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Pulse Radiolysis of Supercritical Water. 3. Spectrum and Thermodynamics of the Hydrated

Electron

Introduction

Technological interest continues to be great in the use o
supercritical water as an environmentally friendly “green”
reaction medium for destruction of hazardous waste and even
some synthesis schemEs. It is little appreciated that super-
critical water is already commonly used as the heat transfer
medium in modern high-temperature electrical power plants. It
has been proposed that this technology should also be extende
to new nuclear power plants, but the issue of water radiolysis
and radiation-induced corrosion must be addressed. Hydrate
electrons are of great importance in the radiation-induced
chemistry at all temperature$ and are also easy to detect
because of their intense absorption in the red and near-I
spectral regions. In the first paper of this series we reported the
unusual reaction rates of radiation-generated hydrated electrond
with hydrophobic solutes £and Sk.” In a second contribution,
the diffusion-limited reaction of electrons with nitrobenzene was
reportec® In this paper we present our detailed measurements
of the hydrated electron spectrum at temperatures up t6@00
in both light and heavy water, and as a function of density
(pressure) in the supercritical heavy water at 3Z5The spectra
can be integrated to infer ground-state energetic properties tha
can ultimately be correlated with reaction rates.
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Spectra of the hydrated electron in pressurized light and heavy water at temperatures up to and beyond the
critical temperature are reported, for wavelengths between 0.4 apanl.[h agreement with previous work,
spectra can be approximately represented by a Gaussian function on the low-energy side, and a Lorentzian
function on the high-energy side in subcritical water, but deviations from this form are very clear above 200
°C. The spectrum shifts strongly to the red as temperature rises. At supercritical temperatures, the spectrum
shifts slightly to the red as density decreases, and the Gaudsia@ntzian form is a very poor description.
Application of spectral moment theory allows one to make an estimate of the average size of the electron
wave function and of its kinetic energy. It appears that for water densities below about 0.6 g/cc, and down
to below 0.1 g/cc, the average radius of gyration for the electron remains constant at around 3.4 A, and its
absorption maximum is near 0.9 eV. For higher densities, the electron is squeezed into a smaller cavity and
the spectrum is shifted to the blue. The enthalpy and free energy of electron hydration are derived as a
function of temperature on the basis of existing equilibrium data and absolute proton hydration energies
derived from the cluster-based common point method. In a discussion, we compare the effective “size” of the
hydrated electron derived from both methods.

its discovery? The maximum absorption shifts strongly to the
f red as temperature is raised, from 720 nm at room temperature
to ca. 1200 nm at 300C.1° Its shape (plotted in energy units)
has been well described by a Gaussian function on the low-
energy side, and a Lorentzian function on the high-energy
side!12For many years a debate raged over the bound to bound
or bound to continuum nature of the spectrum. Only in recent
years, with the advent of large-scale molecular dynamics
modelindg®-1” and femtosecond laser probes of the photo-

hysics!®8-21 has the spectrum been unraveled to some extent.

here is now no question that near the 720 nm maximum
absorption at room temperature, the transition is primarily from
Rbound state to bound state with an “s-to-p-like” transition
charactef® At 400 nm, recent experiments have demonstrated
he transition is from bound state to continuum staf€he full
wavelength and temperature dependence of this bound to bound
vs bound to continuum character remains to be fully explored.

In the absence of detailed information of the final state(s) of

this transition, the spectrum has nevertheless yielded valuable
information about the ground state by way of its moment
integrals?2-26 According to the moment analysis, thi(—1),
tl\/I(O), and M(1) moments of the spectruny(w) can be
characterized with the following relationships (in atomic units):

The intense optical absorption spectrum of the hydrated . 2
electron has been an object of great theoretical interest since M(=1) = n, [ o™ y(w) dw = Z10
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or (squared) radius of gyration for the electron about its average shorter than 1600 nm, and very good quantum efficiency
position, ng is the refractive index of the medium, af@iis throughout the visible and near-IR. The wavelength-independent
the corresponding kinetic energy. The formulas are derived from response makes measurement of the spectrum much more
dispersion relationships (KramerKronig relationsf sum rules) precise, even though convolutions are required for kinetic data
or by analogy to atomic systems using a 1-electron representa-analysis. The response of this diode changes to the red of 1600
tion. Although the sum rules are rigorous, application of these nm, and special integration techniques are needed for this
formulas to solvated electrons depends on two unproven spectral region.

