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Abstract

A decade ago, an electron-attachment process called interatomic coulombic electron capture
has been predicted to be possible through energy transfer to a nearby neighbour. It has been
estimated to be competitive with environment-independent photorecombination but its general
relevance has yet to be established. Here, we evaluate the capability of alkali and alkaline
earth metal cations to capture a free electron by assistance from a nearby water molecule.
We introduce a characteristic distance rIC for this energy transfer mechanism in equivalence
to the Förster radius. Our results show that water-assisted electron capture dominates over
photorecombination beyond the second hydration shell of each cation for electron energies
above a threshold. The assisted capture reaches distances equivalent to a 5th to 7th solvation
shell for the studied cations. The far reach of assisted electron capture is of significant
general interest to the broad spectrum of research fields dealing with low-energy electrons, in
particular radiation-induced damage of biomolecules. The here introduced distance measure
will enable to quantify the role of the environment for assisted electron attachment.

1 Introduction
Water is the vital prerequisite for life on Earth. Understanding its interaction with the respective

solute is therefore essential. An important class of solutes is minerals that are dissolved in their
ionic form and can be classified thereby. The alkali metals lithium, sodium and potassium are
singly positively charged in their dissolved form in water, the alkaline earth metals beryllium,
magnesium and calcium are doubly charged.

The right oxidation number is important for many chemical reactions within biological or-
ganisms. Changing the oxidation state of an ion to a biochemically more advantageous form is
not straightforward for the organism. Radiation experienced for instance from the sun, xrays or
radioactive material can change directly or indirectly the oxidation state of irradiated elements.

The interatomic coulombic electron capture (ICEC) effect is a less-investigated example among
the various processes that can lead to a change of oxidation number. Contrary to resonant electron
thermalisation, ICEC works in support of an electron attachment by assistance of surrounding
atoms and molecules. We show in this work that the mere presence of a solvent water molecule
can make a significant contribution to an increased attachment probability of slow electrons to
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dissolved nutrient ions. This can have a considerable effect on bioavailability of the nutrients as
well as on the propagation of free charges through the organism in the wake of initial ionising
irradiation.

e−

2+

+Mg2+ +H2O −→

+

Mg+

+
+

+H2O
+ +e−

Figure 1: Schematic reaction of interatomic coulombic electron capture (ICEC) by a magnesium (II)
cationMg2+ through ionisation of a nearby water moleculeH2O. The cation recombines with a free
electron e− to form a singly charged ion. The excess energy is transferred to the water molecule
which is ionised. This leads to a water molecule cation and a free electron emitted from the water
molecule with different velocity.

Interatomic coulombic electron capture is a non-local energy transfer process facilitating recom-
bination of a free electron with an ion by ionisation of a neighbour. Schematically depicted in
Figure 1, an electron can attach for instance to a magnesium (II) cation by transfer of excess
energy to a nearby water molecule. Water then releases another electron in order to rid itself from
the energy. For these reaction partners, this process leaves both species positively charged and
emits the propagating electron faster than the initial one. In context of a dissolved alkali or alkaline
earth metal A which appears in its ionic form of charge (q + 1) in water, interatomic coulombic
electron capture can generally be expressed as

e− +A+1(+q) +H2O −→ A0(+q) +H2O
+ + e− (1)

where A can be lithium Li , sodium Na or potassium K for alkali metals with q = 0, and beryllium
Be, magnesium Mg or calcium Ca for alkaline earth metals with q=1. Particularly since it is aided
by a molecule of the solvent agent water here, one may call the process similarly environment-
assisted electron capture.1

ICEC is emerging as a research field.2 However, experimental investigations are yet lacking.
Furthermore, the computation of ICEC observables is a challenge. The virtual-photon approxim-
ation is a robust asymptotic formula, that allowed the initial postulation of the existence of ICEC
in the year 2009.1,3 So far, this is the only approach that is technically able to handle systems
relevant to biology. The molecular R-matrix approach is being explored and has been successful
for very small molecular systems.4 It has shown that the virtual-photon approximation provides a
lower limit and provides the correct trend but omits overlap and interference of wavefunctions as
well as molecular distortions from intermolecular close-range interactions.5,6

Beyond the molecular aspect, electronic dynamics of ICEC have been investigated successfully
in relation to nanowires and embedded quantum dots.7–11 In a mean-field approach, it has been
proposed possible in macroscopic trapped cold-atom systems.11 Thereby manifesting a fundamental
process in various fields of interest, the original naming of the process as ‘interatomic coulombic
electron capture’ has seen its expansion to include ‘intermolecular’, ‘inter-quantum dot’, or in
an attempt to generalize the term inclusively to any two subsystems, to ‘interparticle coulombic
electron capture’ under the same acronym of ICEC.

