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A B S T R A C T

The effect of a static electric field ionization on the neutral hydrogen molecule H2 confined in a spherical po-
tential well is studied, as a simple model for the chemical activation of molecular species in a medium. Quantum
diffusion Monte Carlo is employed with complete account of electron correlation. Field-induced ionization and
dissociation are discussed, for different values of the confinement radius and electric field strength. This study
allows to highlight the mechanism of electric field initiation of chemical reactions in fluids at different pressures,
without the details of a specific chemical environment.

1. Introduction

In the last decades, a great interest in effects of intense electric fields
on molecular substances or liquid mixtures has arisen [1,2]. The electric
field induces chemical activation of the mixture, i.e. radical and ion
formation, that starts a sequence of re-association reactions. The Miller-
Urey experiment [3–5] is one of the most famous applications: electric
discharges fired into a gaseous mixture, with a chemical composition
compatible with the mid-20th-century ideas of a primordial reducing
atmosphere, does produce life molecules, such as amino acids [6].
Indeed, the neutral hydrogen molecule (H2) is one of the main compo-
nents of the primordial reducing atmospheres, and one of the main
components of the mixture used in the Miller-Urey experiments.

Although some details of this approach have been criticized [7,8], it
allows to gain some useful insight into the chemical activation process.

The molecular details of the substances and mixtures considered in
the various simulations make each of these systems peculiar, leading to a
combinatorial explosion of studies. This does not help the understanding
the principles of chemical kinetics induced by an electric field.

One way of highlighting the fundamental aspects of the chemical
activation process by a strong electric field is to replace the actual
chemical surroundings, due to molecules, with a physical exemplifica-
tion, namely a simpler representation through a potential well.

Indeed, spatially confined quantum systems have become the subject
of increasing attention because when a very high pressure is exerted on a
system, its chemical and physical properties can change drastically
compared to the cases of corresponding unconfined systems [9,10]. The
numerous studies of confined systems provided many useful insights

related to chemical–physical or nano-electronic systems, such as solid
state physics [11–14], quantum dots and quantum wells [15–18], zeo-
lites [19], carbon nanotubes [20].

In the study of confined molecules, special attention has been
devoted to the neutral hydrogen molecule H2, using mostly a variational
approach when the molecule is confined into a prolate spheroidal box
[21–24]. In order to simulate the pressure effects on H2 located in the
cage, molecular hydrogen endohedrally confined in H20 and H60-
fullerene-like cavities have been studied using density functional theory
[25,26]. Pang [27] calculated the exact equilibrium ground-state energy
and bond length of a hydrogen molecule confined in a spheroidal using
diffusion Monte Carlo (DMC). A complete account for theoretical studies
and wide range of applications of confined atomic and molecular sys-
tems can be found in [28,29] and references therein.

The intense field ionization and dissociation of the H2
+ molecule in

short-pulse laser has been studied [30–32]. Recent works focus on the
effects of a static electric field on a single confined hydrogen atom, as an
ideal system for studying the ionization of the atom itself in static con-
ditions [33,34].

In this work, the H2 molecule confined into a spherical potential well
is studied using the DMC method: the effect of a static electric field
ionization is investigated, as a simple model for the chemical activation
of molecular species in a medium.

Our model shows that, without any specific detail of the chemical
environment in which the hydrogen molecule is immersed, an appro-
priate combination of confinement and electric field produces the
molecule dissociation. In this way, a simple mechanism to produce
radicals in this kind of systems emerges. Moreover, it is possible to
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describe the combined effetcs of pressure variations and electric field.

2. Method

DMC method is based on the similarity between the imaginary time
Schrödinger equation and a generalized diffusion equation, that can be
solved using a stochastic calculation and simulating a random walk
[35].

The diffusion process of numerous “walkers” in the phase space is
simulated. A walker is a mobile mathematical point in a set {Ri} of phase
coordinates R in a 3N-dimensional space, where N is the number of
physical electrons in the system (two, in this case of study); the number
of walkersM is an integer numerical variable,M ∼ 103. The evolution in
the phase space is performed by repeated application of the short-time
diffusion–reaction propagator

G(r←rʹ, τ) ≈ (2πτ)
− 3N

2 exp

[
− (r − rʹ)2

2τ

]

exp
[
− τ(V(r) − V(rʹ) − 2ET )

2

]

(1)

where τ is the numerical step and V is the potential energy. The first
exponential term represents the diffusion equation, while the second
exponential term is the so-called birth–death algorithm, according to
which the walkers multiply in low potential regions and disappear in
high potential ones. ET is the energy offset that controls the walker total
population and is adapted by a relaxation method until the numerical
equilibrium of walker population is reached:

ETi = ETi− 1 + αln
(
Mav,i

Mi

)

(2)

where α is a small positive parameter, ETi and ETi− 1 are the energy values
at time step i and i − 1, Mav,i and Mi are the average number of walkers
and the number of actual walkers at time step i.

