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Abstract

We report the first direct simulation of an excess hydrated electron confined in a zeolite
nanopore by means of mixed quantum-classical molecular dynamics. The experimental depen-
dence of the hydrated electron absorption spectrum maximum upon water loading in faujasites is
reproduced. The diffusion of the confined hydrated electron is also studied and a prediction of the

diffusion coefficient is provided.

Introduction

When a fluid is confined to spaces of molecular dimensions, a generic confinement effect is expected
to take place in addition to the standard interface effect that arises from the interaction of the
fluid molecules with the confined walls. Both effects may lead to drastic changes in the structure,
dynamics and thermodynamics of the confined fluid, compared to its bulk counterpart. This is
obviously expected to have a profound effect on any chemical event that may occur in the confined
fluid. The question of how chemical reactions are perturbed by the size of the surrounding system
is central in processes at the nanoscale. While an important amount of work was devoted in the
past few years to the confinement effects on the thermodynamic behaviour of fluids, the study of
chemical reactivity in confined media is still in its infancy due to the fact that many experimental
techniques are difficult in a nanometer-confinement environment. [1, 2]

In this context, radiolysis of confined liquids is a very interesting tool since ionizing radiation
can initiate reaction in the whole system whatever its complexity. However both the confinement
and interface effects influence the chemical reactions and these two effects are difficult to isolate

from each other in the experiments. Even simple nanoporous materials have complex interfaces



that strongly interact with the confined liquids (reactants and products) [3-5]. The interface effect
can thus hide the hypothetical generic confinement effect or finite size effect. This is typically what
happens when the reactivity of a solvated electron in water is studied in a zeolite [6-8]. Zeolites
are crystalline aluminosilicate nanoporous materials that are widely used as selective catalysts
and adsorbents [9]. The zeolitic materials used in industrial processes exhibit a low framework
Si:Al ratio (typically between 1 and 3). The resulting high extra-framework cationic content
makes these materials highly hydrophilic. This leads to high ion-exchange capacity that is used

*, Sr’* and actinides from liquid nuclear waste [10] and the

in particular for the removal of Cs
treatment of weapons-derived plutonium. [11] Furthermore, the importance of zeolites present in
nuclear waste repositories extends far beyond cation exchange to phenomena affecting the entire
thermohydrologic system. [12]

In the aluminosilicate zeolites studied by Thomas and coworkers [6] the hydrated electron
strongly interacts with the extra-framework cations and the “interface” effect is likely to be domi-
nant with respect to the confinement effect that we are looking for. Recently, solid-state chemists
have concentrated in direct synthesis of all-silica zeolites (Si:Al = co). [13,14] Recent reports, both
experimental and theoretical, show that intrusion of liquid water inside these hydrophobic mate-
rials is indeed possible at pressures in the 50-200 MPa range. [15,16] These pure SiO2 crystalline
materials can thus be considered as models of regular porous networks for studying the pure con-
finement effect since no aluminium atom in the structure nor extra-framework cations specifically
interact with the adsorbed phase.

We report here mixed quantum-classical simulations (QCMD), successfully used to better un-
derstand the solvated electron-cations interactions in bulk water, [17,18] applied to the study of
the solvated electron in water confined in the pores of a siliceous faujasite. A schematic view of
a faujasite supercage is represented in Figure 1. The porous network is made of large cavities
of diameter ~ 13 A that are tetrahedrally connected. In this widely open structure the water
phase could be viewed as connected nanodroplets of 20-35 water molecules. The solvated electron
was first observed in water by pulse radiolysis and transient optical absorption measurements in
1962, [19] and its reactivity has since been widely studied, mainly by pulse radiolysis. We re-
port here results on optical, structural and dynamical properties of a solvated electron in confined

water.

