracy of the resonance poles. In particular,
the real part of the resonance energy pole (the energy peak
position) converges reasonably fast, whereas the imaginary part
(related to the heights and widths of the peaks) converges
slowly. After J = 20, the resonance features sharply disappear,
and the reaction probabilities converge in few k-steps (up to
10 for the larger partial waves). At a high collision energy, only
background direct reactivity occurs, and convergence is
achieved by a few propagation steps.

For the calculation of the integral cross sections (ICS) and
more markedly the reactive rate constants that are the main
target of the present work, convergence requirements are less
strict, essentially because the resonance dynamics affects less
these observables. This is, of course, due to the Boltzmann
averaging that smears out the resonance contribution, deloca-
lizing the convergence error, and to the higher relevance of
excited reactant rotational states that, as shown in the next
sections, are less sensitive to resonance dynamics.

Another important parameter that requires control to permit
the calculations of highly reactant rotational states j0 is the
number of helicity states (K) included in WP. As shown in ref.
52, a nearly centrifugal sudden behavior is presented by this
reaction, so for the ground rotational state, only Kmax = 3 is
sufficient to obtain convergence in the quantum rate constants.
Increasing j0 increases the number of reactant’s helicity projec-
tions K0 so that a larger number of K is coupled. However, our
convergence test shows that the near conservation of the
helicity quantum number also applies to higher rotational
states, so Kmax = j0 + 3 is sufficient for the convergence of
the ICS.

The total integral cross section is defined by

sj0 Ecollð Þ ¼ p
2mREcoll 2j0 þ 1Þð Þ

X
JpK0

2J þ 1ð ÞPJp
j0K0

Ecollð Þ: (6)

Here, the sum over J is cut at a convergence value Jmax

(dependent on j0 and Ecoll, see Table 2), while the sum over
K0 truncates to min( j0, J). An additional considerable increase
in the computational load occurs when high initial rotational
states are calculated, increasing linearly with the number of WP
to be propagated. Note that the sum over K0 and p is a simple

averaging of the helicity reaction probabilities P
Jp
j0K0

Ecollð Þ.
However, as shown in detail in the next sections for high

rotational states P
Jp
j0K0

Ecollð Þ there is a small dependence on K0

so that high convergent rate constants can be obtained,
eliminating these sums and the (2j0 + 1) term in eqn (6) with
a large reduction in the computational load. For this reason,

Table 1 General parameters for the calculations. Distances are in bohr

Gaussian a, R0, and E0 0.2, 20, and 1.5 eV
R range and number of grid points 0.5–45 and 461
r range and number of grid points 0.5–15 and 153
Number of associated Legendre functions |jKi 50 ( j = even)
R and r absorption start at 30 and 11
R and r absorption strength 0.0005 and 0.005
Flux analysis at rf 10

Table 2 Parameters for the calculations of jo = min( j0, J) and Kmax = j0 + 3

j0 K0 J k-Steps

0 0 0–24 480
25–52 40
53–84 20
85–150 10

1 rjo 0–22 480
23–32 120
33–42 70
43–164 10

2 rjo 0–19 200
20–35 100
36–51 50
52–99 10

3 rjo 0–20 160
21–30 80
31–40 40
41–149 10

4 rjo 0–20 140
21–30 80
31–50 40
51–100 10

5 rjo 0–18 120
19–27 80
28–38 40
39–106 10

6 0 0–17 170
18–27 90
28–37 50
38–102 10

7 0 0–18 170
19–28 90
29–36 50
37–104 10
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calculations for the highest initial states ( j0 = 6 and 7) are
performed only for K0 = 0, as reported in Table 2.

The initial-state-resolved ICSs are then translationally aver-
aged to obtain the initial-state-resolved rate constant kj0

(T)

kj0 Tð Þ ¼ 8

pmRkB3T3

� �1=2ð1
0

Ecollsj0 Ecollð Þ exp �Ecoll=kBTð ÞdEcoll;

(7)

where T is the temperature and kB is the Boltzmann constant.
Again, in numerical implementation, the integral limit must be
cut at a finite numerical value, which is obtained by numerical
convergence, and is dependent on j0 and T. In these calcula-
tions, we found that an energy limit of 1 eV is sufficient to
obtain initial state specific rate constants up to 1000 K at the
claimed accuracy of one percent.

Initial state specific kj0
(T) are Boltzmann averaged to obtain

para- and ortho-thermal rate constants and combined weight-
ing by the nuclear spin multiplicity to obtain normal-H2 rates

kpara Tð Þ ¼
X
ev

pBev Tð Þkev Tð Þ; kortho Tð Þ ¼
X
od

pBod Tð Þkod Tð Þ;

knorm Tð Þ ¼ 1

4
kpara Tð Þ þ 3

4
kortho Tð Þ;

(8)

where ev/od is labels for even/odd j0 and pB is the H2 Boltzmann
population (see Fig. 2).

