Journal of Photochemistry and Photobiology A: Chemistry 117 (1998) 171-173

Journal of

Photochemistry

and

Photobiology

A:Chemistry

On apparent contradictions in some photophysical
properties of liquid water

Annette Bernas®, Christiane Ferradinib, Jean-Paul J ay-GerinC’*

* Laboratoire de Physico-Chimie des Rayonnements, Bat. 350 — Centre d’Orsay, Université de Paris-Sud, 91405 Orsay Cedex, France
® Laboratoire de Chimie-Physique, URA 400 CNRS, Université René Descartes, 45, rue des Saints-Péres, 75270 Paris Cedex 06, France
¢ Département de Médecine Nucléaire et de Radiobiologie, Faculté de Médecine, Université de Sherbrooke, Sherbrooke (Québec) JIH 5N4, Canada

Received 19 June 1998; accepted 20 July 1998

Abstract

Apparent inconsistency has appeared between essentially two sets of data relative to the optical absorption limit of liquid water on the
one hand and to its photoionization threshold and band-gap energy on the other. Recent data prompt a renewed examination. © 1998

Elsevier Science S.A. All rights reserved.
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So far, the results dealing with the ultraviolet absorption
spectrum of liquid water have been somewhat contradictory.

Most authors [1-4] — from transmission experiments —
claim that a weak structureless absorption persists down to
about 6 eV, showing a steep rise around 6.1-6.5 eV. On the
other hand, a semiempirical method based on reflectance
techniques and calculation of the energy-loss function indi-
cates an optical absorption starting at about 7.2 eV with the
first absorption band peaking at 8.2 eV [5-7] . A recent
review did not settle the question [8].

More recent convincing measurements of liquid water
transmission in the 4—10.8 eV photon energy range confirm
the existence of a structureless weak absorption below
7.2 eV extending to about 6 eV or even below [9]. Below
7.2-7.4 eV, the absorption coefficient decreases exponen-
tially with decreasing excitation energy [9], in accordance
with the observations of Onaka and Takahashi [1] and
Williams et al. [3].

The latter authors [1,3] emphasize such exponential var-
iation in the red tail region, which is reminiscent of the
exponential distribution of localized states (Urbach tail)
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"Recent measurements of inelastic X-ray scattering spectra of liquid
water — an alternative to reflectance experiments — by Hayashi et al. [7] are
essentially in accordance with the data of Kerr et al. [5] and of Heller et al.
[6], at least in the ~7—-15 eV energy range.

below the conduction band. However, the presumed exten-
sion of the Urbach tail in liquid water (~0.5 eV) [8], leading
to ~8.2 eV for the lowest unoccupied levels, would not
permit a direct vertical transition for an excitation energy of
~6eV.

By analogy to charge-transfer-to-solvent (CTTS) spectra,
Sander et al. [10] suggest that the low-energy tail may be
partially attributed to an optical charge-transfer (CT) transi-
tion. The CTTS state, populated by this transition, is then
believed to decay via a proton transfer, hence an electron
transfer from the negatively charged complex [10].

Another approach applied to the first excited state A'B; of
the H;O molecule follows from matrix-isolation spectro-
scopy. Absorption thresholds and maxima are found differ-
ently affected in the various matrices used (rare gases and
ice) [11,12]. The blue gas-to-matrix shifts at maximum are
attributed to the predominantly Rydberg character of the A
state at the equilibrium distance of H>O. On the other hand,
much weaker shifts at threshold are attributed to its pre-
dominantly valence character [11,12], the latter associated
with large H-OH internuclear distances. The red tail of
condensed water would thus correspond to molecules whose
OH bond is fully extended.

Provided that such interpretation is also valid in the case
of liquid water, we now suggest that the extension of the
H—OH bond would facilitate a proton transfer. With such a
model or from a CT mechanism, the production of excess
electrons would thus be accounted for as soon as liquid water
begins to absorb, that is, around 6 eV.
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As to the photoionization threshold (IP) of liquid water,
two sets of values have been proposed with or without an
explicit definition of the quantity involved.

The values ranging from about 6 to 6.5eV [13-16],
referred to as ‘the ionization potential of liquid water’, were
all determined upon hydrated electron (e,q ) recording —
—€4q  OF €4 scavenging products. The IP was then the
minimum photon energy required to create a pair of quasi-
free independent charges.

To interpret such low IP values, it has been stressed
repeatedly that the excess electron production may not be
a simple one-step electron ejection. Instead, it may involve a
sequence of reactions, such as a concerted proton—electron
transfer [14,17,18], or/and imply the intervention of hot H
atoms [19,20]. The 6-6.5 eV threshold would then corre-
spond to an electron ‘appearance potential’ [21,22], as
proposed by Mozumder [19], and in no way to a band-
gap energy.

On the other hand, the liquid photoionization process has
been considered to imply a band-to-band transition, in which
case the condensed phase IP corresponds to a band-gap
width (E,) [23]. For water, the latter has been indirectly
estimated at 8.9 eV [23-25]. More recently, it has been
semiempirically determined using the magneto-optical
Faraday rotation effect and the measurement of the Verdet
constant [26-28]. Values ranging from 8.3 to 9.2 eV have
been obtained and a mean value of 8.7 eV then proposed [8].

Another approach, semiempirical and elaborate, has been
recently developed by Coe et al. [29]. It is based essentially
on various experimental hydrated-electron-cluster data and
on the knowledge of thermodynamic quantities, especially
the hydration energy of OH. The role of the water reorga-
nization energy (RE) is emphasized and a value RE=1.6 eV
is estimated. The latter value permits an evaluation of the
conduction-band edge relative to the vacuum level (Vy),
namely, Vo>—0.12 eV,2 which in turn leads to E,=6.9 eV
[29]. Such a low value, however, seems difficult to conciliate
with femtosecond time-resolved measurements [10,30-36]
of eaq’—H3O+/OH geminate recombination upon various
photon excitation energies.

On the other hand, a recent direct analysis of the water
absorption spectrum in the 6-10.8 eV energy range and
subtraction of the gaussian peak centered at ~8.5 eV from
the overall absorbance curve have shown a threshold at
8.8 eV, considered to be the onset of a ‘true’ ionization of
water [9]. Such a value will be provisionally retained for E,.

In conclusion, in the light of recent data, it becomes
clearer how excess electrons can be photoproduced in liquid
water around 6—6.5 eV while a classical ionization process
would require about 2 eV more.

Note that adopting the calculated value of 1 eV for RE [8] — instead of
1.6 eV — would result in Vy=—0.72 eV, a value quite close to that obtained
on the basis of Henglein’s formulation [8].
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