Simulation technique

We performed an adiabatic mixed quantum-classical molecular dynamics (QCMD) of an excess
electron solvated in water confined in the nanopores of a zeolite. Only the excess electron was
treated quantum mechanically, in the Born-Oppenheimer approximation. This approximation
is well justified in the case of a fully relaxed hydrated electron where the energy gap between

ground and excited states is fairly large (AE ~ 2 eV). The forces acting on each classical degree



of freedom are the Hellmann-Feynman forces as well as those arising from the empirical models
used for the water and the zeolite framework. Water/water interactions are described by the SPC
model [20], while the zeolite is described by a rigid framework modeled by single point charges
and Lennard-Jones (LJ) centres with transferable parameters calibrated on adsorption isotherms
and structural properties in various zeolites [21,22] (gsi = +1.4e, go = —0.7e, 0o = 3.0 A and
eo = 95.53 K; the Lennard-Jones cross parameters are calculated using the Lorentz-Berthelot
mixing rule). A local pseudopotential developed by Turi and Borgis [23] is used to describe the
excess electron-water interactions. This pseudopotential was optimized to reproduce the properties
of an excess electron and a single water molecule and has been shown to successfully describe the
interactions between the hydrated electron and water in the bulk at different thermodynamic
conditions. [23,24] The interaction between the electron and the zeolitic framework are considered
to be purely coulombic. This last approximation is justified by the fact that the electron/zeolite
interaction is mainly repulsive due to the negative partial charge of the oxygen atoms and thus
only the long-distance, i.e. local part, of the pseudopotential is really significant in the simulations.
Details of the implementation of the method, values of the water-excess electron parameters as well
as a description of the cubic Gaussian basis set into which the electronic wavefunction is expanded
can be found in Ref. [24].

A single cubic unit cell of a pure siliceous faujasite zeolite [25] (cell parameter a ~ 24.85 A)
is simulated using periodic boundary conditions and the Ewald summation technique is applied
for the calculation of all long-range interactions. The simulations are performed in the NVT
ensemble using the Nosé-Hoover thermostat to ensure isothermal conditions. The integration of
the equations of motion for translation and rotation is performed using the Gear predictor-corrector
algorithm, with a time step fixed at 0.5 fs. After 40 ps of equilibration, production runs of 360 ps
are performed, from which are extracted all the properties presented in this work.

While the ground state electronic wavefunction is used to propagate the equations of motion,
the first 20 excited states are also computed. The UV-Vis absorption spectrum of the solvated
electron is then obtained as an histogram of the energy differences, E,, — Ey, weighted by the
corresponding transition dipoles pon = (¥n || o), or by using the cumulant expansion and the

vibration-rotation decorrelation hypothesis. [26] Both methods lead to similar results. [27].

Results and discussion

We report the results of our simulations of a hydrated electron solvated in confined water, for
12 different water loadings ranging from 160 to 287 water molecules per unit cell. We have first
performed Grand Canonical Monte Carlo simulations to calculate the water adsorption isotherm
at 300 K following the methodology of Desbiens et al. [22]. The model faujasite is found to be
hydrophobic and the intrusion pressure, estimated to be 60 MPa, is consistent with those calculated

for other pure siliceous zeolites [28]. The maximum of adsorption of ~ 287 water molecules



compares well with those measured experimentally of ~ 260 for sodium containing faujasites NaY
and NaX. [29,30] At such loadings, all water molecules are located in the supercages of the zeolite
only. This agrees with previous water adsorption studies in which it was found that water fills
the sodalite cages only if there are cations in these small cages (i.e. in so called sites I’). [31] It
is worth noticing that the water fills the porous volume homogeneously. For QCMD simulations,
initial configurations with different numbers of water molecules were extracted from GCMC. In
order to minimize the time needed for equilibration when we introduce the excess electron, we first
pre-equilibrated a solvent cavity using a negative point charge.

The first section will present our results about the localization and diffusion of the solvated
electron. The second section will focus on the UV-Vis absorption spectrum of the hydrated electron

and its dependence on the water loading of the zeolite.