3. Results
3.1 Integral cross sections and initial state selected rate
constants

In Fig. 3, initial-state-resolved ICSs sj0
as functions of the

collision energy Ecoll (see eqn (6)) at j0 = 0–7 for the para- and
ortho-molecular hydrogen cases are shown in panels (a) and (b),
respectively.

All j0 curves have an overall similar behavior, with intense
resonance features at low collision energies (under 200 meV)
and a flat minimum of around 0.4 eV. Essentially, at low
collision energies, the reactivity proceeds nearly exclusively by
resonance dynamics; then, the background reactivity starts to
increase moderately around about 0.5 eV. The curves show
patterns of several resonance series, gradually becoming less
intense, in larger numbers at lower values of j0.

The important features exhibited by the ICS are as follows.
(1) The rotational energy of the reactants increases the

background reactivity, so the ICSs of the largest ortho- and
para-rotational states are about one order of magnitude larger
than that of the ground state ICS. This means that the yield of
this process is not only sensitive to the reactant vibrational
state (see ref. 52) but also is sensitive to prominent rotational
effects.

(2) The role of resonances in reactivity is present for all j0

curves, but relevant differences appear. The most intense and
narrowest resonance features are in the ground states of the
reaction ( j0 = 0 and 1), while the resonance pattern for the
excited rotational states is broader, and the resonance series
moves at higher energies.

These aspects significantly affect the convergence and
requirements for the calculation of the thermal rate constants
shown by the parameters in Table 2. To illustrate the shift with
j0 of the resonance series, in Fig. 4 and 5, a blowup of up to
200 meV is shown in Fig. 3. For clarity, we report the resonance
energy pattern of the initial-helicity-state-resolved ICS sj0K0

= 0
(see discussion of eqn (6)) using an energy grid of 0.1 meV,
which can resolve most of the resonance peaks. As discussed
below, for the K0 helicity-averaged ICS sj0

(such as the ones
shown in Fig. 3), some additional peaks occur essentially
because of a slight dependence of the resonance energies on
the parity inversion p, making the resonance patterns in the
figure less resolved.

Fig. 3 Initial-state-resolved ICS (sj0
) as a function of collision energy (Ecoll)

(see eqn (6)) for the values of j0 = 0–7 for the para-(a) and ortho-(b)
hydrogens.

Fig. 4 Initial-helicity-state-resolved ICS (sj0K0
) for K0 = 0 as a function of

collision energy (Ecoll) (see eqn (6)) for j0 = 0–3 at collision energies below
0.2 eV.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

3/
20

26
 1

2:
52

:4
9 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp04927j


This journal is © the Owner Societies 2026 Phys. Chem. Chem. Phys., 2026, 28, 6928–6943 |  6933

In this enlarged energy scale, we can observe that the
resonance features below 50 meV do not appear to shift with
the reactant rotational energy, while the other series move to
higher collision energies. In Section 4, this resonance behavior
is analyzed and rationalized. In the j0 = 0 case, the low energy
peaks and the resonance of the first group overlap, giving a
considerable amplification of reactivity. For j0 = 1 the splitting
of the two series is incipient, fully developed from j0 = 2, where
the second shifting series is outside of the energy range shown.

As mentioned in Section 2, the resonance pattern plays a
profound role in the convergence of the rate constants. The
bottleneck for the calculations is that the resonances involved
in this process have unusual long decaying lifetime, so that they
are very difficult to be pinpointed by the wavepacket propaga-
tion methods, requiring to follow the reaction’s evolution along
very large collision times. Fortunately, translational averaged
quantities, such as rate constants, have a slightly less strict
convergence requirement because isolated resonances merge
by Boltzmann averaging. Moreover, most of the resonance
features occur in the low collision energy range, affecting the
initial state selected rate constants kj0

only below 300 K, where
most of the excited reactants rotational states are not signifi-
cantly populated (see Fig. 2). To obtain highly converged
thermal rates of up to 1000 K (one of the goals of this work),
the use of long wave-packet propagations is therefore required
only for the ground rotational states of the ortho- and para-
reactants (see Table 2). In addition, as shown in Fig. 4 and 5,
the resonance lifetimes reduce significantly, increasing the
energy of the rotational reactants so that the resonance peaks
converge with a smaller number of time steps.

To show this behaviour, we compare the convergence with
the number of time steps of the state specific rate constants kj0

for j0 = 0, 1, 3 and 5 in Fig. 6.
As shown, the convergence is slow for j0 = 0 but rapidly

increases, enhancing the rotational quantum number. For j0 =
0, 480 k-steps are required to obtain a converged maximum at

around 1%, but only 200 k-steps suffice to well converge at the
j0 = 5 rate. The more computationally demanding aspect of the
whole calculation is therefore less so for excited rotational
states.