In this work, we investigate the ICEC process in microhydrated cations using the virtual-
photon approximation. Based on this approach, our results show that the presence of water
molecules increases significantly the electron attachment cross sections to the cations due to ICEC.
Furthermore, we introduce a characteristic distance rIC for ICEC and demonstrate that the latter
dominates over photorecombination beyond the second hydration shell of each cation for electron
energies above a threshold.

The paper is organized as follows: In section 2, we present the theoretical approach employed
in this work. The computational details are provided in section 3. In section 4, we discuss the
results for alkali monocations and alkaline earth dications. Finally, the conclusions of this work
are reported in section 5.
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2 Theoretical Derivation

Intermolecular coulombic electron capture has been first investigated in the virtual photon
approximation1,3. Within this approach and for the systems considered here, the corresponding
cross section for the electron capture into a specific state i of the metal ion is given by

σICi =
3

4πr6

(
~c
hν

)4

σH2O σA+→A0
i
. (2)

In the above equation, σA+→A0
i
is the partial photorecombination cross section of A+ and σH2O is

the water photoionisation cross section. The exchanged energy hν is the sum of the free electron
energy ε and the ionisation potential VA0

i
of the capturing state, hν = ε + VA0

i
, due to energy

conservation. The distance between the two partners is noted r. The total ICEC cross section is
thus

σIC =
∑
i

σICi (3)

where the sum runs over all open ICEC channels.
Note that these equations accommodate the possibility of local resonances in the molecular

subsystems described by the respective cross section σH2O for the assisting partner, and σA+→A0
i

for the recombining cation. However, the interactions between the partners are neglected. In its
assumption of distinguishable subsystems, it can be characterised as an asymptotic formula.

Interpreting the partial cross section for assisted capture σICi as function of the photorecom-
bination cross section σA+→A0

i
, their ratio (σICi/σA+→A0

i
) expresses the amplification factor arising

from the assisting effect of the mitigating partner, in this case the water molecule. This ratio is
by its nature, a numerical coefficient without physical unit.

By rearrangement of the quantities in Eq. (2),(
σICi

σA+→A0
i

)
r6 =

3

4π

(
~c
hν

)4

σH2O =̂ (distance)6, (4)

we therefore identify a quantity representing a length-scale purely on the argumentative grounds
of consistent physical units. Implicitly, the transferred energy hν and consequently the argument
to the photoionisation cross-section σH2O(hν) both depend on the energy released by the specific
capturing state i. This fact shall be indicated in the following by explicitly stating the index i on
those quantities.

We can interpret the identified distance of Eq. (4) as a characteristic length

rICi :=

(
3

4π

(
~c
hνi

)4

σ
(i)
H2O

) 1
6

(5)

for water-assisted electron capture into the capturing state i. The ratio of this parameter rICi
over a particular distance r between the recombining partner and the assisting water molecule,
(rICi/r), is then equivalent to the amplification factor (σICi/σA+→A0

i
) in terms of the respective

cross sections as
σICi

σA+→A0
i

=
(rICi

r

)6
. (6)

In this sense, the present water molecule can be seen as stimulating the recombination of cation
and free electron. The specific characteristic length rICi introduced here is thereby indicating the
intermolecular distance at which the partial cross section for assisted capture into a specific captur-
ing state i is of equal magnitude to the partial cross section of photorecombination into the same
capture state. Note that this characteristic length rICi does not depend on the photorecombination
cross section itself.

The additivity in the individual cross sections allows to similarly define a total characteristic
distance rIC for water-assisted capture.
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Introducing the partial photorecombination cross sections as statistical weights

wi :=
σA+→A0

i(∑
j σA+→A0

j

) , (7)

such that each wi ≤ 1 for any i and their sum
∑
i wi ≡ 1 for any electron energy, we find an

overall total characteristic length

rIC :=

(∑
i

wi (rICi)
6

) 1
6

. (8)

As a consequence, the competitive impact of the overall water-assisted electron capture with
respect to the environment independent photo-recombination can thus be expressed by the ratio

σIC
σPR

=
(rIC
r

)6
(9)

between the total ICEC cross section and the total photorecombination cross section. If the
capturing cation is closer to the water molecule than the distance rIC which is a function of
incident energy ε, then ICEC dominates the environment-independent photorecombination.

