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Molecular Dynamics Simulations of Electron—Alkali Cation Pairs in Bulk Water
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The structural, dynamic, and thermodynamic properties of an excess electron interacting with an alkali cation
(Na*, 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 eleatabion pseudopotentials. The

free energy calculations for all three systems show that a contact electtian pair can be observed, which

is either as stable as the dissociated pair)ldr more stable by only a feiT (Na', K*). Given that the
dissociation barrier is also quite small, we suggest that the average-celémtron 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
molecular dynamics simulations with the spectroscopic data obtained for different ionic strengths. The overall
trend of the U\V-vis hydrated absorption spectra, namely, the shift toward 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 The paper is organized as follows. The models and methods
are presented in the next section. In section 3, the force fields

of the solvated electron in water are of great interest due to the2® described in some detail. A reparametrization of the
importance of redox reactions in everyday physical chemistry €!€ctron-cation pseudopotentials is presented, and the new
and biophysics. The reactivity of the hydrated electron toward electror-sodium potential is tested against ab initio calculatlpns
cations in solution has been extensively studied, mainly by pulse Of [N&", €7, (H2O)n] clusters. The solvated electron absorption
radiolysisl-2 Noble metal ions such as Agare known to be ~ SPectrum, free energy calculations, and structural information
easily reduced by the hydrated electfo®n the other hand, N the presence of a sodium cation are given in section 4. Section
alkaline metal cations (M M = Li, Na, K) do not react with 5 is devoted to a comparison between the sodium, lithium, and
the hydrated electron, since the"Wl couple has a lower redox ~ Potassium cation behaviors. A simple model is suggested that
potential than the hydrated electrérf. In such systems, water ~ €nables an understanding of the general trend of the observed
mediates the effective interactions between the ion and thea@bsorption blue shift in various ionic strength conditions.
excess electron and the formation of contact pairs was sug-

gestec?:®10 Electron spir-echo spectroscopy studies gave 2. Simulation Techniques

indirect information on the structure of the solvation shell of a

solvated electron in alkaline glasses and @3 Recent 2.1. Adiabatic Mixed Quantum-Classical Molecular Dy-
resonance Raman spectra in bulk water supported these struchamics. We perform a mixed quantum-classical molecular
tural findings!415 Numerous investigations of the hydrated dynamics (QCMD) of an excess electron in bulk water, in the
electron absorption spectrum were reported in the literature, presence of different cations. While the water molecules and
under different ionic strength conditions and using various the cation are treated classically, the excess electron is treated
counterions. The overall trend through a systematic experimentalquantum mechanically using the Ber@ppenheimer approxi-

Investigations of the structure, dynamics, and thermodynamics

study with different cations at various concentratichis the mation. A given solvent/cation configuratid® generates an
shift of the absorption of the hydrated electron toward shorter effective interaction potential with the excess electvi(r,S),
wavelengths (“blue shift”). wherer denotes the electronic coordinates. The wave function

The motivation for the present molecular simulation study is describing the electronys(r,S), and the corresponding energy,
to provide a description, at the atomistic level, of the nature of E.(S), are obtained by solving the stationary Salinger
the nonreactive alkali catiorsolvated electron pairs in bulk  equation in this effective potential
water. A recently developed mixed quantum-classical molecular
dynamics (QCMD) approact,based on an adiabatic simulation ('i'e + \A/im(r )y (r,S) = E(S)w,(r.9 (1)
technique, is used to simulate an excess electron and a cation
in bulk waterl’=20 In this approach only one electron is treated
guantum mechanically, while the effect of the surrounding
molecules and cation is taken into account through effective
pseudopotentials.