Another important drawback of the proposed calculation is
the reactive dependence on the initial helicity K0, which makes
the calculation very demanding for high rotational states,
where 2j0 + 1 initial WP must be propagated.

In Fig. 7, we show the helicity-resolved rate constants kj0K0

for the j0 = 5 case. We observe that the results from different
helicity quantum numbers and/or parity inversions yield differ-
ences within 40%. The largest difference is for K0 = 1, while the
others are within 10–20%.

In Fig. 8, we compare K0 = 0 helicity results with the
K-averaged value used in ICS calculations for six values of j0

(0–5). We observe that restricting the ICS calculation to only
K0 = 0, as discussed in the comment of eqn (6), gives accurate
results for the kinetics of the reaction for the highly excited
initial rotational states of the reactants, with a substantial
reduction in computational cost. The result is poor for j0 = 1
(about 15%), but the error decreases rapidly and becomes near the
numerical accuracy of the calculation for j0 = 5. This behavior is
very important for extending the calculations to higher tempera-
tures, which is more relevant in the study of chemical processes in
the sun and in nebulae and exoplanet atmospheres.

Considering the high precision and low population of the
rotational states involved (see Fig. 2) in the production runs,
we used all the K0 components until j0 = 5. For j0 = 6 and 7, only
the component K0 = 0 was included, producing thermal rate
constants within our claimed numerical accuracy (1%).

Fig. 5 Initial-helicity-state-resolved ICS (sj0K0
) for K0 = 0 as a function of

collision energy (Ecoll) (see eqn (6)) for j0 = 4–7 at collision energies below
0.2 eV.

Fig. 6 State-specific rate constants (kj0
) for j0 = 0, 1, 3 and 5 using 200,

300, 400 and 480 k-steps.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

3/
20

26
 1

2:
52

:4
9 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp04927j


6934 |  Phys. Chem. Chem. Phys., 2026, 28, 6928–6943 This journal is © the Owner Societies 2026

3.2 Thermal rate constants

Fig. 9 reports all the eight rotationally selected rate constants kj0

considered. Weighted by the Boltzmann populations illustrated
in Fig. 2, they are employed to calculate the thermal rate
constants up to 1000 K, as shown in Fig. 10. We can observe
that the shape and intensity of the curves change significantly
when the reactant rotational number varies.

The j0 = 0 case is the only one that presents a maximum
where the resonance reactivity is clearly demonstrated in the
kinetics of the reaction. Already, for j0 = 1, the maximum is very
flat, and at j0 = 2, it disappears. The overall reactivity initially
decreases until it reaches the minimum at j0 = 2, then steeply
increases, so that the yield of the largest two j0 (6 and 7 in the
inset of Fig. 9) are about an order of magnitude larger. In other

words, the rotational effects of the reactants are markedly
relevant in the kinetics of this reaction, like the vibrational
degree of freedom reported in ref. 52.

In Fig. 10, the thermal para, ortho, and normal rate constants
(see eqn (8)) are compared with their ground states ( j0 = 0 and 1)

Fig. 8 State-specific rate constants (kj0
) for j0 = 0–5. Dashed lines are the

corresponding curves obtained using only K0 = 0.

Fig. 9 State-specific rate constants (kj0
) for j0 = 0–7 as a function of

temperature. Different colors label different reactant rotational states, as
indicated in the graph. In the inset, an enlarged rate constant range is
adopted to show the reactivity of the largest initial rotational states ( j0 = 6
and 7) considered in the calculations of thermal rate constants.

Fig. 10 Thermal rate constants (k) for the reaction of He+ with para (blue
curve), ortho (red) and normal (black) H2 as a function of temperature. For
comparison, the reported initial state-selected rate constants kj0

= 0 (blue)
and 1 (red) curves are given, which are often used in applications.

Fig. 7 State-specific helicity-resolved rate constants (kj0K0
) for j0 = 5. (a)

Curves for different K0; dashed lines (with the respective color) are
the results for the negative values of the inversion parity p. WPs were
propagated for 200 k-steps. (b) Curves for K0 = 0 at 120, 200 and
300 k-steps.
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kj0
, which are often used in applications. As observed by

comparison with the black knorm curve, the ground state
approximation for the para-hydrogen is very poor, giving about
double the yield and showing a decreasing behavior with T,
while considering rotational effects, the reactivity increases at
high temperatures. Some traces of the maximum around 150 K
present in the ground state kinetic still survive in the black
curve but appear as a flat shoulder until about 500 K when the
rates start to increase linearly with T. However, the approxi-
mation works better using j0 = 1 (dashed red curve), at least up
to 400 K. Therefore, differences start to increase linearly so that
the corresponding rates differ by more than 20% at 1000 K. The
normal-hydrogen curve is very similar to that of ortho, except
around 150 K, where a clear shoulder survives. We note that,
although rotational effects increase moderately (about 30%),
the rates at 1000 K, extrapolating the linear increase, could
change the yield even by an order of magnitude at the high
temperature (up to 5000 K), relevant in the model for exoplanet
atmospheres as used in ref. 55 and 56.

