Direct Observation of the Collapse of the Delocalized Excess Electron in Water
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It is generally assumed that the hydrated electron occupies a quasi-spherical cavity surrounded by
only a few water molecules in its equilibrated state. However, in the very moment of its generation
before water had time to respond to the extra charge, it is expected to be significantly larger in
size. According to a particle-in-a-box picture, the frequency of its absorption spectrum is a sensitive
measure of the initial size of the electronic wave function. Here, we show with the help of transient
terahertz spectroscopy that it initially absorbs in the far-IR at a frequency for which accompanying
ab initio molecular dynamics simulations estimate an initial delocalization length of ≈40 Å. The
electron subsequently shrinks due to solvation and thereby leaves the THz observation window very
quickly within ≈ 200 fs.

One of the simplest transient species, the hydrated,
or aqueous electron (e−
aq ), is a highly reactive intermediate and as such an important entity for example in
radiation chemistry [1, 2]. But, perhaps even more compellingly, e−
aq is the simplest case of a quantum particle
in a complex chemical and thermal environment; an object of great fundamental interest that has challenged
researchers since it’s discovery [3, 4]. To appreciate the
system in full, it is vital to understand the initial steps
from the photodetachment to the e−
aq formation. Femtosecond pump-probe experiments have been used to unravel details of the equilibration processes following the
trapping by the solvent [5–12]. In addition, picosecond
measurements on the recombination kinetics of e−
aq have
described the ejected electron’s migration lengths from
its geminate partners [13–22]. These studies evoke a picture of an excess electron that is at first delocalized in the
conduction band and then localizes to the hydrated electron e−
aq within about a picosecond. According to a simple particle-in-a-box picture, such a localization should
be accompanied by a shift in the absorption spectrum
from potentially the THz or even GHz regions over the
mid-IR to the VIS spectral range. The latter stages of
this process have indeed been observed by femtosecond
pump-probe experiments in the mid-IR [9–11, 23, 24] or
NIR/VIS regime [10, 14, 24], but the initial frequency at
which this process starts, which is directly related to the
initial degree of delocalization of the excess electron, has
not yet been explored.
According to the current knowledge, there exists a
threshold in the photodetachment between molecularbased mechanisms and bulk excitation to delocalized
states [17, 21]. With high enough energies given to
the ejected electron, the conduction band can be directly reached, leaving the nuclear positions unchanged.
Given the inhomogeneity in the water hydrogen bond-

ing network, the threshold energy for this vertical ionization mechanism is ≈9.8-9.9 eV [21], about 0.5-1 eV
below the vacuum level (it should be added however that
other works have estimated a much smaller width of the
conduction band based on an extrapolation from clusters [25]). Below this threshold, the conduction band is
not directly accessible and eaq is formed via mechanisms
involving nuclear degrees of freedom in the sense of solvation, or directly of the excited water molecule.
The e−
aq ’s electronic structure is understood to be slike in character with the absorption relating primarily
to the s→p transition. Rossky and coworkers have pioneered this picture based on pseudopotential calculations [26], revealing a e−
aq that occupies a quasi-spherical
cavity with a radius of about 2.5 Å surrounded by 4-6
water molecules. Recent ab initio molecular dynamics
simulations show that e−
aq has a rather complex structure. Its largest part resides in a cavity, however, there
is also a sizeable diffuse part, as well as a significant part
that overlaps with the surrounding water molecules. [27]
This picture is somewhat in between the consensus based
on most of the pseudopotential calculations [26, 28] and
a rivaling new pseudopotential model, predicting a significantly larger size of a strongly delocalized hydrated
electron even in the equilibrated ground state. [29, 30]
Note that an ab initio molecular dynamics approach by
construct accounts for more quantum electronic structure
effects than pseudopotentials, with the latter being also
more prone to potential parametrization artifacts.
The THz response of a solvated electron has been exploited before, however only in n-hexane, in which solvation is so weak that the electron remains delocalized for
very long time [31]. Here, we extend the concept to water. That is, we present direct evidence of a delocalized
electron right after photoionization using optical-pumpTHz-probe spectroscopy, which is very short-lived, and

