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Abstract

The structural, dynamic and thermodynamic properties of an excess electron interacting with
an alkali cation (Nat, K*, Li") in bulk water were investigated by means of a mixed quantum-
classical molecular dynamics simulation technique. This study includes a reparametrization of the
electron-cation pseudopotentials. The free energy calculations for all three systems show that a
contact electron-cation pair can be observed, which is either as stable as the dissociated pair (Lit),
or more stable by only a few k7" (Na™, KT). Given that the dissociation barrier is also quite small,
we suggest that the average cation-electron distance in the experiments at room temperature will
not depend on this free energy profile but rather on the minimization of the coulombic repulsive
interaction between like charges in the solvent medium. This enables us to compare the present MD
simulations with the spectroscopic data obtained for different ionic strengths. The overall trend
of the UV-Vis hydrated absorption spectra, namely the shift towards shorter wavelengths at high
ionic strengths, is fairly well reproduced. This confirms our hypothesis of statistical distribution

of the cations and solvated electrons.



1 Introduction

Investigations of the structure, dynamics and thermodynamics of the solvated electron in water are of
great interest due to the importance of redox reactions in everyday physical chemistry and biophysics.
The reactivity of the hydrated electron towards cations in solution has been extensively studied, mainly
by pulse radiolysis.!»2 Noble metal ions such as Ag™ are known to be easily reduced by the hydrated
electron.® On the other hand, alkaline metal cations (M* ; M = Li, Na, K) do not react with the
hydrated electron, since the M*/M couple has a lower redox potential than the hydrated electron.*™®
In such systems, water mediates the effective interactions between the ion and the excess electron
and the formation of contact pairs was suggested.®? 19 Electron spin echo spectroscopy studies gave
indirect information on the structure of the solvation shell of a solvated electron in alkaline glasses
and ice.' '3 Recent resonance Raman spectra in bulk water supported these structural findings.'# 1%
Numerous investigations of the hydrated electron absorption spectrum were reported in the literature,
under different ionic strength conditions and using various counter-ions. The overall trend through
a systematic experimental study with different cations at various concentrations”?® is the shift of the
absorption of the hydrated electron towards shorter wavelengths (“blue shift”).

The motivation for the present molecular simulation study is to provide a description, at the
atomistic level, of the nature of the non reactive alkali cation-solvated electron pairs in bulk water.
A recently developed mixed quantum-classical molecular dynamics (QCMD) approach,'® based on
adiabatic simulation technique, is used to simulate an excess electron and a cation in bulk water.!”-20
In this approach only one electron is treated quantum mechanically, while the effect of the surrounding
molecules and cation is taken into account through effective pseudopotentials.

The paper is organized as follows. The models and methods are presented in the next section.
In section 3, the force fields are described in some details. A reparametrization of the electron-
cation pseudopotentials is presented, and the new electron-sodium potential is tested against ab initio
calculations of [Na™, e™, (H20),] clusters. The solvated electron absorption spectrum, free energy
calculations and structural information in presence of a sodium cation are given in section 4. Section
5 is devoted to a comparison between the sodium, lithium and potassium cation behaviors. A simple

model is suggested that enables to understand the general trend of the observed absorption blue shift

in various ionic strength conditions.



2 Simulation techniques

2.1 Adiabatic mixed quantum-classical molecular dynamics

We perform a mixed quantum-classical molecular dynamics (QCMD) of an excess electron in bulk wa-
ter, in presence of different cations. While the water molecules and the cation are treated classically,
the excess electron is treated quantum mechanically using the Born-Oppenheimer approximation. A
given solvent/cation configuration S generates an effective interaction potential with the excess elec-
tron Vint (r,S), where r denotes the electronic coordinates. The wavefunction describing the electron,
¥ (r,S), and the corresponding energy, E,(S), are obtained by solving the stationary Schrédinger

equation in this effective potential:

(2 + Viua(r,8)) 0 (x.8) = Bu(S)in(x.S) M)

where T, is the electronic kinetic energy operator. Equation 1 is solved by diagonalization for each
solvent/cation configuration, i.e. at each time step. The Lanczos iterative algorithm (as implemented
in the ARPACK library) was used to solve the electron eigenvalue problem, obtaining only the first
25 eigenstates for each time step.

