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We have carried out path integraholecular dynamics simulations to describe microscopic details of excess
electrons in supercritical water over a wide range of solvent densitiealong thel = 645 K isotherm. The
well-tested simple-point charge model for water was used. The transition from localized to quasifree states
described in terms of the electron spatial extent is observed in the vicingty &f0.15 g cm®. For smaller
densities, the electron undergoes quantum tunneling through nearest neighboring water molecules. The ground-
state absorption spectrum exhibits significant red shifts in the absorption maxima with decreasing density,

showing reasonable agreement with recent pulse radiolysis measurements.

I. Introduction feature has also been corroborated by time-of-flight measure-
ments on photoinjected electrons in steam-like environments
along theT = 523 K isotherm which show a sharp drop of
practically 3 orders of magnitude in the electronic mobility at
densities near 0.02 g cthé@ Although physically sensible, this
picture has not yet been fully verified by simulation approaches
that include a detailed microscopic description of the particular
polar environment under consideratith.

The study of excess electrons in different aqueous environ-
ments has received considerable attention from both experi-
mental and theoretical viewpoints. Analytical developménts
and computer simulations have shed light on microscopic details
of a rich variety of electronic behaviors in water at ambient
dconditions%z‘14 hot waterl®5> and clusterd® In this work we
gpply combined path integramolecular dynamics (PIMD)
simulation techniques to examine the characteristics of the
£xcess electronic states in different supercritical states of water.
Our results show the existence of a well defined transition from
spatially localized to delocalized electronic state as the density
drops below~0.15 g cnT3. For more dilute conditions, quantum

Supercritical states of water provide environments with special
properties where many reactive processes with important
technological applications take plat&wo key aspects combine
to make chemical reactivity under these conditions so peculiar:
the solvent high compressibility, which allows for large density
variations with relatively minor changes in the applied pressure,
and the drastic reduction of bulk polarity, clearly manifested in
the drop of the macroscopic dielectric constant frors 80 at
room temperature te ~ 6 at near-critical conditions. From a
microscopic perspective, the unique features of supercritical
fluids as reaction media are associated with density inhomo-
geneities present in these systeh@ver the last twenty five
years, a series of pulse radiolysis experiments has provide
evidence that electronic states can be supported in aqueou
supercritical environments® and that the spectral characteristics
of solvated electrons can be used to investigate the structure o
the local inhomogeneities in supercritical systeriis opens
interesting questions pertaining the nature of the electronic

quantum states under such conditions and, more SIOemﬁcally’tunnelin through the nearest neighboring water molecules is
about the extent of spatial delocalization of the electron as we 9 9 est neig 9 ;
also observed. The organization of the present paper is as

move from dense liquid environments down to vaporlike follows: In tion Il we provide details about the model and
ambients. It is generally believed that a gradual transition from follows. In sectio € provide details about the model a

localized states, typical of dense polar fluids, to quasifree |mplem¢nted methodology. Results are sho_wn In section Ill.
electronic states under supercritical conditions leads to the The main conclusions are presented in section IV.

observed red shifts in the optical absorption spectra and to

significant changes in the dynamical behavior of the electron, !l Methods and Model

most notably a dramatic increase in its drift mobifity One The systems under investigation consisted of an electron
interesting feature of the absorption spectra of nearly super- coupled to a classical bath df, = 342 water molecules. The

critical water aff = 623 K reported by Jortner and collaborators g lation methodology is based on the well-known isomor-
is the weak density dependence of the spectral shift over a widepnisni7 that exists between the statistical mechanics of the
interval ranging from 1 down to 0.05 g cth This behavior — guantum electron path and that of a classical cyclic polymer
suggests that the electron localization in aqueous supercrltlcalcomaining P pseudoparticles (“beads”) with harmonic nearest-

environments persists at densities as low as 0.05 ¢'cinis neighbor interactions. In this representation, the statistically
. . - averaged electron probability amplitude can be pictured by the
Corresponding author. Email:dhlaria@cnea.gov.ar. spatial distribution of the polymer beads. To sample configu-
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Figure 1. Left: Root-mean-square correlation function for the aqueous
electron along thel' = 645 K isotherm. Lines from top to bottom
correspond tey = 0.0 (free electron), 0.05, 0.1, 0.3, 0.5, 0.7, and 1.0
g cnt8, respectively. Right: Correlation length for the electron polymer
vs density. The arrow indicates the room-temperature result.