assumptions. First, the coupling of the electron to other |t js difficult to normalize the kinetics recorded in our high-
electronic degrees of freedom must be sufficiently weak so that temperature/pressure experiments for shot-to-shot variations in
oscillator strength is not significantly transferred to or from the the linac pulse, because the all-metal cell construction and
solvent spectrum. Second, the corrected local field at the electronconnection to pumps defeats practical attempts to integrate the

is simply the vacuum optical field divided byo. Both charge/pulse. For most experiments this means that we rely on
assumptions seem to work very well for a wide range of solvated the linac pulse amplitude and the flowing sample pressure and
electron system&:26.27 integrity to be stable over many minutes while spectra are

The implication of these formulas is that the spectrum will collected, and most often the linac remains stable to the order
provide a direct measurement of the average “size” and energyof 2—3% and pressure fluctuations are on the ordes-0f3
of the electron, which must be changing substantially as a bar. The light water spectra reported below were extracted from
function of temperature. This information should be valuable experiments in the presence of ca. 0.1 molaladd with pH
in understanding the structure, thermodynamics, and reactionsgreater than 11. Under these conditions, all radicals convert to
of the hydrated electron as a function of temperature. Thermo- hydrated electrons and a pure second-order decay can be
chemical information on the conventional enthalpy and free recorded To confirm the accuracy of the (integrated) spectra,
energy of electrons in water is available up to 2808 These the decay traces at each wavelength were fit from abqug 2
numbers are useful in predicting reaction rates, but because theyafter the radiolysis pulse to obtain the quantity2k, whereL
are based on the proton conventiacxX°® = 0; X =H, G, 9), is the cell path lengthk is the second-order reaction rate
they tell us little about the electron solvation structure. Recently, constant, and is the molar extinction coefficient at the probe
a new method based on water cluster energetics was introducedvavelength. All of these quantities are independent of the
for obtaining the absolute hydration thermodynamics for the applied dose, and only depends on the wavelength, so the
proton (and all other ions), independent of extrathermodynamic least-squares analysis simultaneously smoothes the data and
assumption2.2°39This method has now been applied to obtain normalizes for shot-to-shot variations. It was found possible to
thermodynamic information for classical ions over a wide range apply this analysis in light water up to about 300, above
of temperatures and pressufésn our discussion, the method ~ Which pure second-order decay no longer applies.
is extended to obtain absolute solvation thermodynamics of the To record heavy water spectra, several hundred milliliters of
hydrated electron and the results are compared with thepure 99.5-% D,O were recirculated with constant argon

properties deduced from the spectra. sparging of the reservoir. The absorption decay near the
absorption maximum was first fit to an arbitrary sum of three
Experimental Section exponential decay functions. Then the decay shape was held

constant and the amplitude of the fitting function was used to

Hydrated electrons were generated by pulse radiolysis with determine the spectral intensity at each wavelength. Though we
20 MeV electrons in a high temperature/pressure flow cell as looked carefully, there was no indication of any shift in the
reported in our previous woi:33Transient absorption signals ~ spectrum over time that might indicate presence of a second
were recorded with a pulsed xenon lamp/photodiode/transientspecies in the kinetics.
digitizer combination on time scales from nanoseconds to  To account for the changing shape of the decay transients
hundreds of microseconds, depending on the experiment.due to the secondary response of the GMP566 diode beyond
Wavelengths were selected using (nominally) 12 nm band-pass1600 nm, the entire absorption trace igwas integrated from
filters, with band centers ranging from 400 to 1700 nm. The zero to several microseconds after the electron pulse. On the
filters were placed in a selector wheel that was rotated by a basis of our previous investigatidhthe integrated transmittance
stepper motor under computer control. must be conserved independent of the actual impulse response

Three different diode detectors have been used in recordingof the detector. In the limit of small absorbance (optical density
spectra, and their properties have been fully described else-< 0.1), the integrated absorbance is also conserved. Conse-
where3® An EG&G FND100 silicon diode was used for some quently, to obtain the infrared points beyond 1600 nm we
initial spectra from 400 to 1000 nm. A Germanium Power compared the integrated absorption at those wavelengths with
Devices GAP520 InGaAs diode was used to record a numberthat of two or more wavelengths near the absorption maximum
of spectra over the full 4081700 nm range in heavy water. It (o the blue of 1600 nm).
was subsequently realized that this diode has a severe wavelength- A small absorption by the sapphire windows is evident across
dependent secondary response characteristic, which makes fittinghe entire visible region of the spectrum, where a decay is
and reconvolution essential for comparison of different wave- observed with a time constar#t100 us and an intensity
lengths. The FND100 diode also suffers from this problem to a gradually increasing toward shorter wavelengths. In most cases,
lesser extent between 850 and 1000 nm. Our procedure forthe window absorption is unobservable at wavelengtB90
correcting data and extracting spectra with these detectors isnm, even at the highest radiation doses applied. Because the
described in detail elsewhefé.A third diode used is the  heavy water hydrated electron absorption decaysins, the
Germanium Power Devices GMP566 germanium diode, which sapphire absorption can be corrected for by adding an additional
we now prefer for most applications. Its speed (55 MHz) is baseline offset to the fit. The magnitude of the sapphire
slower than the other diodes mentioned above, but we find a absorption varied from day to day, depending on the focusing
wavelength-independent biexponential response for wavelengthsof the linac beam, but typically the hydrated electron absorption
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Figure 1. Fitted absorption spectrum for hydrated electron (solid line) and sapphire (dotted line) &, 37E bar, density= 0.10 g/cni (a). The