Once the eigenstates are known, the quantum contribution to the force acting on each classical

particle is obtained by the Hellmann-Feynman theorem:2!: 22

F(Sq,ZL = —VsEn(S) = - <1/)n(r7 S) ‘VSVint(I‘, S)‘ wn(r, S)> (2)

In the present study, all forces are computed for the ground state of the excess electron (n = 0). The
wavefunctions 1, (r,S) are expanded into a basis of 73 = 343 spherical gaussian (s-type) functions,
centered on the nodes of a cubic lattice. The basis set parameters are identical to those used in
referencel6 for the simulation of a hydrated electron: the gaussian exponent « is 0.357 A=2 and the
basis grid extension is 10 A, which corresponds roughly to the half of the simulation box.

Standard periodic boundary conditions are used with the Ewald summation technique?? to calculate
all classical and quantum long-range interactions. The simulations are performed in the NVT ensemble
using the Nosé-Hoover thermostat?*2® to ensure isothermal conditions. The integration of the equa-
tions of motion for translation and rotation is performed using the Gear predictor-corrector algorithm,

with a time step fixed at 0.5 fs. Simulations are run typically during a few tens of picoseconds.

2.2 Quantum umbrella sampling

Some of the simulations are performed with an electron/cation distance £ constrained around a given

value £y. This goal is achieved using the umbrella sampling approach, adding a quadratic term Ug, to



the total Hamiltonian of the system:

1 2
Ug, = 5k (£(S) = &) (3)
Following the method proposed by Borgis and Staib,2® we adapted the umbrella sampling technique
to a system containing a quantum particle. A new quantum umbrella sampling force acts on each
classical atom, given by

where the non trivial term 9r(S)/9S;, is calculated with a perturbative approach.?S The free energy

profile along the electron-cation distance ¢ is given by

F(§) = —kgT'In P(¢) (5)

where P(€) is the probability to find the electron at distance £ from the cation:

(5(r(S) — €) exp(BUg, ).,
(exp(BUg, )Y,

Umbrella sampling simulations are run for 50 ps, for & values (see Eq. 3) ranging from 1 A to

P(&) = (6)

15 A with a 0.5 A increment. The k value was fixed at 0.01 a.u./A2, allowing fluctuations around &
of about 0.5 A.

2.3 Absorption spectra

Electron absorption spectra can be calculated by a direct average of the transition dipole moment,
or using the cumulant expansion and the vibration-rotation decorrelation hypothesis,?® leading to the
formula

IEy=FE(1-e" Z (|1ton])o exp (7)

where Eg,, = Eo,,(S) is the energy gap between the ground state and the nth excited state, whereas
ton = pon(S) is the corresponding transition dipole. (---), indicates an average over the solvent
configurations with an electron equilibrated in its ground state. Both methods give similar absorption

results; all spectra shown in this article are obtained by Eqn. 7.



3 Force fields and pseudopotentials

3.1 Classical interaction potentials

Water molecules and cations interact via classical interaction potentials consisting of a coulombic and
a 6-12 Lennard-Jones term. Water-water interactions are described by the SPC model,2” while cation-
water interactions are described using parameters from Aqvist?® for alkaline cations. Water/cation

interaction parameters are summarized in Table 1.

3.2 Interactions between the electron and the classical particles

For the excess electron-water interaction, we use the pseudopotential developed by Turi and Borgis,??
based on quantum ab initio calculations for one water molecule plus an additional electron confined
in a box in the static exchange theory limit. Details on the use of this pseudopotential with an excess
electron described using a gaussian grid basis set can be found in Ref. 16.

The interactions between the excess electron and the cations are modeled using the one-electron
semilocal pseudopotentials proposed by Durand and Barthelat3® for a cation M™:

N 1 P
V—/cat = + Wrs (8)

e

where —1/r is the coulombic interaction term and WP* is a nonlocal term. The analytical form of TP

is chosen to be

WP (r) = > Wi(r)P, 9)

l

with
ny
Wi(r) = exp (falrz) Z cigr’it (10)
i=1
and
+1
A= fim)(ml (11)
m=—I1

B is the projector on the spherical harmonics Y}, whose secondary quantum number is . Computa-
tional details on the evaluation of these nonlocal terms using a gaussian grid basis set can be found in
Ref. 18. The original parameters of the nonlocal terms were optimized together with a basis set of s,

p and d gaussians centered on the cation nucleus.