Newton’s equations of motion and the staging an¥a@hains

of three Nose-Hoover thermostats were coupled to each
Cartesian coordinate of the electron polymer to provide proper
ergodic canonical dynamics. The classical bath is also coupled
to an identical thermostat chain. Full details of the method can Figure 2. Top and middle panels: Electron centroidater pair
be found in ref 18. The well-tested SPC mddes used to correlation functions for different supercritical states along The
describe water intermolecular interactions. The eleetsmivent 42 K isotherm. Topgeo(r), middle, geu(r). pw = 0.05, 0.1, 0.3, 0.5,

. . . . . and 1.0 g crm® are depicted by solid circles, open squares, dashed lines,
coupling is given by the pseudopotential of Schnitker and go gashed lines, and solid lines, respectively. The arrows indicate

Rossky2? The simulations correspond to canonical runs along the coordination numbers at selected distances. Also shown are the
the T = 645 K isotherm, which is 10% above the critical results for ambient water (open circles). Bottom panel: Snapshots of
temperature of SPC WateT(S:PC ~ 587 K2 In choosing this molecular configurations for the solvated electron polymer at two
thermal regime, we tried to avoid significant effects arising from Supercritical densities. (g = 0.05 g cm?; (b) pw =1 g cn>.
criticality of the solvent. Several simulations were performed
for solvent densities in the range 0.850, < 1.0 g cnT3. The
number of polymer beads was setRo= 1000, of which 20
are endpoints and the rest corresponds to staging msaks.
interactions were smoothly brought to zero at half the simulation
boxlength in an interval of 0.5 A by a fourth-degree spline.

the ground and the manifold of excited states. More direct
evidence of this transition is acquired by inspecting the density
dependence of the correlation length for the electron polymer
R = R(Bh/2), shown in the right panel of Figure 1. The sudden
drop to practically half of the ideal, noninteracting,= 0 value
within a narrow density interval and an abrupt change in the
slope of the curve reveals the onset of the electronic localization
at pyw ~ 0.15 g cn7s,

The most direct route to analyze the extent of the electronic  The analysis of different electrersolvent centroid spatial
localization is by examining the behavior of the mean square correlations provides complementary information about the
correlation function for the solvated electron-polyre4(t) characteristics of the spatial deconfinement as the density lowers.
defined by: The electron centroid is defined as= /o®[r(t) dt]/(5h). In

Figure 2 we present results for different solveoéntroid pair
Rt—t)=0rt) —rt)’0 O<t—t<ph (1) correlation functiorge(r), (o = O, H):

I1l. Results and Discussion

wherer (t) represents the electron position at imaginary time 1 N
andg~! is Boltzmann constant times the temperature. At low 9ea(N) = — Eia(“c - Rl =nO (2)
densities fw < 0.1 g cnT3), the correlation functions (Figure Anrtp, T

1, left panel) look similar to those corresponding to Gaussian

free polymers: Interparticle distances along the electron polymer where R* denotes the coordinate of site in the ith water

are characterized by a wide variety of lengthscales, up to roughly molecule ancg, represents the density of site Compared to

half the de Broglie thermal wavelengthys(T = 645 K) ~ 12 room-temperature results, the profiles for densitigs> 0.3 g

A. As we move toward the density regime of typical dense cm~3 show an almost complete loss of structure in the close
fluids, there is a qualitative change in the temporal behavior of vicinity of the electron center. The rise in temperature also
the curves. After a short transient lasting.1 Sh, the curves causes a slight reduction in the distance of closest approach
level off at practically plateau values. This time independence due to the combined effects of a higher kinetic energy of the
has been interpreted as a signature of statistical dominance ohuclei and the obvious thermal reduction of the size of the
the ground state on the behavior of the elecffExpressed in electron polymer. Yet more noticeable are the changes that take
terms of the spectrum of instantaneous electron eigenvaluesplace at low densities: Fopy, < 0.1 g cnT?, there is a
this situation corresponds to large energy gapks(T) between considerable enhancement in the local solvent density around
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Figure 4. Ground-state absorption spectralat 645 K for different
solvent densities. Thick solid line, 1.0 g cfnsolid line, 0.5 g cm?,;
dashed line, 0.3 g cnj; dot—dashed line, 0.1 g cmd. Also shown is

the spectrum at ambient conditions (line with circles). The inset shows
the density dependence of the absorption maxima in the low-density
interval investigated. Diamonds, this work; squares, ref 3; triangles,