electron decay (b, points) in the infrared (near 1 eV) is first fitted to the sum of three arbitrary exponential functions (b, solid line). The sapphire
spectrum is a constant baseline offset added to this decay function to correct the kinetics in the visible. This low-density sample represents the ver
worst case correction for the sapphire window absorbance. In all other cases the 400 nm (3.2 eV) electron absorption is many times larger than the
sapphire background.
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Figure 2. (a) Temperature dependence of the heavy water density at 250 bar, except °&,400ere the pressure is 300 bar. (b) Pressure
dependence of the heavy water density just above the critical temperature, ¥€.3?6ints shown are the actual conditions at which hydrated
electron spectra were collected.

intensity at the absorption maximum wa<.00 times greater =
than the intensity of the sapphire absorption at the shortest.S
wavelength (400 nm). The effect of the correction becomes ot
increasingly important for lower water densities, because the ©
intensity of the electron absorption decreases while the sapphireB
absorption stays constant. Figure 1 shows the fitted absorption<C
spectra for the hydrated electron and sapphire absorption at 375"8
°C, 170 bar, and density 0.10 g/cni. This is the lowest water N
density used in these studies, i.e., the worst case where the™g
sapphire absorption is at its maximum relative intensity. A plot &
of heavy water density vs temperature at 250 bar is illustrated 5
in Figure 2, as well as a plot of the heavy water density vs Z
pressure at 378C, just above the critical temperature. These
plots reflect the density conditions under which all the presented 600 800 1000 1200
data were collected.

To calculate densities of light water in this study from the Wavelength (nm)
measured temperature and pressure, we use a set of functionbigure 3. Normalized spectra of the solvated electron in light water
based on the IAPWS-IF97 formulation for light watevT at various sub-critical temperatures. Curves are fitted for the modified
relations3® Alternatively, water density is supplied by the GaussianLorentzian form in energy, as described in the text. Tem-
SUPCRT92 prograrff The light water dielectric constant is ~ Peratures for each curve are 26 (black, open squares), 16Q (red,
taken from the review by Uematsu and EraREkeavy water closgd circles), 150C (orange crosses), 20€ (green, open circles),

. y c vy 225°C (blue triangles), and 278C (purple, open crossed squares).

densities are taken from the tabulation and equation of state of
Hill et al.%8

1.0

r

0.8 1

0.0 “ 1 | 1 1

points are fitted to a modified Gaussiahorentzian form similar

to that proposed by Jou and Freentan:
Results

V(E) = Anax®XPC[(E — Eng)WI?In(2)) for E < Epyy

— Amax
14 [(E = Epa)/W*

Light water spectra collected ingr$aturated alkaline solution
are shown in Figure 3 as a function of wavelength from 400 to
1350 nm. Care was taken to acquire a large number of points
in the visible spectral region to better define the shape of the
high-energy side of the spectrum vs energy. All of the points
use 12 nm bandwidth filters. The solid lines drawn through the whereAnaxis the spectrum intensity at the absorption maximum,

7(E)

for E>E,x (2
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Figure 4. Relative absorption of the hydrated electron in heavy water
plotted vs photon energy.
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Figure 5. Fitting parameters for the spectra of hydrated electron in
light water (symbols) and polynomial fits to the points (smooth lines).
Because vibrational overtone absorptions disallow obtaitdihgbove
250°C in light water, the fit toW; for heavy water is superimposed,
extending up to 350C.