The quantum yield, or efficiency of the environment-assisted electron capture with respect to
the total electron capture from both processes is thus distance-dependent as

ηIC =
σIC

σPR + σIC
=

r6IC
r6 + r6IC

. (10)

The characteristic distance rIC can be interpreted analogously to the Förster radius in the case
of intermolecular energy transfer between two fluorescent molecules. Known as Förster resonant
energy transfer (FRET) for bound electronic excitations, the same distance dependence with re-
spect to a characteristic length arises there.12 The characteristic distance rIC is thereby exactly
that distance between one electron captor and its reaction partner at which the efficiency ηIC of
ICEC measures 50%. This means the partner-assisted capture cross section at this distance has
equal magnitude to that of the environment-independent photorecombination.

Note that this is a definition for a single reaction partner. In an environment with multiple
independent partner molecules counted with index N , each will contribute to the overall many-
partner ICEC cross section in the environment,

∑
N σIC (rN ), in dependence on its individual

distance rN from the energy donor. The introduced characteristic distance rIC remains a pairwise
measure independent of the individual partner distance. In the following, we consider the cases of
only one partner molecule. The cross sections and ICEC radius reported represent therefore lower
limits.

While photorecombination data is sometimes hard to come by, photoionisation cross sections
are often well tabulated. Let gA+ denote therefore the statistical weight of the alkali cation de-
scribing the number of electronic states equivalent to the initial state, and let gA0

i
be the equivalent

multiplicity of the ith capturing state, then the incident electron energy and emitted photon energy
relate the photorecombination cross section as to the photoionisation cross section σA+←A0

i
through

the principle of detailed balancing,13,

(2mec
2) ε gA+ σA+→A0

i
= (hνi)

2 gA0
i
σA+←A0

i
, (11)

known in this case as the Milne relation.14 This relation has also been used by Gokhberg and
Cederbaum to reformulate the partial cross section for assisted electron-capture in terms of the
more accessible photoionisation cross section of (excited) state i.1

The discussed quantities represent functions of the energy, either directly through the continuum
energy ε of the captured electron and the ionisation threshold VA0

i
associated with the capturing

state i, or indirectly through their energy difference transferred as photon energy hν.
Here, VA0

i
represents a discrete set of energies and ε a particular value within the energy con-

tinuum. Numerically, however, ε is usually represented by a finite discrete collection of values
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together with partial photorecombination cross sections at that value σA+→A0
i
(ε), or as associated

photoionisation cross sections σA+←A0
i
(ε + VA0

i
). In the following, we therefore indicate the com-

posite index (i, ε) to remind the reader of the implicit energy dependence on both incident-electron
energy ε as well as ionisation threshold VA0

i
. Taking care of the interdependence of each photoion-

isation cross section through the exchanged energy hνi,ε the total assisted capture cross section
itself may be estimated as a weighted sum

rICε =

(
3 (~c)4

4π

∑
i

wi,ε
σ
(i,ε)
H2O

(hνi,ε)4

) 1
6

(12)

where the statistical weights in terms of partial photoionisation cross sections take the form

wi,ε =
(hνi,ε)

2 gA0
i
σA+←A0

i,ε∑
j (hνj,ε)

2 gA0
j
σA+←A0

j,ε

. (13)

These weigths are in themselves independent of the reaction partner and mix the available cap-
turing states to form the sum

∑
i wi,ε ≡ 1 for any incident electron energy ε while the fraction of

ionisation cross section σ(i,ε)
H2O

of the reaction partner over the fourth power of transferred energies
hνi,ε determine the scale of characteristic distance rIC. Although Eq. (7) appears simpler, it rep-
resents the same quantity as Eq. (13) linked through the Milne relation and the latter has been
used in conjunction with the available photoionisation data to compute rIC.

2.1 Relevant Quantitative Limits
In the following, we examine the upper bound in magnitude, as well as the near-threshold and the
large-energy behaviour of the introduced characteristic distance rIC. These findings are of value
to estimate more generally the viability of a potential experimental investigation: What length
scale is to be expected, how does it behave for very low electron energies, what is to be expected
for high electron energies? These questions arise immediately when evaluating whether a certain
experimental setup may allow to measure ICEC.

1. Upper bound: The specific characteristic distance rICi for assisted capture into state i as
given by Eq. (5) is independent of the electron-capturing species, i.e. it solely depends on
the photoionisation cross section σH2O of the assisting water molecule as function of photon
energy hν. In general, this photoionisation cross section is a finite positive quantity. It
vanishes for energies below the ionisation threshold. For the water molecule, this ionisation
threshold is 12.6 eV.15 Similarly, the photoionisation cross section also tends to approach
zero with increasing energy in the high-energy regime. This implies, there exists a global
maximum. More particularly, we are interested in the global maximum of the (auxiliary)
function

f(hν) :=
σH2O(hν)

(hν)4
, since rICi(hν) =

(
3(~c)4

4π
f(hν)

) 1
6

. (14)

We can therefore define the length

rmax :=

(
3(~c)4

4π
max
hν

[f(hν)]