Structure and diffusion

The solvation structure of the confined hydrated electron is similar to that of the electron in bulk
water, with one solvation shell, weakly defined in the oxygen and hydrogen Radial Distribution
Functions. [24] This solvation shell features a number of molecule ranging from 4 at high water
loading, which is the value of ambient-temperature bulk water, to 6 at low water loadings, with a
less defined solvation sphere, as is the case for the electron in low-density bulk water. [32]

For all the 12 different water loadings simulated here, the hydrated electron is observed to
move freely inside the zeolite supercages (diameter ~ 13 A) and the large twelve-membered rings
connecting them (diameter ~ 7.5 A). During the 360 ps of each simulation, 10 trajectories show the
hydrated electron jumping from one supercage to another, including 3 simulations during which
the solvated electron visits three different supercages during the run. The crossing of the 12-ring
windows is slow and the electron can spend up to 100 ps in the window area between supercages,
as can be seen on the example trajectory featured in Fig. 2 for 221 water molecules. This suggests
that the free energy barrier associated with the crossing of the twelve-membered ring is of the
order of kT, and the relatively small number of occurrences of this process is thus attributed to
both the short timescale of our simulations and the slow intracage diffusion of the electron.

As a matter of fact, while the long-time intercage diffusion is not quantitatively accessible from
our simulations beyond the above qualitative remarks, the short-time intracage diffusion of the
hydrated electron is something that can be more precisely analyzed.

The values of the Mean Square Displacements (||r(t) — r(0)||2> of the centre of the excess
electronic density at time ¢ = 15 ps, for all water loadings, are shown in the upper panel of
Figure 3, as well as the MSD(¢ = 15 ps) for water molecules. These results indicate that the
mobility of the hydrated electron decreases when the water loading increases.

Moreover, visual inspection of the MSD in the range 5 ps < ¢t < 15 ps reveals a behaviour close

to a Brownian regime (r?(t) o t). The short-time self-diffusion coefficients Dy extracted from this



region by Einstein’s formula,

(Ie(t) = r(0)*) ~ 6Dst

are shown in the lower panel of Figure 3, reflecting the same evolution upon water loading that
the MSD at 15 ps. Also plotted in the lower panel of Fig. 3 are the self-diffusion coefficients of
water for each water loading. The diffusion coefficients of both species are observed to have similar
behaviour. Furthermore, the fluctuations observed for the hydrated electron diffusion coefficient
at low loadings can be related to a noticeable deviation from the Brownian regime, as can be seen
from the time evolution of the MSD (not shown here). The water diffusion coefficients show the
same trend with loading that observed by Shirono et al. [33] in pure water adsorbed in sodium
faujasite zeolites. The diffusion coefficient decreases with increasing number of adsorbed molecules
at high loadings.

An important point is that the confined hydrated electron self-diffusion coefficients are 5 to
25 times smaller than that of the solvated electron in bulk water estimated with the same QCMD
model, Dqcwmp (eaq,bulk) =~ 6.8 107° cm?.s™*. This value is slightly greater than the value esti-
mated with the same electron/water pseudopotential using the polarisable pTIP4P water model,

Dg’gl\l/lpgp)(e;q,bulk) ~4.0107° cm?.s7 1. [26] The value of the diffusion coefficient in the faujasite

2 1

at full water loading is computed in our study to be 0.25107° cm?.s7*.

The experimental hydrated electron self-diffusion coefficient is only known in bulk water. In
bulk phase at ambient conditions the calculated diffusion coefficient is 1.4 times larger for the
hydrated electron than the experimental values (Dexp(enq,bulk) ~ 4.9107° cm®s™ ' [34]). The
SPC model also overestimates the diffusion coefficient by a factor of 1.7 (Dspc(H20,bulk) ~
4.3107° em®.s71) and Dexp(H20,bulk) =~ 2.5107° cm?.s™). [35] We thus propose a corrected value

for the self-diffusion coefficient of the electron in the hydrated faujasite of 0.20(£0.05) 107° cm®.s™".