Emax is the energy at the absorption maximum, &dgdand W,
are the half-width at half-maximum of the Lorentzian and

Bartels et al.
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Figure 6. Fitting parameters (symbols) for heavy water solvated
electron spectra, using the modified Gaussiharentzian form de-
scribed in the text. The pressure is 250 bar. The lines represent the
smoothed values for the light water spectra, for comparison. There is
no significant difference found in this study in the red side half-width
W.. The heavy watew, half-width is slightly smaller and thEmax is
slightly larger than the corresponding light water parameters.

infrared cutoff in HO and BO up to 350°C:

Z=1.95+ 0.00129

W, = 0.281+ 3.65x 10 °T — 5.14x 10 °T*+ 3.63x
10 T°— 1.18x 10 °T* + 1.40x 10 *T°

Enax= 1.79— 0.00250 + 2.54x 10 *'T° W, = 0.51
in light water

E,o= 1.84— 0.0026d + 4.13x 10 ''T° W, =0.49
in heavy water

whereT is in °C. In Figure 5 the fitted parameters for light
water are plotted vs temperature (symbols) as well as the
polynomial fits above (smooth lines). Note that because the light
water vibrational overtones cut off IR transmission, the Gaussian
half-width cannot even be estimated in light water above 250
°C, so the fit tow; for heavy water is assumed for both species
and does give a reasonable fit to the light water data. In Figure

Gaussian on the blue and red sides, respectively. Spectra foi6 we plot the fitted parameters for heavy water (symbols) and

the hydrated electron in heavy water up to 3&Dare plotted

in Figure 4 on an energy scale to illustrate the modified
Gaussiar-Lorentzian form. Thanks to the lower vibrational
frequencies in BO, spectra could be recorded out to 1700 nm
in the IR. The spectrum in liquid up to 35 is essentially

polynomial fits to these parameters (smooth lines).

We find that the red (Gaussian) half-widW; is virtually
identical in both HO and DBO. The values of the parameters
are in good agreement with earlier reports of Jou and FreEman
and of Christensen and Sehestéd.ikewise our fitted Emax

independent of the applied pressure to 350 bar. The spectra/a@lues agree with earlier work up to 20Q. Christensen and

below 100°C can be fit very well using an exponeat= 2 on
the blue side, just as found by Jou and Freefiafowever,
above this temperature the empirical fit becomes worse, an
we are forced to us& > 2 to properly represent the width.
Note that with this slight modification to the formula, the
parameter¥\, andW; keep the same meaning as the half-width

at half-maximum on the blue and red sides, respectively. Above
300°C, the spectrum amplitude near 400 nm is no longer well-

represented by this modified formula and the blue tail is
somewhat underestimated.

Sehestet? and more recently Wu et.#l reported a fairly sudden
change in the temperature derivativeegf,x above 200C, and

q2 limiting value at about 1.2 eV. We also see a slight change in

the slope, but it occurs closer to 300, and the limiting value
appears to be ca. 0.9 eV. We suspect that the spectra of previous
workers were distorted by the photodiode secondary response
problem33 However, the position defined as the maximum also
depends strongly on the quality of the data in the wings and
the functional form assumed for the spectrum shape.

The blue (Lorentzian) half-width\, is virtually independent
of temperature, as also observed by Jou and FreEr(tarl 08

The following fit parameters of eq 2 reasonably describe the °C) and by Christensen and Sehesttdowever, we agree with
normalized hydrated electron spectra between 400 nm and thethe values of Christensen and Sehested, just over 0.5 eV, rather
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Except at the highest density, these spectra cannot be fit with
- 1.0 4 the modified GaussianLorentzian form described above. The
ke O 170 bar, 0.099g/cc blue tail is far too large. To describe the spectra, we postulate
*é'_ 0.8 - A 200 bar, 0.143g/cc a bound to bound transition with Gaussian line shape, and a
o) ® 230 bar, 0.414g/cc bound to continuum tail which is just a power |&v®* of the
& 0.6 - + 300 bar, 0.606g/cc energy. To “switch on” the bound to continuum transition, we
< multiply the power law (exponenta) by a sigmoidal function
? 0.4 (cutoff parameter&: andW,). The overall expression is
o: s =
< 0o 7(B) = Bexp(-[(E ~ Epa)WI*In(2)) +
g CE* 3)
0.0 1+ exp[E, — E)Y/W]
: T T T T T
3.0 2.5 2.0 1:5 1.0 where B and C are merely empirically fitted amplitude
Energy (eV) parameters. This function provides enough flexibility to fit/

interpolate all of the spectra we have collected.

The spectra in both light and heavy water have been fit with
this function, and the hope is to find a set of parameters that
will tell us something meaningful about the changes in the
electron solvation environmen; is identical to the Gaussian

Figure 7. Normalized spectra of solvated electrons in heavy water at
375 °C, at different densities of the supercritical fluid. Relative
amplitude of the blue tail increases as the density decreases.