4. Results
4.1 Reaction mechanism

As the main result of this work, resonances dominate the
reaction mechanism, especially at low temperatures. To under-
stand why and how it works, in Table 3, we report the geome-
tries of the vdW and CI minima of the Ã2A0 PES and the
corresponding energies.

Note that RvdW and RCI are very similar, as well as req and
rvdW, while rCI is larger. Moreover, gvdW and gCI coincide. The
geometry of the vdW well and of the CI minimum is very
similar, but the diatom internuclear distance must stretch to
reach the CI minimum geometry. These features, as will be
shown in the following, considerably affect deeply the reaction
dynamics.

In Fig. 11, we show one dimensional cut in the C2v configu-
ration for the Ã and B̃ adiabatic PESs, with different values of r
(namely at req, rCI and rvdW of Table 3). From the figure, it can
be observed that at req of H2, the CI seam is more than five eV
higher in energy with respect to the collision energies involved.
However, as r increases up to rCI, the CI seam moves rapidly to
lower energies until it reaches its minimum at about 1.3 eV.
The cuts at rvdW are nearly indistinguishable from the ones at
req even in the inset where an enlarged energy scale is adopted
to exhibit the shape of the vdW well. This vdW well, localized
in the reactant valley, is easily accessible to the system. The
inset also shows that the vdW well is deep enough (see Table 1)

to support several bound and quasi-bound states, arguably
responsible for giving the resonance series observed.

In panels (a) and (b) of Fig. 12, 1D cuts over the Jacobi angle
g at CI and vdW geometries reported in Table 3 are plotted to
show the anisotropy of the features (the energy scales are the
same in both panels).

Both the features present a marked anisotropy (note that the
same energy scale is used in both panels), suggesting that the
vdW well plays an important role in driving the system to the
C2v configuration where the avoided crossing between Ã and B̃
reaches its minimum. A similar stereodynamic effect of the

Table 3 vdW and CI minimum geometries. The zero for energy is taken at
the minimum of the reactant’s valley

vdW CI

R/a.u. 4.45 4.89
r/a.u. 1.42 2.18
g/deg 90 90
Energy/eV �0.082 1.344

Fig. 11 Cuts of the adiabatic potential energy surfaces of Ã (black lines)
and B̃ (red lines) as a function of R taken at the values of r equal to the vdW
minimum, equilibrium geometry of H2, and CI seam minimum (solid,
dashed and dashed-dotted lines, respectively). The zero for energy is
taken at the minimum of the reactant’s valley. In the inset, the energy
scale is enlarged to show the vdW well.

Fig. 12 Cuts of Ã (black lines) and B̃ (red lines) adiabatic PESs of ref. 24: in
panels (a) and (b) as function of g for r equal to that of the VdW minimum,
and to the CI minimum (see Table 3), solid and dashed-dotted lines
respectively. In panel (c) a cut of the adiabatic PESs in C2v configuration
vs. r is plotted. Note the different energy scale in panel (c). The energy zero
is at the minimum of the reactant’s valley.
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vdW well is also observed in the reaction mechanism of the
Cl + HD67 and in the F + HD68 reactions.

In panel (c), a cut along r in the C2v configuration at RCI and
RvdW is plotted. The figure shows that the CI between the two
PESs acts as a high barrier in r that needs to be crossed by
tunneling to have the H2 dissociation. To have a non-adiabatic
crossing, a stretch of the hydrogen molecular bond is required
to favor charge transfer and diatomic dissociation by tunneling.

According to this reaction mechanism, although the cross-
ing between the two electronic PESs is lower at large r, it
remains at higher energies with respect to those of the system,
especially in the low collision energy range. Therefore, to have
efficient tunneling, sufficient time is required to convert the
translational collision energy into the vibrational diatomic
degree of freedom. This is favored by the formation of reso-
nance metastable states, especially if they are populated in high
vibrational diatomic states.

As is well known (see, e.g., ref. 69–71), CI seams can
influence dissociation dynamics even when the dissociating
species is well below the CI. Already since the dawn of the
quantum theory, von Neumann and Wigner72 discovered
potentials able to support spatially discrete states with energies
within the continuum. In 2003, Cederbaum, Moseyev et al.
published a nonadiabatic bi-dimensional analytic model73

where bound states embedded in the continuum were found.
Note the clear similarity between Fig. 1 of ref. 73 and panel (c)
in Fig. 12. As discussed by Althorpe,74 this happens because of
the destructive interference between two types of quantum
‘trajectories’ circling around the CI on the opposite sides.
Because these two ‘trajectories’ have opposite geometrical
phase effects, they interfere destructively, leading to a node in
the wavefunction. Of course, bound states in the continuum
cannot be observed in scattering experiments. However, if the
system is perturbed and its symmetry is lowered, the bound
states interact with the continuum and turn into extraordinarily
long-lived resonances,73 as observed in this dissociative pro-
cess. As discussed in Section 2, GP effects are automatically
included when the wavefunction propagation is performed in
diabatic representation, as in the calculations presented here.