3.3 Reparametrization of the electron/cation pseudopotentials

We have tested the electron/cation pseudopotentials on the isolated M® atoms in vacuum, using our
73 gaussian functions basis set. The energy levels for all (M™ + e~) systems were compared to the
experimental ionization potentials and excitation energies of M?. Neglecting the contribution due to
the reorganization of the core orbitals, the ground state energy € of the excess electron can be related
to the ionization potential of M° through ey = —IP.

For all cations, the original pseudopotentials reproduce the desired experimental properties (ioniza-
tion potential and first excitation energies) within a 15% range, as reported in Table 2. The differences
observed are attributed to the different basis set used as well as to the lack of core-valence correlation
and core polarization. Thus, for each cation a new set of parameters was designed by minimization
of the difference between calculated and experimental properties. In this article, these reparametrized
potentials will be called optimized pseudopotentials. Due to the functional form of the nonlocal term
VAVPS(I')7 a separate optimization of the s, p and d parts of the pseudopotentials, corresponding to
Wo(r), Wi(r) and Wa(r) in Eqn. 9, was possible.

Taking into account the ionization potential and the energy of the first s — p and s — d transitions,

we defined the Relative Root Mean Square (RRMS) error for each part of the pseudopotential,

IP — [Py
RRMS(s) = ‘IPexp (12)
RRMS e 13
(p) - AEg;;np ( )
RRMS() — |22 = AL ™ 14
( ) - AEQ;;nd ( )

where IP is the first ionization potential of M® and AE*~7 is the transition energy between electronic
states ¢ and j of M°, while the “exp” subscript denotes the experimental value of a given physical
quantity.

We found many minima for each RRMS and chose parameters close to the original ones yielding
small RRMS values. The optimized parameters for Li*, Na* and KT cations can be found in Ap-
pendix A, as well as the original parameters. In vacuo properties for Li, Na and K with these new

parameters are in better agreement with the experimental data, as shown in Table 2.

3.4 Validation of the electron/cation pseudopotentials

The electron/cation pseudopotentials have been adjusted and reoptimized for the isolated neutral

atoms properties. In order to check their ability to fairly describe the cation-electron pair (i.e. when



the electron is localized outside the cation), the electron-sodium pseudopotentials have been compared
to ab initio calculations on sodium-electron pair systems. Several configurations have been selected
from QCMD simulation runs. We have retained a few water molecules around the electron-cation
pair thus generating free (Na™,e™,(H30),,) clusters with n varying from 14 to 99. We have used the
TDSCF?! method implemented in the Gaussian 03 package.?? The gaussian basis sets used for these
ab initio calculations are given in Appendix B. This crude TDSCF (Time-Dependent Self Consistent
Field) calculation has first been compared to a high level MCQDPT (Multi-Configurational Quasi-
Degenerate Perturbation Theory) calculation on a much smaller cluster of 5 water molecules (HoO)5~
using the MCQDPT method of Nakano®? implemented in the GAMESS 2003 package.?* The results
are given in Table 3. The TDSCF transition energies are only slightly smaller than the MCQDPT
ones (by ~ 0.1 eV). The core-valence correlation, neglected in TDSCF, is small in such systems. The
TDSCF method thus appears reasonable in this case.

We present here a comparison between the pseudopotentials approach and the TDSCF one on the
(Na™,e™,(H20)qg) system. As shown in Table 4, the transitions energies obtained by the TDSCF and
by the two pseudopotentials are very close to each other. In order to discriminate which of the original
and optimized pseudopotentials is the most realistic one, we have compared the shape of the ground
state orbital along the axis joining the Na nucleus and the excess electron barycenter (see Figure 1).
Since the use of pseudopotentials smooths out the rapid oscillation of the ab initio orbital in the
vicinity of the Na nucleus, the comparison between orbital shapes must be made at distance from the
cation larger than 1 A. Figure 1 shows that the orbital obtained using the optimized pseudopotential
is closer to the ab initio one, especially in the high probability density region. This shows that on top
of ameliorating the Na atom spectroscopy, the reoptimization of the pseudopotential also improves the

description of the cation-electron pair.

4 The sodium cation

4.1 Influence of the pseudopotential parametrization and finite size effects

As a first step in this work, we investigated the influence of the pseudopotential parameters describing
the electron/cation interaction on the thermodynamic results, as well as the influence of the size of the
simulation box. Structural, spectroscopic and thermodynamic information on this system was obtained
by the mixed quantum-classical technique described earlier, using the two different sets of parameters
for the electron/cation pseudopotential discussed in the previous section and two different sizes for the
simulation box. The two different cubic simulation boxes used contained 300 and 800 water molecules,

one sodium cation and an excess electron. The simulations were performed at temperature 7' = 298 K,



with a density of p = 1 g.cm™3.