2

I.
A.

RESULTS
Experimental

Fig. 1 shows the THz response of the excess electron in water as a function of the pump-probe delay
time tpp , with the THz scanning time tTHz kept fixed
to the peak of the THz probe field. Pump pulses at
266 nm, 400 nm and 800 nm were used with irradiances
of 0.08 TW/cm2 , 0.3 TW/cm2 and 1.9 TW/cm2 , respectively, which resulted in e−
aq concentrations of 20 µM,
110 µM and 65 µM, as determined from accompanying
experiments using a 800-nm probe pulse (Supplementary
Figure 4) [32]. While it is well established that 266 nm
and 400 nm pumping generates e−
aq by multiphoton processes, photolysis of neat water with 800 nm (1.54 eV)
pulses has been explored much less [33, 34], because the
ionization process is not nearly as well characterized in
this case. The matching irradiance dependencies of THz
and NIR responses shown in Supplementary Figure 2
prove that the THz signal indeed originates from excess
electrons for all pump-wavelengths. The 266 nm and
400 nm pump data follow the expected second- and thirdorder power laws [24, 35], whereas the 800 nm pump signal depicts a threshold behavior with ≈1 TW/cm2 as
the onset of ionization. Such a threshold behavior indicates that a strong-field ionization rather than a multiphoton mechanism is behind the photo detachment with
800 nm photons, in accordance with the conclusions from
Ref. [34]. Also the signal drop with circularly polarized
pump light shown in Supplementary Figure 3 provides
strong evidence for that interpretation [36].
Geminate recombination of e−
aq proceeds in a diffusive
manner and hence is a measure of the initial delocalization length, which in turn has been shown to depend
on the excitation energy [14, 18–21, 37, 38]. Supplementary Figure 4 shows the recombination kinetics measured
for 266-nm, 400-nm and 800-nm pumping, respectively.
Comparing the recombination kinetics with Refs. [20, 21],
we estimate that 800-nm pumping result in an effective excitation energy of 12.4 eV and an average ejection
length of ≈38 Å. At this energy the electron reaches the
conduction band vertically [19], or even states above the
vacuum level (which we expect to relax very quickly in
bulk solution).
With that in mind, we return to the discussion of the
THz response (Fig. 1). During the first few hundred femtoseconds, the THz responses for all pump-wavelengths
exhibit a fast rise to a peak value and a subsequent decay
(Fig. 1a). The 800 nm pump trace has the largest ampli-
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follow its localization upon solvation. Corresponding ab
initio molecular dynamics simulations capture the subsequent stages of electron localization, bridging thus the
domains of the present time-resolved THz measurement
with the previous ultrafast experiments in the mid-IR to
VIS spectral regimes [9–11, 14, 23, 24].
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FIG. 1: The THz response to photoionization of neat water.
(a) 800 nm pump (red triangles) with a single exponential fit
(200 fs, red line), 400 nm pump (blue squares) and 266 nm
pump (black circles). The 400 and 266 nm pump traces are
scaled to the e−
aq concentration in the 800 nm pump measurement. inset: Spectral signature of the excess electron
upon 800 nm pumping deduced from a 2D scan. This initial
spectrum peaks at about 1.5 THz. (b) The long time THz response with 800 nm pump (red, scaled by factor of 11) stays
constant whereas the response probed at NIR shows clearly
the geminate recombination kinetics (green).

