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Abstract

The hydrated electron has fundamental and practical significance in radiation and radical
chemistry, catalysis and radiobiology. While its bulk properties have been extensively studied,
its behavior at buried solid/liquid interfaces is still unclear due to the lack of effective tools
to characterize this short-lived species in between two condensed matter layers. In this
study, we develop a novel optoelectronic technique for the characterization of the birth and
structural evolution of solvated electrons at the metal/liquid interface with a femtosecond
time resolution. We thus recorded for the first time their transient spectra (in a photon energy
range from 0.31 to 1.85 eV) in situ with a time resolution of 50 fs. The transient species
show state-dependent optical transition behaviors from being isotropic in the hot state to
perpendicular to the surface in the trapped and solvated states. The technique will enable

a better understanding of hot electron-driven reactions at electrochemical interfaces.



Introduction

The hydrated electron is the most fundamental ion in solution[1], a metastable structure
of water molecules interacting with a free electron. In bulk water, the hydrated electron’s
lifetime is relatively long and reaches up to microseconds in span[2], but its strong reducing
potential renders it highly reactive, and thus short-lived, in the presence of electron acceptors.
Consequently, hydrated electrons can damage DNA, create radicals and induce a plethora of
reductive reactions. Electrons in solution have been extensively studied from the standpoint of
radiobiology, radical and radiation chemistry, and charge transfer systems for their importance
in radiotherapy, physiology, catalysis and atmospheric reactions [3-6].

The hydrated electron structure and dynamics from inception to solvation are well known
in the bulk [7-11], in clusters[12-14], and at the metal/thin amorphous ice interface [15-17].
Work is also underway to better understand its behavior at the air/water interface [18-21].
In bulk water, the generally accepted model proposes that a 4- to 6-molecule solvation shell
hosts the electron in a cavity [22, 23] with a radius of gyration (r,) of ~2.45 A[1]. Acontested
alternative noncavity model suggests that the bulk hydrated electron resides in a volume of
increased water density [24]. The hydrated electron at the metal/liquid water interface is,
however, much less well understood presumably because of the lack of suitable experimental
characterization tools for such an environment.

Assuredly, the electrified metal/electrolyte interface[25, 26] is highly relevant to tech-
nological systems—e.g. batteries, fuel cells, Grétzel’s cells, etc.—that rely on heterogeneous
electron transfer (HET) [27, 28] to store and convert energy or to carry out electrochemical
reactions. "Improving such devices requires to understand the mechanism by which the elec-
tron moves across the solid/liquid interface. However, such a task is extremely challenging as
the charge transfer dynamics are exceedingly short, on the femto- to picosecond time scale.
Conventional electrochemical methods, such as those based on potential sweep or impedance
measurements, may access the time scale of tens of nanoseconds to the best[29, 30], which
may be sufficient to address the mass diffusion problems. They are, however, unfit to provide
the desired dynamical information on ultrafast time scales (<K picoseconds), on which hot elec-
tron relaxation, solvent reorganization and photoexcited isomerization take place. To study

these processes, an integration of ultrashort laser pulses and electrochemical control has the



potential to grant access to the relevant time scales, provided that several significant obstacles
can be resolved.

From an experimental perspective, elucidating the mechanism of electron transfer under
steady-state nonequilibrium conditions is generally not possible: a perturbation experiment
is in fact required, in which the electron transfer is triggered at a well-defined time and the
electrochemical interface is characterized with a high time resolution as the system returns
to steady-state [31]. However, performing such an experiment with a conventional electrical
detection scheme also has a limited time resolution, which is set by the RC value of the system,
i.e., > nanoseconds, regardless of the electrical or optical trigger length [32-37].