whereT, is the electronic kinetic energy operator. Equation 1
is solved by diagonalization for each solvent/cation configura-
tion, i.e., at each time step. Thénhezos iterative algorithm (as

implemented in the ARPACK library) was used to solve the

* To whom correspondence may be addressed. Fa23 1 69 15 61 electron eigenva_lue problem, obtaining only the first 25 eigen-
88. E-mail: anne.boutin@Icp.u-psud.fr. states for each time step.
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Once the eigenstates are known, the quantum contributionTABLE 1: Lennard-Jones Parameters Used To Model the
to the force acting on each classical particle is obtained by the Water Oxygen/Cation Interactions, Taken from Ref 28

Hellmann-Feynman theoref22 Li* Na* K+
@ . eio (kJ/mol) 0.223 1.16¢ 102 1.37x 1073
Fon = —VE(S) = = (r,9 VeV (r.9)ly(r.9)0 (2) 010 (A) 0.385 3.33 4.74

In the present study, all forces are computed for the ground WhereEon = Emn(S) is the energy gap between the ground state

state of the excess electram=€ 0). The wave functiong(r,S)
are expanded into a basis of # 343 spherical Gaussian (s-

and thenth excited state, whereas, = uon(S) is the corre-
sponding transition dipold:--[d indicates an average over the

type) functions, centered on the nodes of a cubic lattice. The solvent configurations with an electron equilibrated in its ground
basis set parameters are identical to those used in ref 16 for thestate. Both methods give similar absorption results; all spectra

simulation of a hydrated electron: the Gaussian expoodat
0.357 A2 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 technigé®to calculate all classical and

shown in this article are obtained by eq 7.

3. Force Fields and Pseudopotentials

3.1. Classical Interaction PotentialsWater molecules and
cations interact via classical interaction potentials consisting of

guantum long-range interactions. The simulations are performeda Coulombic and a 6-12 Lennard-Jones term. Wateter

in the NVT ensemble using the Nestover thermostat25to

interactions are described by the SPC mddethile cation—

ensure isothermal conditions. The integration of the equationswater interactions are described using parameters frqnisﬂ&g
of motion for translation and rotation is performed using the for alkaline cations. Water/cation interaction parameters are
Gear predictorcorrector algorithm, with a time step fixed at summarized in Table 1.
0.5 fs. Simulations are run typically during a few tens of  3.2. Interactions between the Electron and the Classical
picoseconds. Particles. For the excess electrenwater interaction, we use
2.2. Quantum Umbrella Sampling.Some of the simulations  the pseudopotential developed by Turi and Bof§isased on
are performed with an electron/cation distardceonstrained  quantum ab initio calculations for one water molecule plus an
around a given valu. This goal is achieved using the umbrella additional electron confined in a box in the static exchange
sampling approach, adding a quadratic tdug to the total theory limit. Details on the use of this pseudopotential with an
Hamiltonian of the system 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 Barthéfator a cation M

U, = SKES) — &) ©)

Following the method proposed by Borgis and Stibye
adapted the umbrella sampling technique to a system containing A 1 WS
a quantum particle. A new quantum umbrella sampling force Vercat™ ~ T +

acts on each classical atom, given by

(8)

where —1/r is the Coulombic interaction term and®s is a

9 (9 r(S nonlocal term. The analytical form &kPsis chosen to be
Fo= gV, = KEO ~E)5e g @
¢ ¢ W =3 WP 9)
where the nontrivial termar(S)/9S, is calculated with a
perturbative approach. The free energy profile along the \ith
electron-cation distancé is given by
n
F(&) = —kgTIn P(&) (5) W(r) = expayr?) Y ¢ r™ (10)
&
whereP(£) is the probability to find the electron at distange
from the cation and
+
_ B(r(S) — &) expBU, ), ©) Pi=S limiim| (11)
m=—1

[éxppU 50)@0

P is the projector on the spherical harmoni¥s, whose
secondary quantum numberlisComputational details on the

! : ] evaluation of these nonlocal terms using a Gaussian grid basis
k value was fixed at 0.01 aufAallowing fluctuations around et can be found in ref 18. The original parameters of the