The DMC method is used here in its unbiased version, with no a priori
functions (importance sampling). Furthermore, a numerically efficient
technique for generating the walker diffusion is employed, replacing the
diffusion factor in equation (1) with a uniform distribution in a cube
centered into r and with edge length 2

̅̅̅
3

√
τ, to match the variance of the

gaussian propagator [36].
DMC can handle only positive distributions, so dealing with a many

electron wavefunction leads to a series of problems. However, in the
case of two-electron systems, an unrestricted, six-dimensional wave-
function ψ(r1, r2) of the singlet ground state can be calculated directly.
This means that the electron correlation is accounted exactly: no
expansion of the wavefunction ψ is needed, and no function database
needs to be included. Therefore, DMC method is applied to the confined
H2 by simulating a six-dimensional phase space. The use of the Cartesian
coordinates represents a straightforward advantage of the present DMC
code, since a change of the dimensionality of the system can be realized
with very few modifications to the calculation program.

Calculations presented in this work have been performed using the
open-source program DMC_Basic (see Data Availability): this is a
Fortran-language standard DMC program that allows to find the ground
state and symmetry-selected excited states of one- and two-electron
systems confined in potential wells of any shape, with a very limited
number of numerical parameters to be optimized (typically: the energy
offset ET, the time step τ and the number of walkers).

The H2 Hamiltonian, in atomic units, can be written as:

H = −
1
2
∇1

2 −
1
2
∇2

2 −
1

|r1 − ra|
−

1
|r1 − rb|

−
1

|r2 − ra|
−

1
|r2 − rb|

+
1

|ra − rb|
− ℇ(z1 + z2 − za − zb)

(3)

The external electric field ℇ is applied along the negative direction of the
z axis; the Coulomb energy term goes to infinite outside the confinement
barrier of dimension c (Fig. 1).

The calculations are repeated for different positions of the two
nuclei, with a reduced dimensionality assumption: the nuclei move on
the same line through the center of the dielectric well, and the electric
field is applied in the same direction. This provides an initial set of
potential energy surfaces (PESs) as a function of two coordinates that
fully characterize the system in reduced dimensionality.

Calculations are performed within the Born–Oppenheimer approxi-
mation: the nuclei are modeled as classical point-like source of Coulomb
potentials, placed in different locations inside the potential well. Atomic
units (a. u.) are used throughout.

3. Results

In this section, we present results concerning the spherically
confined hydrogen molecule, with and without an external static electric
field, in order to study the effects of this electric field on a confined
molecular system.

The DMC calculations are performed with an imaginary time step
equal to 3× 10− 3, totaling 106 time steps, during which the energy is
updated and time-averaged, using 2 × 103 walkers in the six-
dimensional configuration space.

Fig. 2 shows potential energy curves of an H2 molecule confined in
spheres of different radius c. No electric field is applied.

Results show that, in the absence of an electric field, the potential
well can emulate the effect of a high pressure in the liquid phase in a
simplified way, and decreasing the radius of the potential well shows a
reduction in the internuclear distance and an increase in energy. Fig. 2
demonstrates the effects due to compression, already discussed in pre-
vious work for the H2

+ system [37–39]: as the nuclei are close to the inner
surface of the spherical potential well, an increase in total energy is
observed, due to the additional nodal surface in the atomic
wavefunction.

Figs. 3 and 4 show the PESs of the H2 molecule confined in a sphere
of radius c = 3 a. u. and c = 5 a. u., respectively, when an external
electric field of different values (ℇ = 0.1 a. u., ℇ = 0.5 a. u. and ℇ = 1 a.
u.) is applied along the z direction. Energy is plotted as a function of the
za of nucleus a coordinate and the internuclear distance zb − za, while the
nuclei are displaced along the z axis.

A weak electric field (atomic unit fraction) shows effects that can be

Fig. 1. Schematic drawing of the interactions in the H2 molecule confined in a
spherical cavity of dimension c, with an applied electric field ℇ.
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linked to molecular ionization. This direct dissociation effect associated
with partial ionization induced by the electric field is compatible with
the effects observed in ab-initio simulations where a strong pulsed
electric field induces chemical activation of the mixture. With a more
intense electric field (1 a. u.), both nuclei are strongly pushed in the
direction of the electric field and thus tend to reconstitute a very close
and, only in the presence of the dielectric barrier, strongly bonded
system.

4. Discussion

The tighter confinement c = 3 a. u. (Fig. 3) significantly limits the
molecular electronic clouds, and this situation necessarily requires
external works. Consequently, the system is under pressure, namely
degenerative quantum pressure, that does not depend on the tempera-
ture. It can be estimated from the thermodynamic relation [40]:

p = −

(
∂E
∂V

)

T
(4)

where E is the energy, V the volume of the confining sphere, T the
temperature, here T = 0. In this case,p = Mbar, a pressure of
geophysical significance [41] and well accessible to laboratory mea-
surement using a diamond anvil cell [42].