) 1
6

(15)

through the global upper bound of the function f . This upper bound is by its definition
independent of the kinetic energy of the electron incident on the cation. Independent of the
particular index i for the electron-capturing state, any specific characteristic distance rICi is
thereby bound from above, as

rICi(hν) ≤ rmax . (16)

This has a direct implication on the total characteristic distance which represents according
to Eq.(8) a weighted sum over the bound quantities {rICi} as

(rIC)
6
=
∑
i

wi (rICi)
6 ≤ (rmax)

6
∑
i

wi . (17)
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By their definition, the sum over weights {wi} is unity at any (photon) energy where at least
one electron-capture channel is open,

∑
i

wi =

{
1, if ∃i ∈ N | wi 6= 0

0, if wi = 0 ∀ i . (18)

Hence, the total characteristic distance rIC is bound from above,

rIC(ε) ≤ rmax , (19)

for all energies by the same quantity rmax as each individual specific distances rICi associated
with electron-capture state i. Note that rmax is independent of the particular electron-captor.
This suggests rmax as an easily accessible quantity to estimate the length scale associated to
assisted electron-capture for any given assisting partner species. The bound on the length-
scale of assisted capture is defined solely by the stimulating partner.

2. Low energies: In the context of energy exchange through assisted-electron capture, the
photoionisation cross sections of electron captor and assisting partner are linked through the
exchanged photon energy hν. This quantity is however dependent on the kinetic energy of
the incident electron ε which is a continuous degree of freedom, as well as the ionisation
potential VA0

i
of the particular capturing state i which is a discrete degree of freedom,

hν = ε+ VA0
i
. (20)

We do not have a direct control which state captures the incident electron but rather have
to be aware that in the general case, there is a set of capturing states {i} with a discrete set
of transferred energies {hνi,ε} for any fixed incident energy ε. In order to meet the ionisation
threshold VH2O of the assisting partner, the kinetic energy of the free electron needs to fulfil
the criterion

ε = hν − VA0
i
≥ VH2O − VA0

i
(21)

for at least one capture state. The sign of the difference in ionisation potentials indicates
whether the energy transfer is endo- or exothermic, in other words, whether the energy
accepting electron on the assisting partner is emitted with a lower, or respectively higher
kinetic energy than ε. We assume without loss of generality, that the capturing state index i
is ordered by the respective ionisation potential with VA0

0
≤ VA0

1
≤ ... . Then i = 0 marks an

electron-capture into the ground state and the energy difference

VH2O − VA0
0
=: ε0 (22)

represents the energy threshold for assisted electron capture. Depending on the choice of
reaction partners, this quantity can be positive, i.e. ε0 > 0. Then the free electron needs a
kinetic energy of at least ε0 to allow for assisted capture to occur. This is the case for the
alkali cations Li+, Na+, and K+ where ε0 ranges from 7.16 eV16–18 to 8.20 eV17,19–23 with
respect to water.1524–34In the case where ε0 vanishes, the energy transfer between captor and
assisting energy acceptor is energy neutral. Similarly, the energy threshold can be negative,
i.e. ε0 < 0. This is the case for electron-capture by alkaline earth cations Be2+ and Mg2+ in
assistance from water.16,17,35,36 In that case, even an infinitely slow free electron, i.e. ε = 0,
allows for an assisted capture into at least one capturing state. Moreover, a negative threshold
suggests that even pseudo-free electrons, for example from Rydberg states with ionisation
potentials smaller than |ε0|, may energetically be captured through the mechanism of assisted
electron capture. In that respect, ICEC merges over to a related process known as electron-
transfer-mediated decay (ETMD(3)).37

At an advantageous choice of both reaction partners, the characteristic distance may already
have a significant size at vanishing electron energy, ε = 0. That means there is in that case
at least one capture state i for which wi,ε > 0. Each state-specific characteristic distance
is governed by the same function f(hν) of transferred photon energy hν. In the limit of
an infinitely-slow incident electron, where ε = 0, the transferred energy hν = ε + VA0

i
=
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VA0
i
, reduces to the specific ionisation potential of the respective capturing state i. The

characteristic distance for assisted capture is purely determined by the water molecule’s
photoionisation cross section at the energy of the specific ionisation potential as

rICi(ε = 0) =

(
3(~c)4

4π
f(VA0

i
)

) 1
6

. (23)

Since f is positive and bound from above, there is a particular capture state k which repres-
ents the biggest value in the discrete set of function values {f(VA0

i
)}, such that

f(VA0
i
) ≤ sup

i

{
f(VA0

i
)
}
= f(VA0

k
) for a particular k ∈ {i}. (24)