4.2 Resonance analysis

Because of the high relevance of resonances in the reaction
mechanism of the title reaction, we further analyzed the
resonance pattern of the reaction probabilities for several of
the reactant rotational states investigated, mostly along the
lines followed previously by us.

In Fig. 13, J = 0 reaction probabilities for the initial reactant
rotational states j0 of the ortho-hydrogen molecule are plotted
as a function of the total energy Etot in the energy range 0.25–
0.82 eV in logarithmic scale. As can be observed, all curves
exhibit a similar behavior with narrow oscillations near the
reaction threshold and two strong resonance peaks (more than
one order of magnitude larger than the scattering background)
just below the opening of each reactant channel. The features
near the reaction thresholds have no significant impact on the
reactive observable (ICS and rates), so in this work their origins

are not further investigated (arguably not associated to reso-
nances). The strong resonance peaks just below the opening of
a new reactive channel are instead responsible for the reso-
nance features discussed in Section 3; their evolution with J is
subsequently examined.

All curves show resonance peaks at exactly the same total
energy, whereas when plotted as a function of the collision
energy, the peaks shift systematically to higher energies as j0

increases (see ICS discussion in Subsection 3.1). This is, of
course, due to the quadratic dependence on j0 of the rotational
energy that moves the energy threshold of the next rotational
excited level; a metastable state is thus trapped at a higher
collision energy.

Deep investigations of vdW resonance effects in the reaction
dynamics for the F + H2 and F + HD reactions were presented in
ref. 75–77. Therefore, accurate energy poles obtained by a
systematic theory of resonance lifetimes using the Felix
Smith78 method were successfully compared with simple adia-
batic models already used in ref. 79 (and reported in detail in
ref. 80) for the assignment of quasi molecular quantum num-
bers to the resonance peaks found in reaction probabilities.
The fast vibrational motion of the product diatomic molecule
HF was decoupled and integrated to obtain potential curves as
a function of the product Jacobi arrangement R at different
values of the diatomic product rotational quantum number j0.
These adiabatic potentials show wells at the vdW geometry
supporting (quasi-) bound states, where incoming atom trap-
ping generates long-lived resonance states. The resonance
energies (uniquely related to the real part of the poles in the
complex energy plane) directly reflect the roto-vibrational spec-
trum of the metastable states involved. The resonance width is
related to their lifetime and to the imaginary part of the
resonance poles. Resonance energies are fixed at the same total
energy and that when they match the reactants’ energy, a
resonance feature can appear (or not) in the reaction prob-
abilities if reactant and product eigenstates are significantly
coupled (or uncoupled) with the resonance wavefunction:

Fig. 13 J = 0 reaction probability for the initial reactant rotational states
( j0) of the ortho-H2 as a function of total energy (Etot) in the energy range
of 0.25–0.83 eV. Resonance features analyzed in this work are labeled as
R1–6. Note that the logarithmic scale is used for reaction probabilities.
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mathematically, when the residue of the resonance pole is
sufficiently large (small) for the specific transition under study.

Observing the resonance patterns shown in Fig. 13 and with
the adiabatic model in mind, we can conclude (and confirm
next) that the labeled doublet resonance states are vdW quasi-
bound triatomic states trapped in the adiabatic curves of the
higher excited rotational states of the reactants. The first peak
of the doublets corresponds to ground vibrational asymmetric
stretching, whereas the second is the first excited vibrational
level, which is very close to escaping from the adiabatic well.
However, the coupling of the resonance (the resonance resi-
dues) is relevant only for the first two or three near neighbor-
hood excited rotational states, as can be clearly observed by
comparing the intensities of the peaks for j0 = 1 and 7 at the
highest total energy. A similar behavior is also observed for the
para-H2 J = 0 reaction probabilities.

In the case of the FH2 system, the extraction of the reso-
nance parameters from the quantum dynamical calculation is
complicated by coupling with the background direct scattering;
sophisticated Q-matrix78 or Regge pole81 analysis (as the ones
presented in ref. 82 and 83) was required to clearly characterize
the resonance effects in the reaction observables. However, as
shown for the cold and ultra-cold regimes,80,84 when the
resonance mechanism is dominant with respect to the back-
ground direct scattering and the resonance widths are small
enough to avoid interaction between different metastable
states, we are under isolated narrow resonance conditions.85

In this regime, the energy resonance poles can be extracted
directly by reaction probabilities, obeying the basic Lorentzian
functionality:

P Eð Þ ¼ A� G

E � Eresð Þ2þG2
.
4
þ bk (9)

where A and bk are energy independent parameters accounting
for the coupling with the reactant state (the resonance residue)
and for the direct background scattering, respectively, sup-
posed slowing varying along the resonance width G. Eres and
G are respectively the energy position and the half width at half
maximum of the distribution, which are directly related to the
resonance complex energy pole (Er = Eres + iG/2) and to its
lifetime (h/2pG), respectively.