&o of about 0.5 A. _ nonlocal terms were optimized together with a basis set of s, p
2.3. Absorption Spectra.Electron absorption spectra canbe 544 d Gaussians centered on the cation nucleus.

calculated by a direct average of the transition dipole moment 3 5 Reparametrization of the Electron/Cation Pseudopo-
or using the cumulant expansion and the vibraticotation tentials. We have tested the electron/cation pseudopotentials
decorrelation hypothest,leading to the formula on the isolated Matoms in a vacuum, using ou? Gaussian
functions basis set. The energy levels for all(M ) systems

Umbrella sampling simulations are run for 50 ps,§evalues
(see eq 3) ranging from 1 to 15 A with a 0.5 A increment. The

2
_pe il (E — Exld) were compared to the experimental ionization potentials and

I(B)=EQ1-e™) ) Quall§exq—————— (@) excitation energies of M Neglecting the contribution due to
n= [DEq, 4 the reorganization of the core orbitals, the ground-state energy
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TABLE 2: lonization Potential (IP) and First Excitation
Energy (A) Obtained Using Original and Optimized
Pseudopotentiald

pseudopotentials relative

(original, optimized) exptl  errors (%)

Li IP (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 5.14 7.3,0.5
A (eV) 1.84,2.19 2.10 125,41

K IP (eV) 3.98,4.26 4.34 8.3,1.7

A (eV) 1.51,1.65 1.61 6.3,2.6

@These results are compared to the experimental values from
ref 40.

€o Of the excess electron can be related to the ionization potential

of MO througheo = —IP.

For all cations, the original pseudopotentials reproduce the
desired experimental properties (ionization potential and first
excitation energies) within a 15% range, as reported in Table
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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 eleetoation

2. The differences observed are attributed to the different basisPSeudopotential in the case of the electrsndium pair solvated by

set used as well as to the lack of cemalence 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 pseudopo-
tentials. Due to the functional form of the nonlocal te/weir),

a separate optimization of the s, p, and d parts of the
pseudopotentials, correspondingWg(r), Wi(r), andWx(r) in

eq 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 pseudo-
potential

IP—IP
RRMS(@) = ‘ i = (12)
exp
AEns—-np _ AEns—»np
RRMSE) = | T (13)
AES
ns—nd __ A ns—nd
_ Xp
RRMS() = ‘ N (14)

exp

where IP is the first ionization potential of NMandAE 1 is the
transition energy between electronic stataadj of M©, while

the “exp” subscript denotes the experimental value of a given
physical quantity.

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

28 water molecules in a vacuum. The value of the orbital is plotted
along the axis joining the cation and the center of the electronic density.

TABLE 3: Comparison of TDSCF and MCQDPT
Transition Energies (in eV) and TDSCF Oscillator Strengths
on a (H,O)s~ Configuration

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—14 1.814 1.678 0.224

generating free (N3 e~, (H,0),) clusters withn varying from
14 to 99. We have used the TDSEnethod implemented in
the Gaussian 03 packageThe Gaussian basis sets used for
these ab initio calculations are given in the Appendix B. This
crude TDSCF (time-dependent self-consistent field) calculation
has first been compared to a high-level MCQDPT (multicon-
figurational quasi-degenerate perturbation theory) calculation
on a much smaller cluster of five water molecules@~ using
the MCQDPT method of Nakaftimplemented in the GAMESS
2003 packagé? The results are given in Table 3. The TDSCF
transition energies are only slightly smaller than the MCQDPT
ones (by=0.1 eV). The corevalence 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 {Ner, (H,O).g) System.
As shown in Table 4, the transition energies obtained by the
TDSCF and by the two pseudopotentials are very close to each
other. To discriminate which of the original and optimized
pseudopotentials is the most realistic one, we have compared

are in better agreement with the experimental data, as shownth® shape of the ground-state orbital along the axis joining the

in Table 2.
3.4. Validation of the Electron/Cation Pseudopotentials.