The free energy profiles obtained using both sets of pseudopotential parameters are shown in
Figure 2, for a system containing the sodium cation, an excess electron and 800 water molecules. In
both cases, there is a local minimum of the free energy profile at short distances, corresponding to an

18,19 and a free energy barrier separating this state from the state where

electron-cation contact pair,
the electron and the cation are separately solvated (large electron-cation distance). But while both sets
of parameters for the electron/cation pseudopotential exhibit this same general behavior, they yield
quantitatively different results. It can be seen that the simulations using the optimized pseudopotential
exhibit a higher free energy barrier between the two states (approximately 6 k7', compared to 3 kT
for the original parameters), as well as a shorter equilibrium distance for the electron-cation contact
pair (around 1.7 A, compared to 2.2 A for the original pseudopotential). This can be related to the
fact that the optimized pseudopotential gives a larger value of the ionization potential for the sodium
atom in vacuum than the original parameters (see Table 2), thus better reproducing the stability of
the electron in the vicinity of the sodium cation. Based on this interpretation, we suggest that the free
energy curve using the optimized pseudopotential is closer to reality.

The dependence of the size of the simulation box on the thermodynamic and structural properties of
the sodium-electron system in bulk water was also studied. Figure 2 also shows the free energy profiles
as a function of the electron-sodium distance for systems containing 300 and 800 water molecules. It
can be seen that the size of the simulation box has little influence on the equilibrium distance for the
contact pair. Indeed, radial density functions (not presented here) for the sodium-electron contact
pair in systems containing 300 and 800 water molecules are very similar, indicating that the behavior
of this system at short distances is not much influenced by finite-size effects. The thermodynamic
information concerning the large electron-cation distances depends strongly on the size of the system
chosen for the study, preventing us to draw definite conclusions about the relative stability of the short-
and long-distance states. However, it is interesting to note that the short-distance electron-sodium
pair seems to be more stable than the separately solvated species for systems containing 800 water
molecules by some 2 kT

The unconstrained dynamics of the electron-sodium system solvated in water can also shed some
light on this important question of the relative stability of the contact pair and the separately solvated
species. The evolution of the electron-sodium distance during unconstrained simulations is reported in
Figure 3, starting from 4 different configurations with an initial electron-cation distance between 5 A
and 7 A. It can be seen that three of these trajectories lead to the electron-sodium pair within times
ranging from 2 ps to 10 ps, while the fourth simulation does not exhibit electron-cation distances
smaller than 5 A. The fact that we observe a spontaneous formation of the contact pair for three

systems while the reverse process never occurs in the timescale of 100 ps supports the conclusion that



the electron-sodium pair is the most stable state in our simulation model. It seems clear, however,
that in the long timescale (thermodynamic limit) an equilibrium between the contact pair and the
dissociated solvated species will take place at room temperature. This is because the free energy
difference between these two states is on the order of kT, and the free energy barrier is smaller than

10KT.

4.2 Structural information

In this section, we present structural information about the electron-sodium contact pair and its
solvation shell. The Radial Density Functions (RDF) for the sodium-oxygen and sodium-hydrogen
pairs are presented in Figure 4, for both the sodium-electron pair and the single sodium cation in bulk
water. The main solvation features are found to be the same in both cases, like the first maximum of
the Na-O RDF at r ~ 2.4 A and its first minimum at r ~ 3.2 A. The main difference between these
two cases is the relative height of the peaks, yielding a number of water molecules in the first solvation
shell of 3.4 for the electron-cation pair, to be compared with the 5.9 water molecules present in the
first solvation shell of the single sodium cation in bulk water. Thus, the structure of the solvation
shell of the Na™ cation is unchanged in presence or absence of hydrated electron. The difference in
the number of water molecules in the first solvation shell can simply be accounted for by the volume
occupied by the hydrated electron.