To investigate with higher time resolution the ejection of an electron from a metal and
the formation of a solvated electron, several groups have characterized model systems in UHV,
i.e., solids with few monolayers of ice, using femtosecond optical pulses to initiate the electron
transfer and femtosecond-resolved photoemission measurements as a probe [38, 39]. While
this approach on model systems yielded important and interesting developments, we need to
perform measurements with a similar time resolution under operando conditions to appropri-
ately characterize the reactions at the electrified electrochemical interface. Unfortunately, the
thick liquid layer covering the buried interface precludes direct application of UHV surface sci-
ence techniques in which electrons or atoms are probes. Moreover, purely optical techniques
often suffer from interfering signals from the metal surface charge dynamics: the pump pulse
both perturbs the metal surface electronic structure and causes an electron transfer, making the
deconvolution from the sought-after signal difficult. In part because of those challenges, there
are no reports of the spectral observables that offer insight into the structure of the hydrated
electron at electrochemical interfaces.

We have developed a surface-sensitive optoelectronic technique for the synthesis and
detection of hydrated electrons at the electrode/electrolyte interface that gives access to
the interfacial dynamics from birth to the solvation of the electron species. This method
reveals not only the transient spectra of different interfacial hydrated electron states, from
the terahertz/mid-infrared (THz/MIR) to the near-infrared (NIR) spectral region, but also
the polarization properties of the transient species. Because the method demonstrated here is
quite general, we expect it to find wide applicability in the study of the structure and dynamics

of short-lived ionic species at electrochemical interfaces.



Experimental Section

Details of the ultrafast photovoltage measurement scheme can be found in the Supp. Info. In
brief, through excitation by a repeated ultrashort UV pulse (1 kHz, 267 nm) with a fluence
of ~ 0.6 mJ / cm?, electrons are ejected from the electrode into the solution using the
photoelectric process. This creates a photovoltage AV;, which can be measured using a
conventional potentiostat, that reaches a stationary value after 20-30 min as governed by mass
transport and the cell geometry. A second pulse of lower photon energy (same repetition rate)
is used to perturb the stabilized system at a variable ultrashort time delay. A photovoltage
change AV, is induced that depends strongly on the photon energy of the 2" pulse and the
delay between the two pulses. Measuring and extracting AV, for a series of delay values yields
a trace reflecting the ultrafast hydrated electron dynamics at the electrode interface.

The UV pulse at 267 nm (4.64 eV) is generated by tripling a 800 nm (1.55 eV) pulse in a
p-barium borate (BBO) crystal. The Gaussian full width at half maximum (FWHM) of the UV
pulse is ~ 110 fs after transmission through the lens, window and water layer overlying the
sample (see Supp. Info.) Various combinations of an optical parametric amplifier (OPA) and
a noncollinear difference frequency generation accessory (nDFG) were used to obtain pulses
of different photon energies for the second pump (see the Supp. Info. for details). The second
pump pulses had an estimated Gaussian FWHM of ~ 80 fs. The second laser pulse is delayed
with respect to the first pulse by times ranging from -4 to 100 ps, such that a full delay trace is
created at every photon energy. The UV-induced bleaching of the nonresonant sum-frequency
generation (SFG) signal of the gold surface, generated by mixing a 1.55 eV beam with the
second pump beam, is used to define the position of time zero.

The spectroelectrochemical cell is depicted in Fig. S2 of the Supp. Info. Three electrodes
(auxiliary, pseudo reference and working electrode) were patterned on a quartz plate of
45 mm in diameter by electron beam evaporation resulting in a 5 nm chromium adhesion
layer overlain by 200 nm of gold. Copper foil stripes electrically connected the gold pads
to the potentiostat. The cell is capped with a CaF, window of 25 mm in diameter, that has
been drilled with two holes to allow for the flow of electrolyte (~ 6 uL /s, maintained by a
peristaltic pump). A spacer of polytetrafluoroethylene (PTFE, 50 um thick) sets the height
of the cell’s inner chamber for a volume of approximately 6 uL, such that absorption of light

by the liquid phase is minimized. For the electrolyte, we used a solution of 0.5 M Na,SO, in
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Figure 1: (a-b) The photovoltage change AV, versus the delay time. (a) At delay times smaller
than 4 ps. (b) At longer delay times, up to 100 ps. Red dashed traces show the best fit of the
three-level hydrated electron model, while the thin blue line show the position and width of
the UV pump pulse. (c) The photovoltage change AV, sliced at different delay times, presented
against the second pump energy. Top panel: At negative delay times. Bottom panel: Positive
delay times. Inset: Zoom of the region around the shoulder at 1.55 eV. The gray bands delimit
a region where Laenen et al. found strong mid-infrared absorption bands due to e™:(H,0),
and OH:e™ precursors [40].

deionized water (18.2 MQ - cm, Millipore), degassed by bubbling N, for at least 30 min prior
to the experiment. The photoinduced electrode potential was measured in open circuit mode
(open circuit potential, OCP) and corrected for the pulse energy of the first and second pulses

and water absorption coefficient at the second pulse wavelength (see Supp. Info.)