4 . 0 0poo Lorentizian fits shown above. The cutoff paramety falls
Bound-Continuum g O between 0.1 and 0.2 eV. Some of the paramef&ss.( Ec, and
Exponent (&) o exponenio) required to fit the heavy water spectra are plotted
3 - o vs density in Figure 8. The bound-continuum cutoff parameter
E. tracksEmay roughly 0.3-0.4 eV higher in energy. The largest
) changes come in the exponent of the power law that describes
7 - Bound-Continuum A the blue tail. Theory suggests that at sufficiently high photon
Edge (eV) aso energy this exponent should be 3.5 for an s-to-p symmetry
A A A A o©° bound-continuum transition, and the exponent should be larger
M s A o than 2.5 for inverse second moments of the spectrum to
1 wo—ceo—o0-¢ O OO © o5 . . S
_ ) converge® Spectra for high-density water may all be fit with
Gaussian Maximum (eV) power law exponents in the-3! range, but the lower-density
0 water spectra (below 0.4 g/émrequire exponents well below
| | | | | 2.5.
0.0 0.2 0.4 0.6 0.8 1.0 1.2 We conclude from this fitting exercise that we have not

obtained line shape parameters any more meaningful than those
from the empirical GaussiatLorentzian form. This is disap-
pointing but is not a great surprise, because quantum molecular

Heavy Water Density (g/cc)

Figure 8. Selected fitting parameters for hydrated electron spectra vs
density in heavy water, based on eq 3. Points connected by lines ar
all at 375°C at various pressures. The other points correspond to
different temperatures at 250 bar pressure.

than the lower values of Jou and Freeman around-00443

e

dynamics simulations of the hydrated electron suggest there
should be three nondegenerate “s-to-p like” bound to bound
transitions with different amplitudé$;l” in addition to the
bound-continuum tail which need not look like a simple power
law decay near the threshold enef§yincluding all of these

eV. We suspect that the Jou and Freeman widths are too smallfeatures of the simulation would require too many parameters
because they used a photomultiplier detector with exponential for a unique fit. In the absence of a more rigorous description,
drop off in quantum efficiency in the red. This means that the the fit based on eq 3 is nevertheless useful for interpolation
light actually being detected is heavily weighted toward the blue and integration. To avoid biasing any future fitting attempts by
side of the monochromator band-pass. On the blue slope of theother workers, we present all of our normalized spectra in tabular
solvated electron spectrum, this implies the measured absorptiorform in Part A of the Supporting Information.
will be smaller than it ought to be at the nominal center Moment Analysis. Once the line shapes are established,
wavelength. Our photodiode detector does not have a largecalculation of the moment®(+1) and M(—1) via eq 1 is
change in quantum efficiency with wavelength, and so this straightforward. The absolute extinction coefficients are not
distortion will not be present. needed because the unnormalizéi{+1) integrals can be

In Figure 7, heavy water spectra are shown for several divided by the unnormalize®i(0) integral, which has the same
densities at 378C (reduced temperature ®f = 1.01 in heavy arbitrary scale factor. The data, interpolated with the equations
water). Intermediate densities (near the critical density of 0.36 given above, contain most of the spectral information, but there
g/cc) are particularly difficult to obtain with good precision  still is missing information extending to zero frequency beyond
under supercritical conditions because of the great sensitivity the infrared and extending to infinite frequency beyond the
of the fluid density to temperature and pressure fluctuations. A ultraviolet. Assumptions must be made on the behavior of these
small red shift of the spectrum can be detected, and the relativewings of the spectrum. On the basis of the behavior of the red
amplitude of the blue tail increases as the density decreasesside of the heavy water spectrum up to 100, a Gaussian
Still, there is relatively little change in the spectrum given the function is an excellent representation even though it does not
enormous density change in the water, suggesting that the innetave the proper limiting value at zero. Therefore we carry out
solvation shell for the electrons is nearly constant. the integration using eq 3 down to a truncation energy of 0.2
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solvation. Shiraishi et & have experimentally derived the
enthalpy and free energy for the equilibrium (I) up to 2%

(1

The conventional enthalpy and Gibbs energy of formation for
both HO and (OH),q are available from literature sources as
a function of temperature and pressure. We have obtained
smoothed values from the SUPCRT92 progfimshich uses

the modified HKF equation of staféto interpolate data up to
350 °C. We have also obtained the Gibbs energy and the
enthalpy of formation for (k)aq from this source. The solvation
properties of the H atom have been shown to be very similar to
that of H,.#! Consequently, we can add the gas-phase enthalpy
and Gibbs energy of formation of H atoms to the solvation
energy of H, to obtain a good estimate of the aqueous H atom
formation enthalpy and Gibbs energy. With these values in hand,

(€ )agt HO=H+ (OH ),

determined by analysis of the spectral moments. The pressure is 250W€ Can calculate from the free energy e}nd enthalpy of equilib-
bar. The gyration radius is essentially independent of the assumptionrium (1), the conventional thermodynamic functions for forma-

used for the extrapolation to infinite frequency. The kinetic energy is
determined to within 10 or 20%. Note that points éor= 4.5 lie nearly
on top of the trace foo. = 3.5.
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Figure 10. Radius of gyration and average kinetic energy for hydrated
electrons in supercritical heavy water at 375, as determined from
the spectral moment analysis. Note that the pointsifer4.5 lie nearly

on top of the trace foo. = 3.5.

eV. On the blue side of the spectra, we have only collected

tion of the hydrated electron ((¢) as a function of temper-
ature.