On the contrary, electron-oxygen and electron-hydrogen RDF in the sodium-electron pair are very
different from those of the solvated electron in bulk water (see Figure 5). The first peak in the electron-
hydrogen radial distribution function is located at 2.1 A and 2.2 A for the solvated electron and
sodium-electron pair in bulk water respectively. The MD simulation reveals that the water molecules
are strongly oriented towards the electron to form hydrogen bonds. The number of water molecules
in the first solvation shell is found to be 4.2 in the case of the hydrated electron and drops to 2 for
the solvated sodium-electron contact pair. Moreover, we find that the solvation structure is less clear,
indicating that the solvation of the electron in the pair is weaker than that of the electron in bulk
water.

Experimental structural studies have mainly been performed at very low temperature on glasses
and ice systems. In v-irradiated 10M NaOH alkaline aqueous glasses analysis of electron spin echo data,
that firstly leads to the octahedral model,!''3% 36 suggests that 2 bond-oriented water molecules are
located at 2.1 A from the electron center.'?'? Our simulation data agree well with these experimental
findings and strongly support that the two hydrogen atoms of the first solvation peak do not belong
to the same molecule. This hydrogen bonding like interaction has recently been confirmed by Raman

experiments. !4



4.3 Absorption spectrum

The UV-Vis absorption spectra of the solvated electron with a sodium cation and 300 SPC water
molecules at ambient conditions are shown in Figure 6, for both the separately solvated species and
the electron-sodium contact pair. The presence of the cation induces a blue shift of the absorption
spectrum of the solvated electron. In the case of the separately solvated species, the maximum of the
absorption spectrum is located at E = 1.95 eV, which represents a shift of 0.07 eV from the solvated
electron in bulk water, while the shape of the band and its half-maximum width are unchanged. An
analysis of the contributions to the total electron-cation interaction shows that such long-distance
influence is indeed purely coulombic. The absorption spectrum of the electron in the contact electron-
sodium pair is located at much higher energy (2.25 €V) and exhibits a slightly different band shape,
with a shoulder on its high-energy wing and a half-maximum width 40.1 eV larger than that of the
solvated electron. The large shift at small electron-cation distances is mainly explained by the stronger
coulombic interaction between the electron and the cation. Moreover, previous work showed that the
change in the shape of the spectrum and the existence of a shoulder are due to one of the three p-like
excited states of the solvated electron (the one with ¥ symmetry, its orbital pointing in direction of the
cation) being destabilized by core repulsion.'® A similar phenomenon has been reported experimentally

10,37 Fyrthermore, the presence of

in the case of earth alkaline cations and an excess electron in THF.
this shoulder on the spectrum of the solvated electron near a sodium cation has been reported in an
experimental study by Gelabert and Gauduel.”

Comparing the spectroscopic information obtained from simulation to experimental data is not

straightforward due to the importance of many factors such as the concentration of ions and the

presence of different counter-ions.*® The concentration effect will be discussed below.

5 Other cations

To study the behavior of the hydrated electron in the presence of different alkali cations, simulations
were performed on systems containing one cation (LiT or KT), 300 water molecules and an excess
electron. For each system, we performed free energy calculations using quantum umbrella sampling
as well as 100 ps of unconstrained simulations starting from 4 different initial configurations. All
simulations were done with sets of parameters for the electron-cation pseudopotential optimized as
described in Section 3.3. The results obtained are compared with the case of the sodium cation

presented in details in the previous section.
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5.1 Free energy profiles

The free energy profiles as a function of the electron-cation distance r for the three alkali cations (Li™,
Na®, KT) are shown in Figure 7. For all three cations, these profiles exhibit two local minima, at
short distance (r < 4 A) and at infinite distance. The height of the free energy barrier separating
these minima decreases from the sodium cation (6.2 kT') to the potassium (3.3 kT') and the lithium
cation (1.5 kT). The time evolution of the electron-cation distance during unconstrained simulations
of systems containing a potassium cation, presented in Figure 8 (left panel), reveals the existence of
two metastable states clearly separated. A few crossings of the free energy barrier are observed on the
time scale of 100 ps. However, unlike NaT, some crossings of the barrier in the case of Kt lead to the
separately solvated species. This event is not frequent enough during our simulations to draw a definite
conclusion upon the stability of the electron-potassium pair. It is important to note that, due to the
finite size of our simulation box (= 21 A), free energy information obtained is limited to distances
smaller than 9-10 A. In the case of the lithium cation, the free energy barrier is approximately 1.5 kT,
and unconstrained simulations exhibit frequent crossings of this barrier (see Fig. 8, right panel). No
stable LiT-electron pair was observed during our simulations.