Results and Discussion

Fig. 1(a) presents the photovoltage change AV, (induced by the 2" laser beam) as a function
of the time delay between the two pulses for a range < 4 ps. At a second pulse photon energy of
0.31 eV [4 um in wavelength, upper panel of Fig. 1(a)], we observe a rapid rise, but the signal
decays almost as fast reaching a null intensity in about 500 fs. As we tune to higher second
pulse photon energies, e.g., 1.55 €V [800 nm in wavelength, lower panel of Fig. 1(a)], the rise

is delayed by 50-100 fs, the signal decays much slower and it persists for tens of picoseconds



[Fig. 1(b)]. The dynamics traces for all second pulse photon energies used are shown in the
Supp. Info. (Fig. S6).

Fig. 1(c) shows the transient, coarse spectral profile of the response of the electrode/electrolyte
interface excitation from its inception to its stabilization with the change in photovoltage, AV,
plotted as a function of the energy of the second pump. The figure is created by slicing the
dynamics data for a set of representative delays, with negative delays in the upper panel and
positive delays in the lower panel. Before the arrival of the first pump pulse (e.g., at -1 ps),
we observe a null response (diamonds, dark blue). The onset of the UV-induced excitation
is marked by the rapid rise of a component in the mid-infrared region that culminates at
~+0.1 ps [upward facing triangles, orange, Fig. 1(c), lower panel]. The rise is followed by
a signal decay that is almost as fast, reaching a null intensity in less than 1 ps. This compo-
nent is a broad feature whose maximum intensity clearly lies at photon energies below our
measurement window. Similar spectra in the far- to mid-infrared were observed previously in
bulk water experiments [7, 11, 41] and attributed to photon absorption of delocalized excess
electrons prior to localization.

The broad feature also shows a shoulder that concomitantly appears at ~ 1.55 eV (800 nm)
[inset of Fig. 1(c)], continues to grow until approximately +0.25 ps, and then starts to slowly
decay. A small residual of the shoulder is still observable even after 100 ps, while AV, for
the other energies has already returned to zero. The feature appears at energies close to, but
slightly lower than, the reported p < s transition of the solvated electron at 1.72 €V (720 nm)
in bulk liquid water [7], and much lower than gold’s interband transitions (2.38 eV) [42].

In a simplified portrait, the delocalized hot electron population in the water conduction
band would yield a Drude-like optical response in the THz/MIR region of the electromagnetic
spectrum, and hydrogen-like localized electrons would behave as particles-in-a-box, with the
p < s transition resonant in the near-infrared region. The low and high energy features in our
experimental spectra [Fig. 1(c)] thus closely coincide with the optical transitions of the bulk
localized solvated electron and its precursor states[7, 8, 11, 43, 44]. Thereby, here we propose
that the resonant species at the electrode/electrolyte interface is the hot electron synthesized
by the UV pulse, and that we follow the localization and relaxation to the solvated state.

In our experimental configuration, we envision two ways in which incident photons
can be transduced into a photovoltage: by heating the metal and creating a temperature

gradient at the metal/solution boundary (such as in temperature jump measurements [45—