Na nucleus and the excess electron barycenter (see Figure 1).
Since the use of pseudopotentials smooths out the rapid

The electron/cation pseudopotentials have been adjusted and@scillation of the ab initio orbital in the vicinity of the Na

reoptimized for the isolated neutral atoms properties. To check
their ability to fairly describe the catierelectron pair (i.e., when
the electron is localized outside the cation), the eleetsmuium

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

pseudopotentials have been compared to ab initio calculationsto the ab initio one, especially in the high probability density

on sodium-electron pair systems. Several configurations have region. This shows that on top of ameliorating the Na atom
been selected from QCMD simulation runs. We have retained spectroscopy, the reoptimization of the pseudopotential also
a few water molecules around the electraation pair thus improves the description of the catioelectron pair.
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TABLE 4: One Electron Solvated by 1 Na™ and 28 H,O Molecules: Comparison of TDSCF and QCMD Transition Energies
(in eV) and Oscillator Strengths on a Na(HO),s" Configuration

TDSCF TDSCF original optimized optimized
transition oscillator pseudotransition pseudotransition pseudooscillator
transition 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
4. The Sodium Cation in a vacuum than the original parameters (see Table 2), thus

4.1. Influence of the Pseudopotential Parametrization and better rgproduqng the stab|llty of th‘? e_Iectron n _the vicinity of
the sodium cation. On the basis of this interpretation, we suggest

Finite Size Effects.As a first step in this work, we investigated that the free eneray curve using the ontimized pseudopotential
the influence of the pseudopotential parameters describing the, 9y 9 P P P

electron/cation interaction on the thermodynamic results, as well IS ?feseééoerr?;g%e of the size of the simulation box on the
as the influence of the size of the simulation box. Structural, penc . .
spectroscopic, and thermodynamic information on this system thermodynamlc and structural properties .Of the sodium-electron
was obtained by the mixed quantum-classical technique de_system in bulk water was also Stqd'ed' Figure 2 also shows the
scribed earlier, using the two different sets of parameters for gii?ar?él:;g)r/ spts(?[zlriz :c?ntaair?ijr?cg%% g;dthseocflv?/gttemr mn?é)ulgncules
the electron/cation pseudopotential discussed in the previouslt can be see):w that the size gf the simulation box has Iittle.
section and two different sizes for the simulation box. The two . o - .

different cubic simulation boxes used contained 300 and 800 influence on the equilibrium distance for the contact pair. Indeed,

water molecules, one sodium cation, and an excess electron.raOIIaI density functions (not presented here) for the sogium

The simulations were performed at temperatlire: 298 K electron contact pair in systems containing 300 and 800 water
with a density ofp = 1 g-em3 ’ molecules are very similar, indicating that the behavior of this

The free energy profiles obtained using both sets of pseudo-SyStem at short distances is not much influenced by finite-size
potential parameters are shown in Figure 2, for a system effects. The_therr_nodynamlc information concerning _the large
containing the sodium cation, an excess electron, and 800 Waterelectron—catlon distances depends §trongly on the size Of. the
molecules. In both cases, there is a local minimum of the free system phosen for the StUdy! preveny_ng us from drawing definite
energy profile at short distances, corresponding to an eleetron cpnclusmns about the rela_tl\_/e_stablllty of the short- and long-
cation contact pait®19and a free energy barrier separating this d!stance states. Howgver, it is interesting to note that the short-
state from the state where the electron and the cation ared"':’t"’mce electronsodium pair seems to be more §tab|e than
separately solvated (large electreration distance). But while the separately solvated species for systems containing 800 water

both sets of parameters for the electron/cation pseudopoten'[ialrm’leCUIes by some ET. . .