tude and an initial decay with a time constant of ≈0.2 ps
down to a small offset that remains constant until the
end of the scanning range (Fig. 1b, red). The asymmetric
shape of the initial signal indicates that the decay is not
instrument response limited. The 266 nm pump trace,
in contrast, initially exhibits an much sharper, symmetric spike, which we consider to represent the instrument
response. The long term offset decays gradually afterwards. The 400 nm pump trace depicts an intermediate
behavior having some sub-ps decay after the instrument
response limited peak. With respect to the initial evolution of the ejected electron, the 800 nm pump data is the
most conclusive and we will focus our discussion on it.
The inset of Fig. 1a shows the spectral signature of the
water response upon 800 nm pumping, which has been
extracted from a full 2D data set along both the pumpprobe delay time tpp and THz scanning time tTHz (see
Supplementary Figure 5 and Supplementary Information
for details) [39, 40]. The spectral response shows a broad
band peaking at ≈1.5 THz with a long tail towards larger
frequencies. In essence, the band shown in the inset of
Fig. 1a decays according to the red line of Fig. 1a, while
the sensitivity of the method to details of the data does
not allow us to extract an additional time evolution of
the spectral response as it decays.
The THz response could either be of electronic nature
or due to a change in the nuclear spectrum of a perturbed
water network. For example, the change in the molar extinction coefficient of water induced by dissolving NaCl
is ≈10−2 mM−1 cm−1 [41]. Assuming that e−
aq and the
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geminate partners have a similar effect on the THz water spectrum, the induced absorption change would be
as small as <0.05 mOD at the concentration of e−
aq generated in our experiment; several orders of magnitude
smaller than the detected signal. The temperature jump
induced by the pump-process also disturbs the water network to a certain extent, but we estimate a temperature
jump of ≈0.2 ◦ C, which in turn would result in an increase of THz water absorption of about ≈0.4 mOD [42],
again not sufficient to explain the detected signal peaking
at about 27 mOD.
On the other hand, the ≈1 mOD signal size of the
long-time offset (Fig. 1b, red) is in fair agreement with
our estimate of a temperature effect. Indeed, that signal stays constant in time up to 300 ps, as expected
for a temperature jump, whereas the NIR-probe signal
(Fig. 1b, green), which probes geminate recombination
of e−
aq , does decay by a bit. It should however be mentioned that a long-time signal is also observed for 266-nm
and 400-nm pumping, which is larger and not constant
in time but rather parallels geminate recombination, so
it cannot be exclusively due to heating. The effect is currently not understood and likely is related to the smaller
ejection length and different detachment mechanisms at
these pump wavelengths.
Nonetheless, the large amplitude of the initial THz signal upon 800-nm pumping can only be explained as an
electronic response. The signal size of the initial peak for
THz probing and that observed after equilibration in the
NIR regime are of similar magnitudes (i.e., ≈27 mOD
and 7 mOD, respectively, see Fig. 1a and Supplementary
Figure 4). This equivalence is expected for a particle-ina-box description with an oscillator strength f ∝ ν|µ|2 ,
whose transition frequency ν scales as 1/rg2 (where rg is
the dimension of the box) and the transition dipole µ as
rg . Hence, as the initially delocalized electron localizes,
its frequency and thus its size varies over a wide range
(by factors 300 or 0.06, respectively), while its oscillator strength stays constant (within a factor 4). Another
interesting aspect of the THz response is the complete
lack of anisotropy (see Supplementary Figure 3) indicating that the ejected electron has spherical symmetry from
the very beginning as expected for a s-like wavefunction.

B.

Computational

In order to aid the interpretation of the experiment
and to put it onto more quantitative grounds, we modeled the localization process with ab initio molecular dynamics (AIMD) simulations. An averaged time evolution
of rg and the lowest excitation energy are shown in Fig. 2
together with the mean deviations. An exponential fit of
the averaged rg reveals a time constant of 1 ps. At the
moment of electron attachment to the neutral water system, the excitation energies for the excess electron are
strongly red-shifted compared to the optical absorption
of a hydrated electron in equilibrium. However, as the ex-

FIG. 2: Averaged radius of gyration rg (blue) and lowest
excitation energy (green) of an excess electron attached to
neat water system as a function of time. Data are calculated every 50 fs using TD-DFT and are presented together
with shading depicting the corresponding mean deviations
and an exponential fit with a 1 ps time constant (dashed line).
Three exemplary snapshots along a representative trajectory
are presented on the top of the graph with isosurfaces of the
spin density shown in blue (transparent at 0.0001 and opaque
at 0.001 Bohr−3 ).The QM water molecules are shown in an
opaque licorice representation and MM water molecules in a
transparent licorice representation.

cess electron localizes and shrinks, the optical spectrum
converges to that of a hydrated electron.
The maximum size of the attached electron in our simulations is limited by the size of the QM subsystem to
roughly 7 Å. The simulations thus aim at filling the gap
between the initially strongly delocalized electron absorbing in the THz region and the (practically) localized electron probed in the NIR spectral region. In order to get
even closer to the experimentally measured absorption
in the THz region, additional electron attachment calculations to neat water systems with larger QM subsystems (either 64 QM and 960 MM H2 O, or 256 QM and
3886 QM H2 O) have been performed. In this case, we
recorded only the initial size (t = 0) of an excess electron
attached to snapshots sampled from 6 trajectories of neat
water covering almost 30 ps, yielding electron sizes in the
range of 6-10 Å.
Fig. 3 depicts the first excitation energy plotted against
the rg of the excess electron from all the above simulations. The dependence reminds of the behavior of a
particle-in-a-box system. We have, however, shown previously that the hydrated electron is of a much more
complex nature. [27] Nevertheless, it is still possible to
fit the data accurately using a particle-in-a-box formula,
i.e., the a/rg2 relationship, which indicates that this behavior of the hydrated electron is rather robust with re-
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FIG. 3: Correlation between radius of gyration rg of the spin
density and first excitation energy (blue dots). Red line shows
fit of data to a/rg2 with a = 10.5 eVÅ2 (covariance σ = 2 ·
10−3 eVÅ2 ). This fit is very close to that using parameters
for a 3D particle-in-a-box with the mass of an electron (see
Supplementary Information, Sec. II.B and Supplementary
Figure 6) Inset depicts same data with extended rg axis and
correspondingly extended fit curve (dashed).