47]), or by injecting uncompensated charges in the electrical double layer (EDL), which
acts as a capacitor[32]. In order to prove that the observed photovoltage AV, is related to
photoinjection and not to the metal film heating, we conducted an experiment where the UV
(4.64 eV, 267 nm) first pump was replaced by a blue (3.10 €V, 400 nm) pump beam of equal
power such that photoinjection would be attenuated, while a hot nonequilibrium electron
population would still be generated in the metal [Fig. 2(a)][42]. In the metal film heating
scenario, the effects of the two colors on the system should not differ dramatically. The 267 nm
pumped signal is displayed in the lower panel of Fig. 2(b), where a photovoltage increase of
7-9 mV is observed when the shutter of the second pump beam (0.31 eV) is open. In stark
contrast, the 400 nm pumped signal (upper panel) is barely modulated by the second pump
shutter actuation. As sketched in Fig. 2(a), we deduce that metal electrons excited by 3.10 eV
photons are unable to efficiently reach the water conduction band, or any other solution-side
acceptor states, while UV pumped electrons are imparted with enough energy to do so and
thus that the measured photovoltage arising from the spatial and temporal overlap of two
pulsed beams is result of photoinjected charges in solution.

We further argue that the observed change in photovoltage AV, (Fig. 1) caused by the
second pump beam involves a resonant excitation at the electrochemical interface subsequent
to the photoinjection produced by the first pump beam. Other potential contributions (such as
further photoinjection from the electrode, photoejection of charge carriers from the aqueous
interface to the electrode, and also the metal’s optical properties thermomodulation) can be
ruled out from the 2™ pump photon energy-dependent dynamics, relative signs of the signal,
as well as the power- and polarization-dependent results (see the Supp. Info. for details).
Accordingly, the second pulse photons are absorbed by species located at the interface with a
cross section that is proportional to the transition probability. The relaxation back to ground
state then releases the extra energy to the solvent and thus locally raises the temperature,
inducing a photovoltage from the temperature gradient at the metal/solution boundary.

Our results suggest that we measure for the first time the transient spectra of the hydrated
electron and its precursors at the gold/water interface using the two-photon excitation—
photovoltage detection scheme. Because the structure, structural dynamics and relative
permittivity of electrolyte solutions at an electrode boundary differ dramatically from those
of the bulk solution, one might expect that the solvated electron’s dynamics and structure

should differ as well. Indeed, as shown below, our optoelectronic technique reveals one such
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Figure 2: (a) Schematics of gold’s DOS and water’s CB with the optical transitions enabled by
UV (4.64 eV) and blue (3.10 eV) photons. (b) Comparison of the photovoltage when the first
excitation pulse is changed from UV (bottom) to blue (top). The second pulse’s photon energy
is 0.31 eV in both cases. A polynomial baseline has been removed from the traces to facilitate
comparison. The red stripes show the times during which the shutter is open and the second
pulse impinges on the electrode.
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Figure 3: Comparison of the photovoltage with respect to incident polarization of the second
pulse for two energies (0.31 and 1.55 €V) at a time delay close to 0 with a first excitation pulse
energy of 4.64 €V and p polarization. A baseline has been removed from the traces to facilitate
comparison. Vertical double arrows indicate that the second pulse incident polarization is p,
and horizontal, s. The red and blue stripes show the times during which the shutter is open
and the second pulse impinges on the electrode.

difference with the bulk properties: different states of the hydrated electron actually display
distinct polarization properties when interacting with light.

To elucidate the interaction of the transient species with the substrate, we conducted
polarization dependence measurements of the photovoltage induced by the second pump beam
at 0.31 and 1.55 eV photon energies. The delay condition was set independently in order to
maximize the signal for each second pump beam photon energy (~0 at 0.31 eV, ~+0.25 ps
at 1.55 eV). As shown in Fig. 3, a small change (~ 1 mV) of AV, is observed for the 0.31 eV
laser upon the polarization change from p (red vertical arrows) to s (blue horizontal arrows).
In comparison, AV, measured in the same conditions, but for a second pump beam at 1.55 eV
(lower panel), is almost entirely attenuated in the s polarization state, with a possible small
negative component appearing upon the change of polarization. The disparity between these
experiments can be rationalized as the nature of the optical transitions taking place at the metal
surface for different types of interfacial species as will be discussed in detail below. However
the presence of an anisotropic response contrasts strongly with the isotropic feature observed
for equilibrated hydrated electrons in the bulk (a response typically attributed to the sphericity
of the cavity [48]).