Conventional functions for the hydration process)fe—
(e7)agare obtained from the difference in liquid-phase and gas-
phase thermodynamic function¥ & H, G, or S):

Axhyd,conv: AXf,aq - AXl,gas (4)

These numbers are still of no value for comparison to the
spectrum properties, because they are based on the arbitrary
convention that the free energy and enthalpy of proton formation
are zero at all temperatures. Essentially this means that the
absolutehydration enthalpy or free energy is related to the
conventional quantity by

Athd,abgei) = Athd,con\(ei) + (Axhyd,ab£H+) +
AX;godH") (5)

To obtain the desired absolute properties for the electron requires
that we find absolute solvation properties for the proton,
AXpyd,apfHT).

The search for a way to determine these quantities for the
proton has a long history. The problem stems from the fact that
solution-phase measurements are always performed on electri-
cally neutral systems, so that only tlsem of positive and

data to 3.2 eV. We have used simple power law extensions of negative ion properties can be measured. It is necessary, for at

the spectra to integrate from 3.2 eV out to infinity. Several
different values of the power law exponent. were tried to
investigate the sensitivity of the calculated moments to this
approximation.

least one pair of ions, to obtain information on tti&erence
in hydration energies. Tissandier et?&have recently shown
how this difference quantity can be extracted from a comparison
of ionic cluster stepwise hydration data, and the conventional

Figure 9 illustrates the temperature dependence of the averagdree energies and enthalpies for aqueous ions (i.e., extrapolation

kinetic energy(TOand the average radius of gyration for the
hydrated electron in heavy water. The symbols in Figure 9 for

to the infinite cluster). The enthalpy of hydration determined
by this method is about 4660 kJ/mol more negative than most

the power law extensions using exponents 4.5 and 3.5 areprevious estimates. Coe further showed how a minimal calcula-
virtually superimposed, whereas using exponent 2.5 makes attion can be made just using energetics of the first hydration

most a 15% difference in the kinetic energy result. Virtually
identical results (not shown) are obtained for the electron in
light water. In Figure 10 we plot the same quantities as a
function of the water density for the hydrated electron in
supercritical heavy water at 378C. The average radius of

reaction of a set of monatomic ions with one water moleétile.
This can easily be accomplished with sufficient precision using
B3LYP density functional calculations on a personal computer.
We have carried out this calculation to obtain the absolute
proton hydration thermodynamic properties as a function of

gyration and kinetic energy of the electron hardly changes over temperature at different pressures. A complete description of

the density range from 0.1 to 0.6 g/&m
Solvation Thermodynamics. From the spectral moment

the analysis and results will be given elsewh&rim part B of
the Supporting Information, we provide tables of the data input

analysis described above, we obtain parameters related to theequired to execute the method of Tissandier & ahd Coé?

energy of the solvated electron, and it will be interesting to

for the range of temperature up to 3%0 along the liquid-

compare these to the enthalpy and free energy of electronvapor coexistence curve. Then, using the conventional free
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Figure 11. Absolute Gibbs free energy of hydration of the electron
and several other monatomic anions, calculated along the tiouaigor
coexistence curve.

300

energy of hydration for electrons given by Shiraishi efalve
can also obtain the absolute Gibbs energy of hydration. To use
this result in the Born theory of ion hydration, we use the same

standard state concentration in both liquid and gas phase, to

remove the density dependence of the entr@pyhe results

for the electron are plotted up to 38C in Figure 11, along
with absolute solvation free energy of other monatomic arfiéns.
We should caution that in Figure 11 we have extrapolated the
formulas provided by Shiraishi to 35T, even though data
were only collected to 250C. Our preliminary investigation

of kinetics at the higher temperature suggests that the extrapola
tion for the critical equilibrium constant is not far off at 300
°C. The curves for classical ions in Figure 11 are based on
interpolation of measured data as obtained from SUPCRT92.