spect to the particular model employed for its description [28]. The present fitting allows us to extrapolate to
size and excitation energy ranges which are not directly
accessible to the AIMD simulations. Although the simulated data exhibit a certain spread, they can clearly be
fitted to a straight line in the log-log plot and faithfully
extended to electron sizes pertinent to the THz region.
From such an extrapolation, the radius of gyration of an
excess electron with a first excitation energy of 1.5 THz,
as determined experimentally (Fig. 1a, inset), would be
about 40 Å (see fit in Fig. 3). It is remarkable that this
number is very close to the ejection length, which has independently been estimated from the recombination kinetics (see Supplementary Figure 4) along the lines of
Ref. [21].

II.

DISCUSSION

The picture that emerges from our combined
experimental-theoretical study is schematically depicted
in Fig. 4. The initially generated electron in the present
experiment is rather delocalized with a radius of at least
rg =40 Å (we cannot entirely exclude that electron delocalization is even larger at the very moment of the photoionization event). It is reasonable to assume that the
initially generated electron is essentially centered around
the ionized water molecule (Fig 4a). The water molecules
then solvate the electron, and its size shrinks considerably. If the probability to get trapped at a particular
position is proportional to the initial electron density,
then the mean distance of the localized electron from the
origin roughly equals to its original radius of gyration
(Fig. 4b), explaining why initial delocalization length and

FIG. 4: A schematic depiction of the excess electron formation
and localization process in water. (a) The ejected delocalized
excess electron (in gray) with radius rg , (b) collapse of the
electron wavefunction, which will result in an average ejection
length rg , and (c) diffusive geminate recombination.

final ejection length are the same within error bars. During the complete collapse of the electron wave function
occurring on a 1 ps timescale (Fig. 2), the absorption
sweeps from the THz into NIR regime. That is, it leaves
our THz observation window after ≈200 fs (Fig. 1), then
appears in the mid-IR [9–11, 23, 24] and eventually the
NIR spectral range upon full solvation [10, 14, 24]. Afterwards, the hydrated electron recombines in a diffusive
process on a much slower timescale (Fig. 4c).
In conclusion, time-resolved THz spectroscopy captures the early stages of the photodetached electron and
furthermore provides a direct measure of its initial size.
The ejection length after solvation agrees extremely well
with the initial size of the electron estimated from the
THz experiment together with the ab initio molecular
dynamics simulations. To date, the only experimental
measure of the initial size of the electron has used the
geminate recombination kinetics of the e−
aq /hole pair as
an indirect ’ruler’, the standing hypothesis being that
the ejection length is directly related to the initial size
of the electron’s wavefunction [19]. However, seeing is
believing, and we can now conclude that this assumption
is indeed correct, at least in the case of above threshold
photolysis. Thus, our experimental and computational
studies paint a more complete picture of the initial steps
involved in the e−
aq formation, with the electron resonance
sweeping continuously through the spectrum from the
THz regime into the NIR regime as a the electron localizes. The work paves the way towards understanding
water’s character as a temporary liquid semiconductor.

III.

METHODS

The response of the excess electron in water was measured using a optical-pump THz-probe setup [43] with
the spectrum of the THz pulses peaking at ≈1.0 THz
and covering a bandwidth of approximately 0.3–5 THz.
For the AIMD simulations, an electron is vertically attached into the conduction band (which is 0.5-1 eV below the vacuum level according to our AIMD model) to
a neat water system of 32 quantum mechanical (QM)
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water molecules surrounded by 992 molecular mechanical (MM) water molecules with periodic boundary conditions. Data were collected from seven independent trajectories. The optical spectrum was calculated along the
trajectories every 50 fs. The size of the excess electron
during the localization was taken as the radius of gyration of the spin density (see Supplementary Information
and Supplementary Figure 1 for details).
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