The hydrated electron properties at electrochemical interfaces have been discussed early
on[49] after the report of the solvated electron’s bulk spectrum[43], but limited by the
available tools, conclusions were largely speculative. Here, combining femtosecond laser

pulses and photovoltage measurement, we measured the transient spectra of interfacial
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Figure 4: (a) Schematics of the proposed molecular kinetics model. (b) Evolution of hot,
trapped and solvated electron populations. Inset: Zoom near origin. (c) The absorption
coefficient for the three electron populations in solution.

hydrated electrons and their polarization dependence, hence providing essential information
to establish a molecular picture of the hydrated electron’s evolution from synthesis to decay.
The similarities in the spectra of hydrated electron at the electrochemical interface and those
in the bulk and at the metal/ice interface in UHV support a similar relaxation process to the
ones in those systems, with intriguing differences described below. In brief, at the metal/ice
interface the first step in the photoinjection of electrons from the metal is the creation of
hot electrons, right after the transfer, while a small proportion may directly reach preexisting
traps[15]. From that hot electron population, a large portion will rapidly return to the
electrode (~85% [50]), but the remaining fraction (~ 15%) is now in a delocalized state in
the aqueous medium. In bulk liquid water, the hot electron will first localizes in an excited
p state and subsequently relaxes via an internal conversion (IC) step to a modified s state in
a nonadiabatic manner[14]. Reorganization of the surrounding solvent molecules completes
the relaxation.

Following these works, here we also adopt a three-level hydrated electron model to fit our

results that is depicted in Fig. 4(a) and is fully described in the Supp. Info. Tentatively, the state

Sy is assigned to gold’s ground state “Au”, S; to gold’s nonequilibrium athermal state “Au*”, S,
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to hot electrons in the water conduction band “CB”, S5 to hydrated electrons in the trapped

“ . — ”

” and S, to the solvated state €aq) *

“—

state “e( ., Electrons are injected from the Au* state into
the electrolyte with a time constant t,. The great majority of these electrons reach the CB

state. A minor fraction (1—{) is directly injected to the earap state (wet electron) [15, 17]; we

)
estimate { to be approximately 0.98. Although there is currently no report of preexisting trap
states in liquid water, the appearance from time zero of the shoulder at 1.55 eV in Fig. 1(c)
suggests that a similar process happens in the liquid phase at the interface. This is plausible
since it is known that the hydrogen bond lifetime in bulk liquid water is ~ 2.5 ps[51]. While
interfacial water molecules may perform libration motions during the 250 fs initial period
in which the peak intensity at 1.55 eV continuously grows, it seems unlikely that significant
changes would occur in the water network structure. Finally, the hot, trapped and solvated
electron populations are related to the measured signal AV, through absorption coefficients,
a; with i = 2,3, 4.

The results of the fits are shown in Fig. 1(a) and (b) as the red dashed lines and in the
Supp. Info (Fig. S6). The model describes well the experimental data at all energies for a
common set of parameters. The sharp initial transient is mainly caused by the hot and trapped
electron populations in the electrolyte [red and green traces, respectively, Fig. 4(b) ], while the
persisting, slowly decreasing signal is due to the decaying solvated electron population [blue
trace, Fig. 4(b)]. The corresponding lifetimes are determined to be Tt; ~ 140 fs, T, ~ 820 fs
and t3 ~ 51 ps for IC, solvent reorganization and slow population decay, respectively. As
depicted in Fig. 4(a), the solvated electron population (S;) has two possible loss channels
lumped into T4: recapture by the electrode or oxidized species from the solution, and transport
outside of the EDL into the bulk. In the bulk, the solvated electron diffuses by ~0.3 nm in
10 ps (diffusion constant ~ 4.75 x 10™> cm?s™!) [52]. This distance being comparable to

the solvated electron radius and the average hydrogen bond length, the transport channel’s

contribution is likely negligible.

(trap)? i.e. Sy, state lifetime (820 fs) matches the reorientation dynamics

Interestingly, the e
of the free (non H-bonded) water —OH at the air-water interface [53]. Further studies along
this line may provide insight into the interface-specific mechanisms of electron localization.
From the fits, we also obtained the effective spectra of the hydrated electron at different states

[Fig. 4(c)] (see the Supp. Info. for a discussion of the center energy and FWHM of the spectra).