The specific characteristic distance for every state is therefore limited by that distance rsup =:
rICk(ε = 0) of the identified capture state k such that for any state i

rICi(ε = 0) ≤ rsup ≤ rmax . (25)

The total characteristic distance for assisted electron-capture being a weighted sum over the
individual capturing states is thereby also bound. Since

(rIC(ε = 0))
6
=
∑
i

wi (rICi)
6 ≤ (rsup)

6
∑
i

wi , (26)

the total characteristic distance is bound by the single biggest contribution rsup in the discrete
set {rICi}i, so that also

rIC(ε = 0) ≤ rsup ≤ rmax . (27)

3. High energies: In the context of this work, the regime of high energies is reached if the
incident electron energy ε is much greater than the largest ionisation threshold VA0

0
in the

energy-ordered set of thresholds {VA0
i
} respective to the discrete quasi-infinite set of capture

states i. The exchanged energy between electron-captor and assisting partner molecule,

hν0(ε� VA0
0
) = ε+ VA0

0
≈ ε+ VA0

1
≈ . . . ≈ ε+ VA0

i
+ . . . ≈ ε (28)

is therefore approximately equal to the pure kinetic energy of the incident electron.
This implies that in the high energy limit, every specific characteristic distance rICi asymp-
totically approaches the same function in energy r∞(ε). The overall asymptotic limit is
thereby also given by

lim
{V
A0
i
}�ε

rIC(ε) = r∞(ε) =

(
3(~c)4

4π
f(ε)

) 1
6

≤ rmax . (29)

That implies that the total characteristic distance for assisted electron-capture becomes in-
dependent of the specific captor in the high energy regime.

3 Methods

We have employed the virtual-photon approximation to compute the ICEC cross sections.1,3
This method assumes distinctly separated subsystems. In consistence with this approximation, all
quantities used for cations and water molecules are therefore for the systems in the gas phase (i.e.
isolated).

The evaluation of the characteristic distance and total cross section requires the set of pho-
toionisation data for ground and excited states of the captor according to Eq. (12). The results for
the characteristic distance are therefore to be seen as an asymptotic result. We stress again that
they include possible local resonances as far as they are covered by the respective photoionisation
cross section of the individual reaction partner.

Below we report the databases employed in this work and the procedure followed to interpolate
and extrapolate the missing data.
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3.1 Partial Photoionisation Cross Sections of Metals
To our current knowledge, the most extended consistent set of excited state ionisation cross sections
of atoms and ions is provided by the topbase16 dataset which is a purely theoretical database of
R-matrix calculations. It allows us to gather data for 25 capturing states of the lithium cation
Li+, 33 capturing states for the sodium cation Na+, 25 capturing states for the beryllium cation
Be2+, 33 capturing states for the magnesium cation, Mg2+ and 36 states for the calcium cation
Ca2+. Potassium is not available within this database.

Computations with the Dirac-based B-spline R-matrix38,39 have been tried in 2010 outside the
topbase project,22 and were experimentally confirmed later.23 This allows to use consistent data
of 14 capturing states for the potassium cation K+ which would otherwise not be possible.

3.2 Photoionisation Cross Sections of Water
For the assisting water molecule, photoionisation cross section data for the ground-state ionisation
is sufficient. It is advantageous if the photoionisation cross section is provided as function of photon
energy hν instead of emitted electron energy. This allows to treat the ionisation of the water
molecule as a single function in accord with Eq. (12). The Leiden database for photodissociation
and photoionisation of astrophysically relevant molecules has been used.24 Within this database,
data for the water molecule stem from a considerable number of experimental sources.24–34This
dataset has been used to arrive at an estimate for the order of the characteristic distance of the
ICEC process assisted by the water molecule according to Eqs. (12) & (15). Therefore, we expect
a characteristic distance of the order

O(rIC) ≤ max
ε

[(
3 (~c)4

4π

σH2Oε

ε4

)1
6

]

= 1.0091656
nm Ryd

4
6

Mb
1
6

max
ε

(σH2Oε

ε4

)1
6

. (30)

which shows that a natural choice of units for the characteristic distance is nanometres when
energies are handled in Rydberg and cross sections in megabarn. These are thus the employed units
for the calculations even though we present energies in electron volts throughout the discussion.
Note that this estimate is independent of the electron captor itself. As consequence of the available
data set, the magnitude of characteristic distance rIC for water-assisted ICEC are maximally
rmax = 1.45306 nm which corresponds to a photon energy of about 13.41 eV.24–34

3.3 Interpolation and Extrapolation
The tables for various capturing states may provide data points at differing incident electron
energies which lead to mismatching photon energies in the data table for the water molecule.
Necessarily, interpolation for intermediate energies between the given data points is necessary. We
have interpolated linearly to intermediate points. Where necessary data was missing at the larger
energy range, a capturing state’s photoionisation cross section has been extrapolated from the last
10% of available data but at least the 10 last data points. For simplicity and in accordance with
a high-energy power law of proportionality to ε−3.5−`,40 we extrapolated unavailable data by a
simple power law as lnσ = a+ b ln ε with extrapolation parameters a and b.