To check the working of the formula in eqn (9) for the
resonances of this reaction, we plot in Fig. 14, as an example,
the results of the Lorentzian fits for the four main resonance
peaks for the J = 0 reaction probabilities in the j0 = 0 case in the
neighborhood of the first four resonance features. As can be
clearly observed in all cases, the numerical results are very well
described by the analytical Lorentzian functionals, and this
holds for most of the j0 and J calculated. Both double peaks
show a similar spacing of about 26 meV, suggesting that
changes in the adiabatic wells of different reactant rotational
states are small. In both cases, the ground resonance state of
the two doublets has a larger residue (such as in the doublets of
Fig. 13), but the excited resonance state is significantly nar-
rower (longer living). The lifetimes of all resonances are of the

order of magnitude of picoseconds (about 2.5 for R1) even
though the lifetime resonances of the second doublet (R3 and
R4) are about one order of magnitude smaller and continue
to decrease gradually, increasing j0. As expected, the second
doublet also shows a larger direct (no resonant) scattering, but
the nearly constant background condition within 2–3 times the
resonance width is confirmed to be a good approximation in a
narrow energy range. We stress here again that this order of
magnitude for the resonance lifetimes is unusual in reactive
scattering and comes from the extraordinarily long living
properties of the bound molecular states embedded in the
continuum generated by the conical intersection.73

Reaction probabilities at J = 0 are exemplary for clearly
showing the position of the triatomic vibrational states of the
metastable triatomic state without congestion due to the rota-
tional manifold. Because of the higher multiplicity of the larger
J (see eqn (6)), they affect the reactive observables in a minor
way. To gain a deeper understanding of the resonance effects
on reactivity, it is therefore important to study the evolution of
the patterns with the total angular momentum J.

In Fig. 15, we show the opacity functions (2J + 1)PJ of j0 = 0
for the first four J in the collision energy range of R3 and R4. As
can be observed, the resonance peaks of J = 0 shift to higher
collision energies as J increases. However, each resonance is
split into multiplets so that the number of peaks for J different
from zero rapidly grows. The splitting of J = 0 resonance poles
into multiplets has been observed and analyzed in ref. 76 and
77, and confirmed by Regge pole analysis in ref. 83 for the F +
H2 reaction and its isotopic variants86. In ref. 76, the compo-
nents of each multiplet were shown to correspond to the
rotational multiplicity of the adiabatic well supporting the
quasi-bound state and are due to the dependence on
the helicity states K of the adiabatic wells. Further increasing
the J values, each component of the multiplet shifts to J(J + 1).

Fig. 14 J = 0 Reaction probabilities for the ground reactant rotational
state j0 = 0 in the vicinity of the resonance energies. Solid lines are the
results of the fittings by eqn (9) with the parameters reported in each panel,
full black circles are the results of the dynamical calculations. Curves of
different colors indicate different doublets (see text for details).
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Shifting growth is proportional to the rotational constant of
the triatomic resonance state and is specific to each helicity
component of the multiplet.76

In Fig. 16, all the resonance positions up to 200 meV for the
j0 = 0 reaction are plotted as a function of J( J + 1). Each
component of the multiplet is observed to follow rigorously a
linear behavior. The angular coefficient of each regression line
gives the rotational constants of the resonance.

At a J value specific to each pole branch, the residues
become very small (when the quasi-bound state escapes from
the adiabatic well), and no significant peaks appear in the
reaction probabilities. Therefore, the number of resonance
peaks in the reaction probabilities has a maximum near J = 5
and then decreases until around J = 20, where the reaction
probabilities appear smooth and the peaks disappear. There-
fore, only the components of the resonances that survive at
high J significantly affect the ICS.

The figure also shows that at large values of J, new progres-
sions appear. These ‘‘new’’ resonances (reported as black and
red in the figure) are bound states for J = 0, but they escape
from the adiabatic well, becoming resonances, when the rota-
tional energy of the triatomic complex increases. Although the
resonance progressions have similar behavior for different
resonances, they split into different numbers of branches.
The resonances R1 and R2 (Fig. 14) become triplets, while the
J = 0 bound states do not split and become resonances escaping
from the well. Otherwise, the higher energy resonances (R3 and
R4) show a larger number of branches. These differences are
due to the different rotational adiabatic wells trapping the
doublets in the three cases (bound states, R1–2 and R3–4).
Additionally, some other regularity behavior emerges regarding
the persistence with J for the different resonances. The vibra-
tional excited peaks (R2 and R4 in Fig. 14) disappear rapidly with
J and have minor effects on the reactive observables. Instead,
the lowest resonance of each doublet is the component that
survives at the largest J, producing the largest impact on
reactive observables.