The small internuclear distance corresponding to the minimum in
two cases (c = 3 a. u., ℇ = 0.1 a. u., zb − za = 1.35 a. u., E − 1.1 a. u.; c =
3 a. u., ℇ = 1 a. u., zb − za = 1.20 a. u., E − 5.2 a. u.) shows that the H2
molecule has indeed been compressed, and that the increased electron
density compensates for the internuclear repulsion. In this situation, the
effect of the external electric field is reduced, and this is understandable
from a physical point of view: the electric field never produces a sig-
nificant separation of the nuclei. This behavior of the compressed
molecule can be seen as an ionization effect due to the pressure itself, a
well-known effect in the study of hydrogen under pressure, for example,
in the interior of the large gaseous planets [43]. This also shows that
dissociation is hindered by the increase in pressure, that can be seen as a
consequence of Le Chatelier’s principle [40].

The larger confinement dimension (c = 5 a. u., Fig. 4) roughly cor-
responds to the internuclear distance in liquid H2: therefore, the
confinement represents a simplified model of the chemical environment
of H2 at low temperature and atmospheric pressure. In this case, the
effect of the electric field is much more evident. The more intense
electric field (ℇ = 1 a. u.) essentially leads to ionization of the molecule:
electrons are no longer bound by the nuclear potential and are displaced
in opposite direction of the electric field, while remaining confined by
the confinement sphere. For the same reasons, the nuclei are pushed in

Fig. 2. Energy of a free hydrogen molecule H2 as a function of the internuclear
distance d, for different spherical confinement dimension c.

Fig. 3. Potential energy surfaces of a hydrogen molecule H2 inside a sphere of radius c = 3 a. u., corresponding to a pressure of 0.76 Mbar: energy E as a function of
the internuclear distance zb − za and the nucleus coordinate za, while the nuclei are displaced along the z direction of the confinement sphere. Three values of the
electric field are reported: ℇ = 0.1 a. u. (purple), ℇ = 0.5 a. u. (blue), ℇ = 1 a. u. (yellow).
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the direction of the electric field and, assuming the reduced dimen-
sionality, align themselves near the potential barrier and move closer
until the external electric field is balanced with the internuclear repul-
sion. Consistently, the equilibrium distance between the nuclei is ℇ− 1/2.
Again, this is a strongly bound system, but somewhat artificial: it is a
balance between the barrier effect and the electric field effect. Indeed,
the electric field strength in this case is probably unrealizable in an
experiment.

The case c = 5 a. u. and ℇ = 0.1 a. u. is the most interesting one.
From the purple PES in Fig. 4, the most stable situation (E − 1.22 a. u.) is
obtained when the two nuclei are relatively far apart (zb − za = 6.25 a.
u.), at a distance significantly greater than the internuclear distance of
the unperturbated molecule. A similar situation appears for a tighter
confinement c = 3 a. u., but for a higher electric field (ℇ = 0.5 a. u,
zb − za = 3.3 a. u., E − 2.2 a. u.). The process

H2→H+H+ + e(c = 5,ℇ = 0.1; c = 3,ℇ = 0.5)

can be seen as dissociative ionization induced by the electric field. This
shows a chemical activation of the molecule by dissociation, thereby
radical formation. Our calculation also shows that molecular dissocia-
tion induced by an electric field requires a stronger field if the liquid is
more compressed. This result describes, without the need for chemical
detail, the chemical activation mechanism in typical ab-initio simula-
tions triggered by intense electric fields. Moreover, this dissociation is
inevitably associated with partial ionization, which is confirmed by the
fact that one of the nuclei is in contact with the confining wall, indi-
cating an almost zero local electron density. This is an important insight,
since, in a real chemical mixture, chemical activation due to an electric
field is typically associated with ionization, i.e. plasma formation, where
a part of the molecular electrons behave like a free electron gas. The
plasma formation cannot be described in detail under the physical as-
sumptions of this work, as it rather requires a dynamic calculation of
reactive quantum scattering [44]. At the same time, the ionization-
dissociation process described here has its own interest as a reversible
and static phenomenon. The simulation describes instead the ionization
of the gas under the assumptions in which it is formulated. A different

formulation of boundary conditions, for example like those used in
condensed matter physics, with spatially tessellating potential barriers,
could be used to describe the ionization phenomenon more accurately.

5. Conclusions

A quantum Monte Carlo calculation has been set up to simulate a
single H2 molecule under the effect of a variable static electric field,
while confined into a spherical potential well. This system is intended to
describe the chemical activation of a molecular fluid under the effect of
the electric filed, a scenario that has been object of many studies in the
recent years. The molecule is characterized by its PESs, determined by
displacing the classical nuclei.

For a confinement radius compatible with typical intermolecular
separations, and moderate field strength, an equilibrium configuration
with widely spaced nuclei is achieved, that can be interpreted as mo-
lecular dissociation due to the field. At high pressure, this mechanism
required a higher field strength. These results provide insight on how an
intense electric field affects a chemical system in various applications
potentially including the prebiotic chemistry through the Miller-Urey
experience.
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Fig. 4. Potential energy surfaces of a hydrogen molecule H2 inside a sphere of radius c = 5 a. u., close to an environment under standard conditions: energy E as a
function of the internuclear distance zb − za and the nucleus coordinate za, while the nuclei are displaced along the z direction of the confinement sphere. Three values
of the electric field are reported: ℇ = 0.1 a. u. (purple), ℇ = 0.5 a. u. (blue), ℇ = 1 a. u. (yellow).
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