We suggest that the existence of an electron-cation pair for Nat and K+ can be related to their

standard reduction potential, higher than that of Lit: Eﬁkﬁ/Na ~ —2.71 V while EEiJr/Li ~ —-3.04 V
and EI°<+/K ~ —2.93 V.3® This can be interpreted as a stronger ability of the sodium cation, and to a

lesser extent of the potassium cation, to accommodate an electron in its close neighborhood, explaining

the formation of stable (Nat,e™) and (K™, e™) contact pairs.

5.2 Electron absorption spectra

The UV-Vis absorption spectra of an alkali cation plus an excess electron in 300 SPC water molecules
at ambient conditions are shown in Figure 9, and their main characteristics are reported in Table 5.
The absorption spectra were obtained by averaging over 85 ps simulations starting from 4 different
initial configurations (after a 15 ps equilibration run). For Na™ and K™ cations, the separately solvated
species and the electron-cation pair states were separately averaged and the spectra of both metastable
states are shown. The effect of the cation on the absorption band of the hydrated electron is similar
for Lit and KT to the effect observed for the sodium cation. However, the maximum of the spectrum
for the potassium-electron pair is located at a lower energy than that of the sodium-electron pair, due

to the larger electron-cation distance in the contact pair.
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5.3 A simple model for the ionic strength dependence of the absorption

spectra

As stated in the introduction section, several hydrated electron absorption studies have been reported
in the literature, using various ionic strength conditions. A way to compare these data with the present
MD simulations is to consider the following simple model. The free energy calculations for all three
electron-ion systems (sodium, lithium and potassium) clearly show that the contact electron-cation
pair is either as stable as the dissociated pair, or more stable by only a few kT. Given that the
dissociation barrier is also quite small, the average cation-electron distance d in the experiments will
presumably hardly depend on the above mentioned free energy profile but rather on the minimization
of the coulombic repulsive interaction between like charges in the solvent medium. The alkali cations
are thus considered to be distributed statistically around the solvated electron. This allows to relate
the average cation-electron distance d directly to the cation concentration C' through the following
relation:

1
d=——_
2 (CNy)Y/3

(15)
where Np is Avogadro’s number.

The hypothesis of a randomly arranged cations with respect to trapped electrons has already been
put forward by electron spin echo analysis of various Na concentrations alkaline glasses.'? 13 For a 10M
NaOH glass the electron-sodium distance is estimated to 2.6-2.9 A. Our simple model predict a dis-
tance of 2.7 A for a sodium concentration of 10M. This model enables us to compare the experimental
absorption data obtained for different ionic strengths with the present MD simulations for various con-
strained electron-cation distances. The experimental absorption shifts due to the presence of cations,
AE, are reported in Figure 10 together with the MD results. In this figure, the alkali-cation concen-
trations were converted to average cation-electron distances using Equation 15. The experimental and
simulated spectral shifts were determined by the difference of the absorption spectrum maxima of the
solvated electron in the concentrate salt solution and in pure water at the same temperature obtained
experimentally and by simulation respectively. This takes into account the fact that experiments have
been performed at various temperatures.

The simulation results reveal that a significant shift is observed only at short distance, lower than
5-6 A. A cation effect is obtained on the absorption spectrum if the first solvation shell of the hydrated
electron is modified. The absorption spectrum of a solvent separated cation-electron pair is found to
be similar to the single hydrated electron one. This is consistent with the fact that a shift of the
absorption spectra is only observed at high salt concentration experimentally. We observed for all
three cations a blue shift of the same order of magnitude as in experiments. Given the crudeness of

the concentration-distance relation used, the agreement can be considered as fair. It seems clear that
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a more detailed interpretation of the experiments will have to consider the effect of the counter-ions
in the simulations. Whether or not the salts are fully dissociated in the experiments at high ionic

strength would also have to be carefully studied.

6 Conclusions

We have performed MD simulations of an excess electron in bulk water in the presence of Li*, Na™ and
KT cations in bulk water at ambient conditions. We have developped new one electron pseudopotential
parameters for describing alkali cations-electron interactions based on ab initio calculation. In the case
of the sodium cation, we observe a contact pair which is more stable than the dissociated pair by a
few kT. We have carefully checked the effect of the pseudopotential parameters and the system size
and found that the existence of this contact pair is not sensitive to our model parameters. For the
potassium cation, the contact electron-cation pair is also a stable state but the free energy barrier is
lower than in the case of sodium. We observed spontaneous crossings of the barrier leading to the
formation or the dissociation of the electron-cation pair in the MD timescale. In the case of lithium, the
more stable state is found to be the separated solvated species. The free energy barriers are however
small in all cases and we predict that the equilibrium electron-cation distance in bulk water will not
be dominated by the free energy profile.