1.5

1.0

0.5 ref 6b.
= 0.0 solvent density are reflected in a gradual shift in the position
-4 -2 0 .. . . K .
of the ground-state distribution toward higher energies, while
E(eV) the distributions for the first few excited states remain practically
Figure 3. Normalized electron density of bound states for different unchanged. A similar trend has also been reported in the
densities along th& = 645 K isotherm. (apw = 0.1 g cm3; (b) pw distributions of the delocalized LUMO (identified as possible

= O'O? g C”T(Z)(C%pvlv.:l.lg cm 2, Also Zhown are(;he res“'ts at ezjmgier;;[ Precursor states for solvated electrons) and the LUMO
conditions . Solid lines correspond to ground states. Dotted, dashed, - f o . P
and dash-dotted lines correspond to the first, second and third excited Kohn—Sham orblt_als qf supe_rcrltlcal water in a recent ab initio
states, respectively. molecular dynamics simulation study/Note that ato,, = 0.1

g cm 3, there are no major differences in the energy gaps
the electron centroid compared to the average bulk value. SimilarP&tween the four consecutive bound states. Temperature effects
density enhancements have been found in the supercritical'® Much less important, and there is only a slight broadening
hydration of classical ions such as Oivhere the pair correlation I the distribution of ground state energies, due to larger shape
goi—o reaches values close to?¥However, for the electron fluctuations in the electron trapping cavities. The physical picture
case, these effects are significantly reduced due to the chargéhat emerges from these observations suggests that a simple
delocalization exhibited by the electron polymer, which in this Particle in a fluctuating soft box model is likely to account for
density regime, is on the order of6 A. The two lowest density the reducthrj in the energy gaps due to the larger pox length at
profiles also provide an idea of the extent of electron tunneling I0Wer densities. On the other hand, we tend to believe that the
into the solvent: Depending on the density considered, the absence of any relgvant featur_e with increasing temperature
coordination numbers shown in Figure 2 indicate that there are 'éSults from the partial cancellation of two terms: A reduction
typically between 1 and 2 neighboring water molecules within I the electron-water attractionsiue to the significant drop in
a distance’ comparable to the gyration radius of the polymer the dielectric constant of the environmembmbined with a
~R/2. To acquire a pictorial idea of the two limiting electronic reduction in the length scale that characterizes excluded volume
behaviors, the bottom panel of Figure 2 depicts typical snapshotseffeCts in the gffec;tlve eIeptron-water interaction due to the
of quasi-free (a) and localized (b) electron configurations. In thermal reduction in the size of the electron. The computed
the former case, one can clearly see how the delocalized electrorfround state absorption spectra at four supercritical densities
“wets” a few nearby water molecules. We now turn to the and at room temperature are shown in Figure 4. The position
electron density of states and the optical absorption spectra. Thef the maximum af = 298 K is slightly blue-shifted compared

latter were computed within the dipolar approximation from the 0 €xperimental data, as noted elsewti€&@imilar to the density
expression of states (Figure 3), temperature alone does not lead to

significant changes in the absorption band. Hamiltonians that
include many-body polarizability effects yield better estimates
of the room-temperature spectra but also fail to reproduce
experimental spectra in hot wat€rAt lower densities, g <

0.5 g cn13), however, where interaction induced effects are less
important, the maxima of our simulated spectra are in reasonable
agreement with the experimental data at similar thermodynamic
conditions (see inset of Figure 4), being 823 eV below the

two experimental values at the lowest density for which the
spectrum has been calculated (0.1 g-énThe analysis of the
spectrum at even lower densities, where all energy gaps become
comparable t&kgT, requires transitions from different excited
states and has not been performed here.

(E)DE@L—e0Y  [Gpolaly,0Fo(e — ¢o— E)D (3)

i>0,6;<0

where¢; and |yiOrepresent theth electronic eigenstate and
eigenfunction, respectively. For these computations, we first
selected 800 statistically uncorrelated solvent configurations
obtained along the PIMD runs, from which electron eigenvalues
and eigenfunctions were computed by means of the block
Lanczos procedure combined with split operator fast Fourier
transform techniques described in ref 24. The electronic wave
functions were represented by plane waves withgtiél points.
Results for the density of states are depicted in Figure 3. Similar
to what is found at room temperature?® the distributions of
bound states at supercritical conditions include four states: A
ground s-like state and three, nondegenerate, somewhat more The computer simulations presented here provide new insights
delocalized excited states, with p-like characteristics. Inspection on the microscopic nature of the electronic states and electron
of panels ac reveals that the main effects of lowering the tunneling in supercritical aqueous environments. We find that

IV. Conclusions
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