4 Results and Discussion
The respective characteristic distances rIC as function of incident electron energy ε are depicted
in Figure 2 for assisted electron capture by alkali cations of lithium (I) Li+, sodium (I) Na+, and
potassium (I) K+, as well as alkaline earth cations beryllium (II) Be2+, magnesium (II) Mg2+,
and calcium (II) Ca2+ through ionisation of a water molecule. Key quantities are summarized
in Table 1. To compare the reach of environment assisted electron capture with respect to the
respective dimension of hydration shells, the total ICEC radius is depicted in multiples of the first
hydration shell radius in Figure 3. We stress that the ICEC radius represents a single-acceptor
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Table 1: Key values of the distance rIC for water-assisted electron capture.
species threshold energy optimal energy maximal radius first hydration shell

A+ VA0 − VH2O [eV] ε where rIC = max. [eV] max
ε
rIC [nm] r1 [nm]

Li+ 7.16 eV 12.45 eV 1.39 nm 0.19 nm41–45

Na+ 7.50 eV 12.52 eV 1.41 nm 0.24 nm41,46

K+ 8.20 eV 12.24 eV 1.43 nm 0.26 nm41

Be2+ -5.64 eV 12.02 eV 1.25 nm 0.17 nm47,48

Mg2+ -2.32 eV 12.14 eV 1.33 nm 0.20 nm41

Ca2+ 0.82 eV 5.56 eV 1.40 nm 0.23 nm41

quantity. In a liquid environment, the contribution from each partner molecule adds to the total
cross section. The interpretation of the ICEC radius in terms of the process’s reach is therefore
only a lower limit within the virtual photon approximation.

4.1 Alkali Monocations
With an energetic threshold between 7.16 eV (Li+) and 8.20 eV (K+) to overcome before assisted
electron capture opens, the characteristic distance rIC shows a sharp onset between 1.15 nm (Li+)
and 0.90 nm (K+) for capture into the ground state s shell with a clear step up to 1.32 nm for Li+
and 1.28 nm for K+ at the threshold of the lowest p shell. Each of these opening onsets of assisted
electron capture show clearly fine fluctuations within the first eV. This is the signature of molecular
resonances in the water photoionisation cross section. The maximum of the characteristic distance
between 1.39 nm (Li+) to 1.43 nm (K+) reaches very close to its captor-independent analytical
limit rmax of 1.45 nm set solely by the assisting water molecule. Its position between 12.45 eV
(Li+) and 12.24 eV (K+) coincides roughly with its respective continuum threshold energy. Above
this threshold, the individual contributions of capturing states as well as the total characteristic
distance clearly wear the large-energy signature dictated by the photoionisation function of the
assisting water molecule. While decreasing with increasing energy, the ICEC radius remains above
1.23 nm for energies up to 18 eV. This is large in comparison to the respective hydration shells.

Intermolecular coulombic electron capture reaches thereby significantly beyond the third solva-
tion shell for each alkali metal already from the opening of the channel. The absolute assisted-
capture radius is relatively similar across the elements but the first hydration shell grows with the
atomic number. This leads to differences in the ICEC radius relative to the first solvation shell
radius r1. At the opening plateau of assisted ground state capture (2s), it reaches beyond 6.1 r1
for lithium. It reaches 4.6 r1 for sodium at the opening plateau of assisted ground-state capture
into 3s, and still reaches beyond 3.5 r1 for the much larger potassium for the opening plateau of
ground state capture into 4s. Figure 3 shows the respective total ICEC radius in units of first
solvation shell radius r1 for the investigated alkali monocations as well as alkaline earth dications.
With additional channels open at higher incident energies all three capturing cations show ICEC
radii larger than 5.0 r1 up to 17 eV.