The structure of the first solvation shell of the solvated electron in presence of a sodium cation
in bulk water, i.e. two hydrogen bonding water molecules, has been found to be in agreement with
electron spin echo analysis.

The calculated absorption spectrum is dominated by the solvated electron-cation distance. When
the electron-cation distance decreases, the absorption spectrum is shifted to higher energy. This is
good agreement with experimental evidence of absorption spectrum blue shift with increasing cation
concentration. We suggest a relation between the cation concentration and the equilibrium solvated
electron-cation distance based on a random cation distribution. This model enables us to compare
our single cation simulations with experiments at high salt concentration. We found a qualitatively
good agreement between simulations and experiments which supports the conclusion that the equilib-
rium solvated electron-cation distance is dominated by the minimization of the coulombic repulsive
interaction between like charges in the solvent medium.

In this work, we have limited ourselves to simulations with only one cation in the simulation box.
At high salt concentration, the average distance between cations is quite small (lower than 6 A) and the
interaction between cations has to be explicitly taken into account to improve the simulation model.
In order to have a better insight of the salt concentration effect, simulation work on systems containing

more than one cation and explicit counter-ions is in progress.
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A Parameters of the pseudopotentials

Using the notations of Eqn. 10, the parameters of the original pseudopotentials are:

Lit Nat K*
l a N1 cil l a N1 cil l a N4 Cil
0 1.04883 -2 3.48672 0 1.33118 0 9.90386 0 0.67329 0 6.87490
2 0.49988 1 0.60152 0 1.79437 1 0.33264 0 2.06028
1 1.40580 -1 —0.77469 2 0.98792 0 —2.39927 2 0.78996 0 —6.24321

The parameters obtained after optimization of the pseudopotential (see Sec. 2.4) are:

Lit Na*t K+

l o N1 Cil l o i Cil l o il Cil

0 1.46836 -2 2.44070 0 1.59742 0 8.91347 0 0.80795 0 6.87490
2 0.49988 1 0.66167 0 1.79437 1 039917 0 2.06028
2 2

1 084348 -1 —1.08457 0.98792 0 —2.39927 0.47397 0O —6.86753

B Gaussian basis sets used in the ab initio calculations

We use a standard 6-311g basis®? for HyO, supplemented with two d gaussians on O (exponents: 1.9
and 0.5) and two p gaussians on H (exponents: 0.8 and 0.1) and for the cavity electron three s and three
p gaussians (exponents: 0.3, 0.1 and 0.03), one d (0.026) and one f (0.048) centered on the barycenter
of the electron distribution. The exponents of the s and p cavity gaussians are restricted to relatively
large values: this is essential for preventing the orbitals to spread out of the cavity. All the polarization
orbitals have been optimized for the ground state at the MP2 level. For the [e™,Na™, (H50)as] system
we use the standard 6-31g* basis®? for HoO and for Na*t the Veillard basis.?® The use of more diffuse
gaussians in the TDSCF calculation yields an additional low-lying p state of the sodium atom due to
finite size effect. The dipole moment of HoO using the present basis is 2.16 D, which is close to the
SPC value of 2.27 D.
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Lit Nat K+
€io (kJ/mol) 0223 1.161072 1.37 1073
oio (A) 0.385 3.33 4.74

Table 1: Lennard-Jones parameters used to model the water oxygen/cation interactions, taken from

Ref. 28.

Pseudopotentials Exp. Relative errors
(original - optimized)

Li 1IP (eV) 4.89 - 5.30 5.39 9.4% - 1.6%
A (eV) 1.57 - 1.90 1.84  14.8% - 2.9%

Na IP (eV) 4.76 - 5.11 514 7.3% - 0.5%
A (eV) 1.84 - 2.19 2.10 12.5% - 4.1%

K 1IP (eV) 3.98 - 4.26 4.34 8.3% - 1.7%

A (eV) 1.51 - 1.65 1.61 6.3% - 2.6%

Table 2: Tonization potential (IP) and first excitation energy (A) obtained using original and optimized

pseudopotentials. These results are compared to the experimental values from Ref. 40.