Discussion

The origin of the strong temperature dependence of the
hydrated electron spectrum has gone unexplained for many
years. Several simulation attempts failed to reproduce the
experimental result. In a recent simulation of the hydrated
electron at temperatures up to the supercritical regime, Nicolas
et all®> claim to explain the temperature effegtot as a

J. Phys. Chem. A, Vol. 109, No. 7, 2005305

contradicts the result of Laria and SKafNicolas et alt® only
reported simulation results for densities greater or equal to 0.46
g/cc. However a very significant spectrum shift of over 0.2 eV
was still reported between 30C, 0.63 g/cc and 400C, 0.46

g/cc and ascribed to the density change.

Given the insights from simulation and the results of our
experiments, we suggest the following global picture for the
electron solvation by water: At densities below 0.5 g/¢and
above 0.1 g/cr) the electron attracts (perhaps four) solvating
water molecules to an optimum distance, such that the radius
of gyration is about 3.4 A. The electron absorbs in the infrared
with an Eqax value near 1.0 eV. At higher water densities, the
water molecules begin to squeeze the electron wave function,
reducing the radius of gyration and forcing a blue shift of the
spectrum. However, it is not clear that there is no temperature
effect on the spectrum or wave function if the density is kept
constant above 0.5 g/cc. A test of this assertion can be obtained
from existing experiments on the pressure dependen&g,af
near room temperature, because it should not matter if the
density is changed via temperature or pressure. Jou and
Freemafr* measured the pressure-dependent blue shift of the
spectrum at 27C up to 2000 kbar. When converted to a density
derivative, the blue shift amounts to 0.0049 eV/(k&yrWhen
similarly converted into a density change, the temperature
derivative of the spectrum near 2C amounts to 0.0017 eV/
(kg/m?).11 Moreover, theEmax is quite a linear function of
temperature between4 and+100°C, but the water density is
not. Michael et af® report a spectrum at4 °C in supercooled
water that is blue shifted relative to higher temperature, even
though the bulk density is decreased. All of these comparisons

illustrate that although density is a very important component
of the spectral shift, temperature nevertheless plays another role
as well. Perhaps this involves changes to the hydrogen bonding
network and the connections to the water of the inner hydration
shell. The strong interactions of the electron with the inner
hydration shell are only crudely represented by partial charges
and simple coulomb potentials in most simulations.

We do observe a change in the relative amplitude of the blue
tail and the maximum absorption when we go to the low end
of our density range in Figure 7. Virtually all simulations of
the hydrated electrot? 17 supported by recent Raman observa-
tions*%~49 and ultrafast kinetics experimeni&?0-21suggest that

temperature effect, but as a change in density of the water. Theirthe hydrated electron spectrum consists primarily of three

simulation showed virtually no change Exax between 25 and
250 °C, when the density was kept at 1 g/cc, or between 250

strongly allowed bound to bound, s-to-p-like subbands. The
asymmetry in the spectrum is attributed primarily to the

and 375°C when the density was 0.6 g/cc. But when the density nondegeneracy of the three subbands, but the highest energy
was allowed to change, the very large red shift was recovered.subband is also presumed to overlap with the onset of bound to
A very recent first principles CarParrinello MD simulatiof? continuum transitions that are responsible for the blue tail. The
compared room-temperature water conditions with supercritical change in spectrum shape in low-density supercritical water sug-
water of density 0.73 g/ctnA red shift was found, but because  gests that the bound to continuum absorption gains more oscil-
both density and temperature were changed, no strong statemeriator strength in this regime. One can only speculate that this
can be made. It was found that the average number of waterresults from fewer water molecules in the electron’s solvation
molecules in the first shell decreased from about six to about shell. It will be interesting to record hydrated electron spectra
four under supercritical conditiond.Laria and Skaf* have at even lower densities to examine this trend in the future.
reported path-integral MD studies of the hydrated electron as a The application of the moment analysis to the spectra has
function of supercritical water density in the range 1.0 to 0.05 given data on both the size and the kinetic energy of the electron.
g/cr?. A large increase in electron gyration radius was found The classical Born theory for ion solvation also relates the ion

1

o (6)

as a function of decreasing water density, especially below 0.1 radius ¢) and the free energy of ionic hydratioAGnyd), via
g/cc where the electron essentially “desolvated.” the equation (in atomic units):
Our data in supercritical water would seem to be at variance
1
spectra in Figure 7 change only slightly between 0.6 and 0.1 (E N )
g/cc, and the corresponding radius of gyration in Figure 9 does
not change much at all. Thus there is little spectrum shift or wheree is the solvent dielectric constant. A comparison of Born

with most of these simulation results. TBgax of heavy water AG. =
hyd —
change in radius for a factor of 6 change in density. This directly radius and the electron radius of gyration would therefore seem
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Figure 12. Nominal Born radii for the iodide ion and the electron

calculated from the absolute Gibbs energy of hydration and a corrected

Born radius obtained by first subtracting the electron kinetic energy.