exhibit this same general behavior, they yield quantitatively The unponstramed dynamics of the EIE.Cmd'um system
different results. It can be seen that the simulations using theSOIVat.ed In water can also shgd some light on th|§ Important
optimized pseudopotential exhibit a higher free energy barrier question of the relative s_tab|||ty of the contact pair and the
between the two states (approximatelk® compared to XT sepgrately solvated SPecies. The_ evolu_t|on of the_ electron
for the original parameters), as well as a shorter equilibrium ;od[um d|stance. during uncon§tra|ned S|m.ulat|o.ns IS rgported
distance for the electrercation contact pair (around 1.7 A, !n_l_:|gure 3, starting from four different configurations with an
compared to 2.2 A for the original pseudopotential). This can initial electron-cation distance between 5 and 7 A. It can be

be related to the fact that the optimized pseudopotential givesSeen that three of these trajectories lead to the eleetrodium

a larger value of the ionization potential for the sodium atom pair W't.h'n times ranging .from 210 1.0 PS, while the fourth
simulation does not exhibit electremwation distances smaller

: . : : : . than 5 A. The fact that we observe a spontaneous formation of

6 FORN 4 the contact pair for three systems while the reverse process never
L occurs in the time scale of 100 ps supports the conclusion that
5 — 15 = T T T T T —]
- 10+ .
4r < S\Mw bt g I e iyt
s L 8 15E i i i i T — t T T —
=3k S 10 i
- 5% N
r = v n rh
g 15F f — fnly pe i &
2r g
L < 101 _
1 § o ettt oA s thtdotombsy e
£ I5F =
L 10 WMWWMW
00 S5F 4
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Figure 2. Free energy profiles as a function of the electrendium Simulation time (ps)

distance obtained using the original pseudopotential (thin solid line) Figure 3. Electron—cation distance as a function of simulation time
as well as the optimized set of parameters (thick solid line) for a system during unconstrained simulations of Nand an excess electron with
containing 800 water molecules. The free energy profile obtained with 300 water molecules, starting from four different initial configurations.
the optimized pseudopotential and 300 water molecules is plotted as aData obtained using the optimized set of parameters for the electron/
dashed line. sodium pseudopotential.
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Figure 4. Radial density functions for the distribution of oxygen (solid  |ine) and hydrogen (dashed line) atoms around the center of electronic
line) and hydrogen (dashed line) atoms around the sodium cation in density for the excess electron in the (i\a) contact pair (thick lines).

the (Na',e”) contact pair (thick lines). The radial density functions of  The radial density functions corresponding to oxygen an hydrogen

Na—O and Na-H for a single sodium cation in pure water are shown around a solvated electron in bulk water are shown for comparison
for comparison (thin lines). (thin lines).
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the electror-sodium pair is the most stable state in our
simulation model. It seems clear, however, that in the long time
scale (thermodynamic limit) an equilibrium between the contact
pair and the dissociated solvated species will take place at room 0.8
temperature. This is because the free energy difference between
these two states is on the ordekdf and the free energy barrier - o6
is smaller than 1KT. -

4.2. Structural Information. In this section, we present
structural information about the electresodium contact pair
and its solvation shell. The radial density functions (RDFs) for
the sodium-oxygen and sodiumhydrogen pairs are presented
in Figure 4, for both the sodiurrelectron pair and the single
sodium cation in bulk water. The main solvation features are 07
found to be the same in both cases, like the first maximum of E (V)
the Na-O RDF atr ~ 2.4 A and its first minimum at ~ 3.2 Figure 6. Normalized absorption spectra of the solvated electron with
A. The main difference between these two cases is the relativea sodium cation, for the contact pair (thick solid line) and separately
height of the peaks, yielding a number of water molecules in solvated species (da_\she_d line). The absorption spectrum for an hydrated
the first solvation shell of 3.4 for the electresation pair, to electron without cation is also shown for comparison (thin solid line).
be compared with the 5.9 water molecules present in the first are located at 2.1 A from the electron cer&eOur simulation
solvation shell of the single sodium cation in bulk water. Thus, data agree well with these experimental findings and strongly
the structure of the solvation shell of the Naation is support that the two hydrogen atoms of the first solvation peak
unchanged in the presence or absence of hydrated electron. Thelo not belong to the same molecule. This hydrogen bonding
difference in the number of water molecules in the first solvation like interaction has recently been confirmed by Raman experi-
shell can simply be accounted for by the volume occupied by ments!415
the hydrated electron. 4.3. Absorption Spectrum.The UV—vis absorption spectra