MCQDPT TDSCF TDSCF
transition | transition energy | transition energy | oscillator strength
0—1 1.105 0.979 0.324
0—2 1.296 1.172 0.313
0—3 1.647 1.513 0.110
0—4 1.814 1.678 0.224

Table 3: Comparison of TDSCF and MCQDPT transition energies (in eV) and TDSCF oscillator

strengths on a (H20)5~ configuration.
TDSCF TDSCF | original pseudo. | optimized pseudo. | optimized pseudo.
transition | transition | oscillator transition transition oscillator
energy strength energy energy strength
0—1 2.274 0.289 2.295 2.316 0.335
0—2 2.545 0.247 2.390 2.406 0.330
0—3 2.760 0.235 2.724 2.766 0.334

Table 4: One electron solvated by one Nat and 28 HO molecules: Comparison of TDSCF and QCMD

transition energies (in eV) and oscillator strengths on a Na(H20)a8™" configuration.
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Figure 1: Comparison of the ab initio orbital (thick line) and pseudoorbitals of the ground state using
both the original (dashed line) and the optimized (solid line) parameter sets of the electron-cation
pseudopotential in the case of the electron-sodium pair solvated by 28 water molecules in vacuum.

The value of the orbital is plotted along the axis joining the cation and the center of the electronic

density.

w
T

Figure 2: Free energy profiles as a function of the electron-sodium distance obtained using the original
pseudopotential (thin solid line) as well as the optimized set of parameters (thick solid line) for a system
containing 800 water molecules. The free energy profile obtained with the optimized pseudopotential

and 300 water molecules is plotted as a dashed line.
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Figure 3: Electron-cation distance as a function of simulation time during unconstrained simulations
of Na* and an excess electron with 300 water molecules, starting from 4 different initial configurations.

Data obtained using the optimized set of parameters for the electron/sodium pseudopotential.
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Figure 4: Radial density functions for the distribution of oxygen (solid line) and hydrogen (dashed
line) atoms around the sodium cation in the (Na™,e™) contact pair (thick lines). The radial density
functions of Na-O and Na-H for a single sodium cation in pure water are shown for comparison (thin

lines).
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Figure 5: Radial density functions for the distribution of oxygen (solid line) and hydrogen (dashed
line) atoms around the center of electronic density for the excess electron in the (Na™, e™) contact pair
(thick lines). The radial density functions corresponding to oxygen an hydrogen around a solvated

electron in bulk water are shown for comparison (thin lines).
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Figure 6: Normalized absorption spectra of the solvated electron with a sodium cation, for the contact
pair (thick solid line) and separately solvated species (dashed line). The absorption spectrum for an

hydrated electron without cation is also shown for comparison purpose (thin solid line).
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Figure 7: Free energy profiles as a function of electron-cation distance obtained for lithium (dotted

line), sodium (dashed line) and potassium (solid line) simulations.
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Figure 8: Electron-cation distance as a function of simulation time during unconstrained simulations

of K* (left panel) and Li* (right panel) and an excess electron with 300 water molecules.

e” Lit-e” Nat-e™ Kt-e™
sep. pair sep. pair
Enax (eV) 187 1.94 1.94 225 1.93 2.02
AFEy/; (eV) 0.74 0.75 0.73 082 0.74 0.84

Table 5: Main characteristics of the absorption spectra for alkali-electron systems: position of the
maximum (Fpay) and half-maximum width (AE; /5). The characteristics of the spectrum of a hydrated

electron without cation are indicated for comparison.
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Figure 9: Normalized absorption spectra for the solvated electron with different alkali cations: Lit
(dotted line), Na™ (dashed line) and K™ (solid line). For Na™ and K, two spectra are shown: the
contact electron-cation pair (thick line, at higher energies) and the separately solvated species (thin
line, at lower energies); for details, see Sec. 5.2. The absorption spectrum for a hydrated electron

without cation is also shown (dash-dot-dot).
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Figure 10: Energy shift of the absorption band maximum of the solvated electron with different cations
(Lit, red; Na™, black; KT, green) as a function of the electron-cation distance. Simulations results
from this work (solid lines) are compared to experimental results from Refs. 5 (LiCl, triangle up), 6
(NagSOy, triangle left, and NaClOy, triangle right), 8 (NaCl and LiCl, square and NaClOy4, diamond)

and 41 (triangle down) using the concentration-distance relation from Eqn. 15.
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