4.2 Alkaline Earth Dications
The dications of alkaline earth metals show an ICEC radius above 1 nm for a significantly larger
energy range than alkali monocations, and more variation in their ICEC radius behaviour among
each other owing to their larger charge and spread-out energetic thresholds of capture channels.
The difference between ionisation potentials of beryllium (II) and water is -5.64 eV. This indicates
that the assisted capture is in fact already open for an incident electron with vanishing kinetic
energy. The same holds for magnesium (II), while calcium (II) has an assisted-capture threshold
at 0.82 eV which is close to zero but positive (cf. Table 1). As a result, Be2+ already allows
assisted capture into the 2s and 2p shells from vanishing incident energies which already presents
the decaying tail of σH2O/(hν)

4 with increasing energy in the ICEC radius. This trend is interrupted
by distinct steps upwards due to channel openings for capture into higher shells. The magnesium
(II) cation with its intermediate threshold of -2.32 eV allows only 3s capture at vanishing incident

9



****

0
0.2
0.4
0.6
0.8
1

1.2
1.4

0 2 4 6 8 10 12 14 16 18

r1

r2

rmax

2
s

2p 3s 3
p 4s ∞

ch
ar

ac
te

ri
st

ic
di

st
an

ce
[n

m
]

incident electron energy [eV]

rIC
2s
2p
3s
3p
4s

Li+

0
0.2
0.4
0.6
0.8
1

1.2
1.4

0 2 4 6 8 10 12 14 16 18

r1

r2
r3

rmax

3s 3
p

3
d

4p 5p 8
p ∞

ch
ar

ac
te

ri
st

ic
di

st
an

ce
[n

m
]

incident electron energy [eV]

rIC
2p
2s
3p
3s
3d

Be2+

0
0.2
0.4
0.6
0.8
1

1.2
1.4

0 2 4 6 8 10 12 14 16 18

r1

r2

rmax

3
s

3p 4
s

4p 5p ∞

ch
ar

ac
te

ri
st

ic
di

st
an

ce
[n

m
]

incident electron energy [eV]

rIC
3p
3s
4p
4s
5p

Na+

0
0.2
0.4
0.6
0.8
1

1.2
1.4

0 2 4 6 8 10 12 14 16 18

r1

r2

rmax

3p 4
s

3
d

4
p

4d 5d 8
d ∞

ch
ar

ac
te

ri
st

ic
di

st
an

ce
[n

m
]

incident electron energy [eV]

rIC
3p
3s
3d
4p
4s

Mg2+

0
0.2
0.4
0.6
0.8
1

1.2
1.4

0 2 4 6 8 10 12 14 16 18

r1

r2

rmax

4s 4
p 5s 5
p ∞

ch
ar

ac
te

ri
st

ic
di

st
an

ce
[n

m
]

incident electron energy [eV]

rIC
4s1/2
4p3/2
4p1/2
5s1/2
5p3/2

K+

0
0.2
0.4
0.6
0.8
1

1.2
1.4

0 2 4 6 8 10 12 14 16 18

r1

r2

rmax

4s 3
d

4p 4d 5
p

6p 8
p ∞

ch
ar

ac
te

ri
st

ic
di

st
an

ce
[n

m
]

incident electron energy [eV]

rIC
3d
4p
4s
4d
5p

Ca2+

****

Figure 2: Characteristic distance rIC of ICEC by alkali and alkaline earth cations in assistance
from a water molecule as function of incident electron energy ε. Key numbers of energy threshold,
maximal characteristic distance and its energetic position are summarized in Table 1. The solid
line indicates the total characteristic distance in nanometres and relative to respective hydration
shell radii rn. The five strongest contributing capture channels are indicated in dashed lines. Their
channel openings have been marked as well as some higher channel openings and the continuum
threshold for assisted capture (∞). The maximal allowed characteristic distance rmax of 1.45306 nm
is exclusively determined by the assisting water molecule.

energy, but the second assisted capture channel into 3p opens at 2.05 eV. This produces an overall
increase of the ICEC radius with increasing incident energy up to its maximum of 1.33 nm at
12.14 eV. The characteristic distance for assisted-capture by a calcium (II) cation looks arguably
most similar to that of the alkali monocations with comparison to the other two alkaline earth
dications: It shows a positive energetic threshold for ground state capture, a significant stepwise
increase with the opening of the second capture channel, here 3d capture at 3.13 eV, and a global
maximum reached closely thereafter, here at 5.56 eV. The absolute maximum ICEC radius of
1.40 nm is closer to those reached by the alkali monocations and only 3.33% short of the limiting
rmax despite the curve’s shift to lower incident energies.
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Figure 3: Characteristic distances rIC of ICEC by alkali and alkaline earth metals in assistance
by a water molecule in units of first solvation shell radius r1. The calcium dication Ca2+, for
instance, has an energetic threshold of 0.82 eV for the incident free electron to allow an assisted
electron capture by energy transfer to a water molecule. From this energetic onset, ICEC opens
for capture into the 4s shell. The capture through assistance by water shows a strong gain in reach
and is dominating over photorecombination up to 2.69 r1 above 0.95 eV from where it shows a
plateau. As the additional assisted-capture channel into 3d opens at 3.13 eV, the assisted-capture
radius rIC increases steeply with energy to reach up to 5.73 r1 at 3.26 eV. From there it presents a
shallow increase with energy until reaching the maximum of 6.11 r1 at 5.56 eV from where it slowly
descend with increasing energy. It still reaches up to 4.65 r1 at 18 eV incident electron energy.