On the contrary, electreroxygen and electrorhydrogen of the solvated electron with a sodium cation and 300 SPC water
RDFs in the sodiurtelectron pair are very different from those  molecules at ambient conditions are shown in Figure 6, for both
of the solvated electron in bulk water (see Figure 5). The first the separately solvated species and the eleesodium contact
peak in the electronhydrogen radial distribution function is  pair. The presence of the cation induces a blue shift of the
located at 2.1 and 2.2 A for the solvated electron and sodium absorption spectrum of the solvated electron. In the case of the
electron pair in bulk water, respectively. The MD simulation separately solvated species, the maximum of the absorption
reveals that the water molecules are strongly oriented towardspectrum is located & = 1.95 eV, which represents a shift of
the electron to form hydrogen bonds. The number of water 0.07 eV from the solvated electron in bulk water, while the
molecules in the first solvation shell is found to be 4.2 in the shape of the band and its half-maximum width are unchanged.
case of the hydrated electron and drops to 2 for the solvatedAn analysis of the contributions to the total electraration
sodium-electron contact pair. Moreover, we find that the interaction shows that such long-distance influence is indeed
solvation structure is less clear, indicating that the solvation of purely Coulombic. The absorption spectrum of the electron in
the electron in the pair is weaker than that of the electron in the contact electronsodium pair is located at much higher
bulk water. energy (2.25 eV) and exhibits a slightly different band shape,

Experimental structural studies have mainly been performed with a shoulder on its high-energy wing and a half-maximum
at very low temperature on glasses and ice systems. Inwidth +0.1 eV larger than that of the solvated electron. The
y-irradiated 10 M NaOH alkaline aqueous glasses, analysis of large shift at small electroncation distances is mainly explained
electron spirrecho data, which first leads to the octahedral by the stronger Coulombic interaction between the electron and
model}13536syuggests that two bond-oriented water molecules the cation. Moreover, previous work showed that the change in

0.4
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Figure 7. Free energy profiles as a function of electraation distance

obtained for lithium (dotted line), sodium (dashed line), and potassium
(solid line) simulations.

Coudert et al.

TABLE 5: Main Characteristics of the Absorption Spectra
for Alkali —Electron Systems: Position of the Maximum
(Emax) @and Half-Maximum Width ( AE;)?

Nar—e~ Kt—e~
e Lit—e" sep pair sep pair
Emax (V) 1.87 1.94 194 225 193 2.02
AEi (V) 0.74 0.75 0.73 0.82 0.74 0.84

2 The characteristics of the spectrum of a hydrated electron without
cation are indicated for comparison.

(r < 4 A) and at infinite distance. The height of the free energy
barrier separating these minima decreases from the sodium
cation (6.2kT) to the potassium (3.8T) and the lithium cation
(1.5 KT). The time evolution of the electreitation 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 Nasome crossings of the
barrier in the case of Klead to the separately solvated species.

the shape of the spectrum and the existence of a shoulder argryg eyent is not frequent enough during our simulations to draw

due to one of the three p-like excited states of the solvated

electron (the one witlx symmetry, its orbital pointing in the
direction of the cation) being destabilized by core repuldfon.

A similar phenomenon has been reported experimentally in the

case of earth alkaline cations and an excess electron intGHF.

Furthermore, the presence of this shoulder on the spectrum of
the solvated electron near a sodium cation has been reported i

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 OfNa+ and K

ions and the presence of different counteritrisThe concen-
tration effect will be discussed below.