The corrected Born radius at least qualitatively resembles the gyration

radius obtained from moment analysis of the spectrum.

to be instructive. In fact, one might expect that the free energy

or enthalpy of hydration could be extrapolated from the
spectrum.
Given the large change in electron gyration radius implied

by the spectrum, on the basis of eq 6 we expected a large chang
in the electron hydration energy. The absolute free energy of

electron hydration is plotted in Figure 11. It is remarkably

insensitive to temperature and qualitatively resembles the

hydration free energy of the other monatomic ions plotted. The

electron free energy is least negative of these ions, and so on

expects it must be the “largest.” The nominal Born radius for
the electron and the nominal Born radius for the iodide ion (for
comparison) are both plotted in Figure 12 as a function of
temperature, along with the radius of gyration from moment

analysis of the spectrum. There is no qualitative resemblance

of the two determinations of the electron radius.

Bartels et al.

At room temperature, the radius of gyration and corrected
Born radius nearly coincide, but at higher temperature the radius
of gyration is larger than the effective Born radius. Several
studies suggest that the Born radius of a classical ion should be
interpreted essentially as the radius of the first peak in the ion
oxygen radial distribution functiog(r).5-52 Several simulation
studies for the hydrated electron find this first (small) peak in
g(r) at a somewhat larger value than the radius of gyratién,
so one might expect that the corrected Born radius in Figure
12 should be slightly larger than the radius of gyration.
Nevertheless, the overall agreement between the two experi-
mental radii is very good, and we can have some confidence
that the assumptions made in both the Born theory analysis and
the spectral moment analysis are reasonable.

Summary

We have carried out careful measurements of the hydrated
electron absorption spectrum in both light and heavy water
between 400 and 1700 nm, and up to 4@ At 375°C in
heavy water, the density was changed between 0.6 and 0.1
g/cme. Fitting parameters are reported to allow estimates of the
spectrum amplitude under all of these conditions. As reported
in the past, the spectrum appears to be Gaussian on the red
side but Lorentzian on the blue side, below 1@ at 1 atm
pressure. At higher temperatures, deviations from this empirical
form become apparent. In supercritical water at 0.5 g/cc and
below, GaussianLorentzian is a very bad description. Instead

Sve fit to a sum of bound-bound Gaussian and bound-continuum

power law functions.

The spectrum is integrated to obtain information on the
electron kinetic energy and the radius of gyration. There is little
effect of water density on these quantities in supercritical water,

8n contradiction to some recent simulation predictions. We have

used literature data to calculate the free energy of hydration for
electrons as a function of temperature up to 250Surprisingly,

the Gibbs energy of hydration is insensitive to temperature. We
show that by subtracting the electron kinetic energy from the
Gibbs energy, we can calculate an effective Born radius that is
qualitatively consistent with the spectral moment theory radius

At this point we began to reconsider the assumptions of the
Born theory, which is based on classical electrostatics for the
charging of a sphere in a dielectric continuum. Nowhere inthe ~ Acknowledgment. We thank Dr. Sergey Chemerisov for
Born theory is quantum zero point energy considered. In the maintaining the electron accelerator used in this work. We are
electron solvation process, a major part of the work involves greatly indebted to Prof. James Coe of Ohio State University
localizing the electron into a small volume, thereby increasing for consultations and calculations on the absolute proton
the electron kinetic energy. A proper thermodynamic cycle for hydration thermodynamics. Finally, we thank Dr. Peter Rossky

of gyration.

the quantum particle could be constructed by first localizing
the particle within the sphere of radiusand then charging the

sphere in the dielectric medium as done in the Born theory.
Neglecting the small entropy contribution of electron localiza-

for discussions on the quantum correction to the Born theory
expression. Work at Notre Dame Radiation Laboratory and at
Argonne National Laboratory (contract number W-31-109-ENG-

38) was performed under the auspices of the Office of Science,
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From the spectral moment analysis, we ha\./e.a measurement of Supporting Information Available: (A) Normalized spectra

the average electron kinetic energy, which is in the range-100 ¢, hygrated electrons in both light and heavy water, in tabular
200 kJ/mol and depends on the temperature. A simple correctiont, " () Tables of the data used to calculate absolute proton
can therefore be made, by subtracting the electron kinetic energy, 4 electron hydration free energy, and a brief description of

from the free energy of hydration. This “classical’ free energy 0 procedure used. This material is available free of charge
can then be used in the Born equation to estimate a “corrected”\ ;5 the |nternet at http://pubs.acs.org

Born radius. This quantity is also plotted in Figure 12 as the
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