Analyzing the angular coefficient of the different regression
lines in Fig. 16, the first branch is always found to correspond
to the lowest angular coefficient (higher inertia moment), as
observed for the vdW resonances of the F + H2 reaction.76 For
this reason, if the two resonances survive enough, it is possible
that the straight line of the higher helicity component of the
ground vibrational resonance crosses the lower component of
the first vibrational multiplet. From Fig. 16, we can observe that
in the j0 = 0 case, it happens three times, both for the low energy
(R1–2) and high energy (R3–4) multiplets. A similar crossing also
occurs in the ground rotational resonance of the F + H2

reaction, and as analyzed in ref. 87, it is responsible for
experimentally detected resonance features88 in the angular
distribution89 and intense oscillations in ICS.90 As reported in
ref. 87, when these crossings occur, the Riemann surfaces of
the two resonances interact in the complex plane, providing a
condition for a double pole. The lifetime of both resonances
steeply increases, strongly enhancing reactivity.

To illustrate the effect on the reaction probabilities when
such an interaction of resonances occurs, in Fig. 17, we plot the
opacity functions (2J + 1) PJ from J = 9 to 14 at energies close to
the first resonance crossing in Fig. 16 (yellow and brown lines)
involving two branches of R1 and R2.

As discussed in the comments in Fig. 16, both R1 and R2 are
triplets with different vibrational levels in the same adiabatic
well ( j = 2). However, the highest branch of R2 survives only for
a few J, so at J of the first panel (J = 9), it is actually a doublet

Fig. 15 Opacity functions (2J + 1)PJ for the ground reactant rotational
state j0 = 0 in the vicinity of the resonance energies R3 and R4 (see Fig. 14)
for the first four values of J (indicated by different colors specified in the
plot) showing the split of the resonance poles.

Fig. 16 Energy positions (open circles) of the resonance peaks for j0 = 0
as a function of J(J + 1). Dashed lines are regression lines obtained by the
linear fit of data. Different colors indicate different branches of the multi-
plets (see text for details).
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(indicated by arrows in the panel). At J = 10, the highest
component of R1 also starts to disappear, clearly decreasing
its lifetime, and the second component of R2 is barely visible at
J = 11. However, the lowest component of R2 still survives at
J = 11 although it starts its decay. At this J, the highest
component of R1 is just the small peak a few meV below the
first peak of R2. At J = 12, the two resonances cross, producing
the single narrow peak shown in the left panel of Fig. 17. At a
higher J, just one significant peak (although not Lorentzian in
shape) survives, following the regression line of R1. Such cross-
ing, therefore, significantly enhances the resonance reactivity,
and it is one of the reasons that makes resonance effects larger
for the ground rotational state in the reactive observables, as
discussed in Section 3.

To observe how the pattern of resonance series varies for the
excited rotational states of the reactants, in Fig. 18, we plot the
example of all the resonance peaks in j0 = 1 (K0 = 0, 1; p = 1 and
�1) reaction probabilities in the collision energy range for the
first two resonances R1 and R2 (see Fig. 14). In agreement with
the adiabatic model, the two resonances split now into quad-
ruplets (quasi-bound states supported by the j0 = 3 adiabatic
well), while the resonances as bound states for J = 0 split in
doublets. The collision energies of the appearance of reso-
nances increase, as discussed before, because of the widening
of the energy gap of the rotational states that supports the
resonances. The figure clearly shows that the position of the
resonances is independent of the reactant helicity number K0

(open and full circles). However, the resonance residues can
vary, so for some K0, the resonance peaks cannot be distin-
guished by scanning the reaction probabilities, and some
integer branches disappear; this is the case of K0 = 0 (empty
circles), where the lowest branch is not present. Additionally,
some branches of different helicity or parity survive better than

others at higher J, but the differences are small. However, it is
confirmed again, as depicted in Fig. 16, that the excited
vibrational states (R2 and R4) survive for only a few J. We note
that the parity inversion p significantly changes the position of
resonances, so for K0 larger than zero, all branches with K differ
from the zero shift for the odd parity (open triangles). The ICS
for j0 different from zero (see Fig. 3) shows a larger number of
resonance peaks; however, the parity split can be barely
observed in ICS because even parity is dominant, amplified
also by the K0 = 0 probabilities involving, of course, only even
parity.

A similar detailed analysis of the resonance energies is also
carried out for other reactant rotational states, and all the

Fig. 17 Opacity functions (2J + 1) PJ for j0 = 0 and J = 9–14 at the collision energies in the vicinity of the crossing between yellow and brown regression
lines depicted in Fig. 16. Note the sudden decrease in the resonance width at J = 12, where crossing occurs.