5. Other Cations

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 than1® A. In the
case of the lithium cation, the free energy barrier is ap-
roximately 1.5kT, and unconstrained simulations exhibit

requent crossings of this barrier (see Figure 8, right panel).
No stable Li—electron pair was observed during our simula-
tions.

We suggest that the existence of an electroation pair for
can be related to their standard reduction potential,
higher than that of Lfi: Eana = —2.71 V while B,y =
—3.04 V andEg.x = —2.93 V38 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

To study the behavior of the hydrated electron in the presenceneighborhood, explaining the formation of stable {I¢a) and

of different alkali cations, simulations were performed on
systems containing one cation {Lor K*), 300 water molecules,

(K+*,e7) contact pairs.
5.2. Electron Absorption Spectra.The UV—vis absorption

and an excess electron. For each system, we performed freespectra of an alkali cation plus an excess electron in 300 SPC
energy calculations using quantum umbrella sampling as well water molecules at ambient conditions are shown in Figure 9,
as 100 ps of unconstrained simulations starting from four and their main characteristics are reported in Table 5. The
different initial configurations. All simulations were done with  absorption spectra were obtained by averaging over 85 ps

sets of parameters for the electreration pseudopotential

simulations starting from four different initial configurations

optimized as described in section 3.3. The results obtained are(after a 15 ps equilibration run). For Nand K' cations, the
compared with the case of the sodium cation presented in detailseparately solvated species and the eleetoation pair states

in the previous section.

5.1. Free Energy Profiles.The free energy profiles as a
function of the electrorication distance for the three alkali
cations (Lif, Na", K*) are shown in Figure 7. For all three
cations, these profiles exhibit two local minima, at short distance

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 Liand K" to the effect
observed for the sodium cation. However, the maximum of the
spectrum for the potassiurelectron pair is located at a lower

Electron-cation distance
Electron-cation distance (A)

40 60
Simulation time (ps)

40 60 80
Simulation time (ps)

Figure 8. Electron-cation distance as a function of simulation time during unconstrained simulations @éfkKpanel) and LT (right panel) and

an excess electron with 300 water molecules.
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Figure 9. Normalized absorption spectra for the solvated electron with 1.5 2 25 ‘3 35 f‘l 43
different alkali cations: Lf (dotted line), N& (dashed line), and K Electron-cation distance (A)

(solid line). For Na and K, two spectra are shown: the contact Figure 10. Energy shift of the absorption band maximum of the
electron-cation pair (thick line, at higher energies) and the separately solvated electron with different cations tl.red; Na, black; K*, green)
solvated species (thin line, at lower energies); for details, see sectionas a function of the electrercation distance. Simulations results from
5.2. The absorption spectrum for a hydrated electron without cation is this work (solid lines) are compared to experimental results from refs
also shown (dash-dot-dot line). 5 (LiCl, triangle up), 6 (NaSQ, triangle left, and NaCl@ triangle
right), 8 (NaCl and LiCl, square, and NaClOdiamond), and 41

energy than that of the sodiunelectron pair, due to the larger  iangle down) using the concentratiedistance relation from eq 15.

electron-cation distance in the contact pair.

5.3. A Simple Model for the lonic Strength Dependence The simulation results reveal that a significant shift is
of the Absorption Spectra. As stated in the Introductlon observed only at short distance, lower than65A. A cation
section, several hydrated electron absorption studies have beefte is obtained on the absorption spectrum if the first solvation
reported in the literature, using various ionic strength conditions. ¢pai of the hydrated electron is modified. The absorption
A way to compare these data with the present MD simulations g ctrym of a solvent-separated cati@tectron pair is found
is to consider the following simple model. The free energy 4 pe similar to the single hydrated electron one. This is
calculations for all three electrerion systems (sodium, lithium, o5 ngistent with the fact that a shift of the absorption spectra is
and potassium) clearly show that the contact eleetwation only observed at high salt concentration experimentally. We
pair is either as stable as the dissociated pair or more stable by,,ceryed for all three cations a blue shift of the same order of
only a fewkT. Given that the dissociation barrier is also quite magnitude as in experiments. Given the crudeness of the
small, the average catierglectron distance in the experiments ;o centration-distance relation used, the agreement can be
will presumably hardly depend on the above-mentioned free .ngjqered as fair. It seems clear that a more detailed interpreta-
energy profile but rather on the minimization of the Coulombic i5n of the experiments will have to consider the effect of the