With respect to the first hydration shell radius r1, ICEC on alkaline earth dications has a large
reach beyond 4.7 r1 for a range over more than 14.5 eV from energy thresholds of at least two open
assisted capture channels upwards due to their higher charge and tighter hydration radius compared
to alkali monocations. While the alkaline earth dications fell short of the maximal allowed rmax

in comparison of their absolute characteristic distance to their alkali monocationic counterparts,
they are actually reaching further with respect to their respective hydration shell radius r1 (cf.
Figure 3): The ICEC radius rIC reaches up to 7.35 r1 for Be2+, up to 6.65 r1 for Mg2+, and up
to 6.09 r1 for Ca2+. Particularly above 13 eV incident electron energy, the characteristic distances
with respect to the first hydration shell radius are comparable for the pairs of Li+ and Be2+ as
well as for K+ and Ca2+ and show the predicted high-energy tail behaviour of slow decay with
increasing electron energy. The assisted capture radius rIC still reaches significantly beyond 4.5 r1
at 18 eV for all the investigated metal cations.

5 Conclusions
In this work, we introduced the characteristic distance rIC for interparticle coulombic electron
capture (ICEC) as a measure of quantum efficiency with respect to environment-independent
photorecombination. In equivalence to the Förster radius for Förster resonant energy transfer,
this rIC allows to interpret the reach of ICEC. We have furthermore presented experimentally
relevant limits that can easily be evaluated to classify the significance of ICEC for any given pair
of electron captor and assisting partner. Notably, the ICEC radius as function of incident electron
energy is mainly shaped by the photoionisation cross section of the assisting partner molecule. The
reach of ICEC was evaluated for bio-relevant alkali monocations Li+, Na+, K+ and alkaline earth
dications Be2+, Mg2+, and Ca2+ by assistance from a water molecule.

Assisted capture of a free electron dominates significantly over environment-independent photo-
recombination for distances between the reaction partners far beyond the third hydration shell
radius. The assisted capture radius rIC exceeded even distances 4 times that of the respective radius
of the first hydration shell r1 for an energy range of at least 10 eV. The maximum reaches ranges
between 5.5 r1 for K+, and 7.4 r1 for Be2+. Alkaline earth metal dications Be2+, Mg2+ and Ca2+
are active at low incident energy. The ICEC reaction pathway is here already open at vanishing
incident energy for the smaller dications and opens for calcium at 0.82 eV. The investigated alkali
monocations Li+, Na+ and K+ show a clear energetic threshold between 7.16 eV to 8.20 eV for
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the incident electron to be captured through the ICEC channel.
The introduced measures rIC and rmax for the reach of ICEC will allow easy access to the design

of future dedicated experimental measurements. Particularly the choice of the assisting partner
molecule is essential. In other environmental contexts for instance, the introduced maximal value
rmax can be quickly estimated. For instance, while it was 1.453 nm for an assisting water molecule,
it would be 1.635 nm for an assisting ethanol molecule and 2.357 nm in the case of a carbon
dioxide molecule as assisting partner. Species with a higher photoionisation cross section are
therefore expected to assist ICEC over even longer distances.

The far reach of assisted electron capture has considerable implications for our understand-
ing of reactions induced by slow electrons in any environment, but particularly in the context of
propagating radiation damage in biological systems: Slow secondary electrons induced by radi-
ation damage in biological systems predominantly recombine with solvated cations through water-
molecule-assisted capture rather than via photorecombination. This occurs within at least the first
and second hydration shell when the threshold energy is met. It reduces the cation’s bio-chemical
availability. A tertiary electron emerges from the assisting water molecule with a different energy.
While the number of free electrons remains constant during this process, the kinetic energy changes
according to the difference in ionisation thresholds.
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A Supplementary Material
We provide as supplementary material the data set used to produce the graphical representations
of ICEC radii in Figure 2 and Figure 3. The data set is provided compressed into a zip file contain-
ing plain text data tables and a plain-text file called Readme.md, that provides a comprehensive
summary of the enclosed files. For each cation presented in this work, there are three files: one file
for its hydration shell radii used for the x2 axis labels in Figure 2 and for scaling in Figure 3; one
file for the y2 axis labels indicating the capture channel of the respective cation; and one file with
computed ICEC radii – in total and per capture channel – as function of incident electron energy.
The computation of this set of ICEC radii has been undertaken as described in this article.
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