The spectrum a, (top panel), which belongs to the state S,, can be understood as a Drude-
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like optical transition, while the spectra a; (middle) and a4 (bottom), assigned to the states
S3 and S,, respectively, are consistent with p < s optical transitions. These physical models
explain well the polarization behavior in Fig. 3, where the photovoltage is mostly independent
of polarization at a 0.31 eV photon energy, but displays a significant dependence at 1.55 eV.
This is because Drude-like transitions involving a population uncoupled to the substrate are
mostly isotropic, and the p « s transitions of populations in proximity with the electrodes

display anisotropy due to image dipoles in the metal (dipole cancellation rule).

(cap) 204 €5

species, i.e. the S3 and S, states, (~ 1.5 eV) appears at a significantly lower photon energy

It is noteworthy that the center energy of the spectral response of the e

than reported in the bulk (1.7 eV). Such a decrease may be due to the displacement of the
absolute energy of either or both the ground and excited states of the solvated electron by
the proximity of the highly polarizable gold electrode and a low density water network in
the presence of the electron. Furthermore, as pointed out above, the dipole cancellation rule
at the metal surface allows only the p, suborbital as optically active. The observed lower
energy maximum may thus be due to the splitting of the p suborbitals [48, 54, 55] by solvent
polarization and an incomplete solvation shell.

Upon close inspection of the spectra in Fig. 1(c), an isosbestic point at ~1.24 eV (1 pm)
can be found between 0 and +0.25 ps. This points to the transformation from state S, to
states S and/or S,. Does the hydrated electron evolve smoothly from the hot to the solvated
states, adopting a continuum of in-between states, or does it jump from one state to another
at the gold/liquid water interface? In bulk solution, work by Migus et al. [7], followed by
measurements by Eisenthal el al. [56, 57], seemed to support the latter scenario, because an
isosbestic point was observed in the transient absorption of the hydrated electron species.
Later, a time-dependent shift of the spectral weight from the low to high energy was confirmed
first in the NIR[8, 9], then in the terahertz[11], while different intermediate species were
observed in the MIR [40]. No studies ever showed the evolution of the spectrum in one set
of experiments. Our measurements, which give access to a large breadth of the spectrum,
suggest that the discrete states model seems also valid at the metal/liquid water interface.
Further comparison with bulk data will require better spectral resolution and testing against
purely optical sampling.

Further work will address open questions regarding, notably, the actual molecular level

changes in the EDL during relaxation, the influence of the electrolyte flow and the tracking
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of the electron as it induces chemistry using a mixture of nonlinear optical and optoelectronic

approaches.

Conclusion

A novel, double optical pump, photovoltage detection method enables the observation of a
wavelength-dependent time-resolved response after excitation by an ultrafast UV pulse of
a polycristalline gold electrode immersed in an aqueous electrolyte. The spectra provide a
window on the interfacial solvated electron and its precursor states. A kinetic model with three
electrolyte-side levels, i.e., hot, trapped and solvated electron states, produces a satisfactory fit
of the dynamics. Fitting the model to the data yields lifetimes (convoluted with the oxidation
by the electrode) of the hot electron of t; ~ 140 fs, the trapped electron of T, ~820 fs
and the solvated electron (at the electrode) of T3 ~51 ps. An isosbestic point near 1.24 eV
is observable at short time delays, consistent with the transformation of electrons from a
localized state to a trap state. The hot and trapped states exhibit significantly different dipole
properties: the hot electron state is isotropic and the trapped electron state is anisotropic
with a transition dipole perpendicular to the surface. In contrast with conventional electrical
methods, the optoelectronic technique thus provides the means for the study of hot electron-
driven processes at the electrified metal/electrolyte interface, and gives access to unique
energy- and time-resolved information about charge transfer mechanisms and interfacial
chemistry. Granting access to the hydrated electron’s birth and stabilization, our approach
offers a promising pathway—observing its structure and dynamics evolution with respect to
the substrate material and geometry, and the electrolyte nature—to advance the fundamental

physics and chemistry of photoelectrocatalysis.
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