Fig. 18 Energy positions of the resonance peaks for j0 = 1 as a function of
J(J + 1) up to 0.13 eV. Meaning of symbols regarding different values of K0

and parity inversions p are specified in the graph. Note that the larger
number of peaks with respect to Fig. 16 is due to the higher resonance
splitting involved.
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features and trends reported above are confirmed. All the
opacity function data are available for further analysis upon
request from the authors.

5. Summary, conclusions and
perspectives

In this paper, we reported an extensive study of the kinetics of
the dissociative charge transfer process of the helium cation
with the hydrogen molecule, from few up to 103 Kelvin.

Quantum thermal rate constants are calculated for the ortho,
para and normal H2 cases (see Fig. 10). Rotational effects show
moderate variation in the reaction thermal kinetics, within a
factor of 2 compared with j0 = 0, resulting in the range of
temperatures considered. However, the large kinetic enhance-
ment for high j0 shown in Fig. 9 supports changes of about one
order of magnitude at higher temperatures, where the highest
rotational states are more populated.

Approximations limiting the reactivity of this system to the
ground state are therefore not adequate for estimating its
relevance in astrophysical models, which also assume a differ-
ent (decreasing) behavior as a function of T. At least in the
investigated range better should be to focus on the rates for j0 =
1 (the ground state of ortho hydrogen). The large rotational
effect could also be the reason for the unexpected discrepancies
(by one order of magnitude) with the available experimental
data in ref. 91 possibly sensitive to the thermalization of
efficient reactants. An additional reason for the discrepancies
could be that the non-adiabatic couplings considered, based on
the old ab initio data of ref. 22, are too weak. As cited in Section
1, new excited PESs and couplings have been published26

recently, so it should be interesting to check whether updated
PESs can fill this gap.

The dominant reaction mechanism at the temperatures
investigated is deeply influenced by a small van der Waals well
in the entrance channel of the reaction (Table 3). This feature
produces extraordinarily long-lived quasi-bound states
embedded in the continuum,73 generated by the conical inter-
section when geometric phase effects are considered. This
trapping favors the energy transfer in the vibrational diatomic
mode, which permits the elongation required to reach the
configuration of the conical intersection minimum and to
penetrate by tunneling the thin and high barrier (see Fig. 12,
panel c). The van der Waals well also influences the direct
background reactivity by driving the process toward the
perpendicular configuration, where the CI shows its minimum
(see Fig. 12 panels a and b).

Exploiting the extremely long resonance lifetime, of the
order of pico-seconds, we obtained the real part of the reso-
nance poles with good accuracy, better characterizing the
prominent resonance series shown in the ICS of Fig. 13, simply
by monitoring the positions of the peaks in the reaction
probabilities as a function of the collision energy. As shown
in Fig. 14, the J = 0 resonance pattern is essentially composed of
couples of vibrational states trapped in the adiabatic wells of

the rotational states of the reactants, which split into
multiplets,76 increasing the total angular momentum following
the multiplicity of the excited rotational states supporting the
resonance (see Fig. 16). The excited vibrational states are closer
to escaping from the wells but, in some cases, survive enough
with J, so lower branches can cross the trajectories of the
vibrational ground resonance states, giving a strong enhance-
ment87 of the resonance features (see Fig. 17).

Although traces of the complete rotational excited resonance
progressions are presented in Fig. 13, only the first two or three
series have significant pole residues to emerge in the integral
cross sections. The quadratic increase in the reactant rotational
energy shifts the position of the collision energies, where these
resonances occur to higher values, increasing the collision
energy gap between two consecutive doublets. Remarkably, in
the j0 = 0 case, the two resonance patterns overlap, producing a
clear maximum in the rates (Fig. 9). For the other initial
rotational states, the resonance contribution is smeared out
in a larger range of T and progressively less intense. Therefore,
resonance dynamics gradually become less relevant in the
kinetics of excited reactant rotational states. This may permit
feasible extensions of the present calculations at a higher range
of T, as demanded in the atmosphere modeling of the Neptune-
like exoplanets.55 In Fig. 8, we exhibited complications for the
wave packet methods in requiring the repetition of the propa-
gation for each K0, and the small dependence by K0 of the rate
for high excited reactant rotational levels found here may favor
accurate approximations of the rate constant behavior. Con-
sideration of at least one vibrational excited reactant’s state
because of the enhancement of one order of magnitude of the
reaction rates shown in ref. 52 should suffice to account for the
increase in temperature. Such extension and other applications
are in progress.

The relevance of this system as a benchmark in modern
chemical kinetics and dynamics continues to be a main con-
cern of our research. Recent advances92 of a basic renormaliza-
tion approach have shown perspectives for rationalizing key
fundamental parameters controlling elementary chemical reac-
tions, in particular, for ionic processes.
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