Absorption spectrum

The second part of our study of the solvated electron confined in the siliceous zeolite was to com-
pute the UV-Vis absorption spectrum, which is experimentally one of its characteristic signatures.
We observe that, while the spectra observed for different water loadings exhibit different shifts
compared to that of a single solvated electron in bulk water, the overall shape of the absorption
band and its half-maximum width are unchanged (AE,; ;2 >~ 0.75 eV). The evolution of the posi-
tion of the maximum of the absorption spectrum with the water loading of the zeolite is shown
in Figure 4, as well as experimental results for zeolites Nas4Y and NagoX. [6] Firstly, it can been
seen that the shift observed from the hydrated electron in bulk water (Emax =~ 1.95 eV in our
simulations) can either be a red-shift or a blue-shift, depending on the number of water molecules.
That fact as well as the general trend of the spectral shift is in good agreement with the exper-
imental data, considering that the zeolites Nas4Y and NagoX contain cations while we studied

purely siliceous zeolites.



While the absolute position of the absorption spectrum of the solvated electron at a given water
loading depends on the presence of extra-framework cations in the zeolite [6], we suggest that the
similarity in the evolution of the spectrum with respect to the number of water molecules present
can be explained by a simple density effect. As was shown by previous studies, the position of the
absorption spectrum of the solvated electron in bulk water is strongly influenced by the density
of the liquid. [24,32] In particular, lower densities result in a red-shift of the spectrum, due to the
larger size of the solvent cavity around the electron. To quantify this effect, we show in Figure 5
the correlation between the maximum of the absorption spectrum and the gyration radius of the
hydrated electron for both bulk water at different densities and the zeolite at different water
loadings. The two sets of data clearly coincides, strongly supporting the conclusion that the shift
of the absorption spectrum of the hydrated electron in the zeolite upon different water loadings is
essentially a density effect.

This density effect can be used to provide an indirect method of estimating a porous volume for
the connected supercages. Using the relation established between the hydrated electron gyration
radius and the local water density, we can estimate the density p as a function of the number of
water molecules present nu,0. The resulting curve can be fitted by a linear function, whose slope
is the inverse of the porous volume of the supercages: p = nu,0/Vporous. The value found for the
faujasite is Vporous = 7000 A2, in very good agreement with the supercages volume accessible to

water estimated by Connoly methods [22], Vporous =~ 7150 A3, [28]

Conclusions

We report here, to our knowledge, the first direct simulation of an excess electron solvated by
confined water inside nanopores. We presented the localization, diffusion and spectroscopic prop-
erties of the confined solvated electron, with a particular focus on the effect of water loading on
the electron behaviour. The evolution of the absorption spectrum that we observe is in good
agreement with available experimental data in different zeolites, and we propose the figure of
0.20(£0.05) 10~° cm?.s~* for the intracage self-diffusion coefficient of the hydrated electron, which
could be later used in mesoscopic simulations to improve our knowledge of the long-time dynamics
in these systems.

Following this first encouraging results on a simple siliceous zeolite, work is under way to study
systems for which experimental results are directly accessible, such as cationic zeolites NassY
and NagoX. The simulations reported here are but a first step in the use of mixed quantum-
classical simulations to elucidate the complex behaviour of the solvated electron chemistry in

confined fluids.
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Figure 1: Schematic view of a faujasite supercage.

Figure 2: A 360 ps trajectory of the hydrated electron centre of mass (with 221 water molecules, not

shown here). The electron visits three different supercages.
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Figure 3: Upper panel: Mean Square Displacement (MSD) at ¢ = 15 ps for the water molecules (full
circles) and the solvated electron (open triangles), as a function of the number of adsorbed water
molecules, n(H20). Lower panel: self-diffusion coefficient of water (circles) and the hydrated electron

(triangles) as a function of n(H2O).
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Figure 4: Position of the maximum of the UV-Vis absorption band of the hydrated electron, ., as
a function of the number of water molecules per unit cell, n(H20O): simulation results for the siliceous
faujasite (open squares), compared to experimental results for zeolites Nas,Y (full circles) and NaggX

(full triangles). [6].
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Figure 5: Correlation between the position of the maximum of the UV-Vis absorption band of the
hydrated electron, Epax, and its gyration radius for different water loadings in the zeolite (full circles)

and different densities in bulk water (open diamonds).
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