rep;lswe Lnterﬁl(ctll.on between hlike charges in the solvent ., nterions in the simulations. Whether or not the salts are fully
medium. The alkali cations are thus considered to be distributed jisqgciated in the experiments at high ionic strength would also

statistically around the solvated electron. This allows relation 5ve to be carefully studied.
of the average catiorelectron distance directly to the cation

concentratiorC through 6. Conclusions

— 1 (15) We have performed MD simulations of an excess electron
2(CNA)1’3 in bulk water in the presence of Li Na*, and K* cations in
bulk water at ambient conditions. We have developed new one
whereN, is Avogadro’s number. electron pseudopotential parameters for describing alkali cations
The hypothesis of randomly arranged cations with respect to electron interactions based on ab initio calculation. In the case
trapped electrons has already been put forward by electror spin of the sodium cation, we observe a contact pair which is more
echo analysis of various Na concentrations of alkaline gld3ses.  stable than the dissociated pair by a fieW We have carefully
For a 10 M NaOH glass, the electrerodium distance is  checked the effect of the pseudopotential parameters and the
estimated to 2.62.9 A. Our simple model predicts a distance system size and found that the existence of this contact pair is
of 2.7 A for a sodium concentration of 10 M. This model enables not sensitive to our model parameters. For the potassium cation,
us to compare the experimental absorption data obtained forthe contact electroncation pair is also a stable state but the
different ionic strengths with the present MD simulations for free energy barrier is lower than that in the case of sodium. We
various constrained electreication distances. The experimental observed spontaneous crossings of the barrier leading to the
absorption shifts due to the presence of catiaiis,are reported  formation or the dissociation of the electrecation pair in the
in Figure 10 together with the MD results. In this figure, the MD time scale. In the case of lithium, the more stable state is
alkali—cation concentrations were converted to average cation found to be the separated solvated species. The free energy
electron distances using eq 15. The experimental and simulatedbarriers are however small in all cases, and we predict that the
spectral shifts were determined by the difference of the equilibrium electror-cation distance in bulk water will not be
absorption spectrum maxima of the solvated electron in the dominated by the free energy profile.
concentrated salt solution and in pure water at the same The structure of the first solvation shell of the solvated
temperature obtained experimentally and by simulation, respec-electron in the presence of a sodium cation in bulk water, i.e.,
tively. This takes into account the fact that experiments have two hydrogen bonding water molecules, has been found to be
been performed at various temperatures. in agreement with electron spiecho analysis.
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TABLE 6: Parameters of the Original Pseudopotentials (in atomic units)

Li* Na' K+
| o i Ci| I o N Ci I o i G
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

TABLE 7: Parameters of the Optimized Pseudopotentials (in atomic units)

Lit Na* K+
| a N G I a N Ci I o N G
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 0.39917 0 2.06028
1 0.84348 -1 —1.08457 2 0.98792 0 —2.39927 2 0.47397 0 —6.86753

The calculated absorption spectrum is dominated by the sodium atom due to finite size effect. The dipole moment of
solvated electroncation distance. When the electrecation H,0 using the present basis is 2.16 D, which is close to the
distance decreases, the absorption spectrum is shifted to higheSPC value of 2.27 D.
energy. This is good agreement with experimental evidence of
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