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We have studied ultrafast nonadiabatic dynamics of excess electrons trapped in the band gap of liquid
water using time- and angle-resolved photoemission spectroscopy. Anisotropic photoemission from the
first excited state was discovered, which enabled unambiguous identification of nonadiabatic transition to
the ground state in 60 fs in H,O and 100 fs in D,0. The photoelectron kinetic energy distribution exhibited
a rapid spectral shift in ca. 20 fs, which is ascribed to the librational response of a hydration shell to
electronic excitation. Photoemission anisotropy indicates that the electron orbital in the excited state is

depolarized in less than 40 fs.
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A living cell exposed to high-energy particles or radiation
undergoes ionization of cell water to generate H,O" and a
quasifree electron. The former transfers a proton to a neutral
water molecule, H,O" + H,O — H;0" + OH, to produce
an OH radical, which reacts with DNA to induce strand
breaks. The latter undergoes dissociative attachment to
molecules within its picosecond lifetime before being
trapped in the band gap of liquid water. Thus, the dynamics
of electrons in liquid water are of great importance in
radiation chemistry and biology [1]. It is also of great interest
in the study of quantum physics in soft matter [2-5].

The simplest picture of an electron trapped in liquid
water [a hydrated electron; e (aq)] is a charged particle in a
spherical dielectric cavity [6]. This widely accepted picture
has been challenged [7]; however, recent calculations using
density functional theory (DFT) suggest that e~ (aq) is
indeed a cavity state, although the probability density of an
excess electron strongly penetrates into surrounding water
molecules [8-10]. The one-electron wave function of an
excess electron in the ground state (GS) is nodeless like an
s orbital, while those of the triply degenerate excited state
(ES) have a single node similar to that of p orbitals. The GS
is 3.3 eV lower in energy than the vacuum level [11-14],
and the ES, which mediates electron trapping from the
conduction band, is ca. 1.7 eV higher in energy than the
GS. Previous experimental studies [15—18] have shown that
the ES undergoes a nonadiabatic transition to the GS within
1 ps; however, neither an accurate time scale nor the
mechanistic details have been established [6]. One of the
difficulties faced in previous experiments [15-18] was that
the ES and GS could not be resolved clearly using transient
absorption and photoemission spectra. Here, we present an
alternative experimental approach that allows us to resolve
the nonadiabatic dynamics of e~ (aq) using time- and angle-
resolved photoemission spectroscopy [19].

If we use an analogy with photoemission from an atom in
the gas phase, we may anticipate different photoemission
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anisotropy for the GS and ES of ¢~ (aq), because the former
creates a p partial wave while the latter creates s and d
waves. This, however, is too simplistic a view, because a
photoelectron undergoes elastic scattering with solvent
molecules prior to emission from the surface. We have
shown in our previous study [19] that, despite its strong s
character, photoemission from the GS is isotropic, and we
have attributed this to the elastic scattering of photoelec-
trons in bulk water. Based on this result, photoemission
from the ES may also be expected to be isotropic.
Nonetheless, this expectation is wrong, as we present here.

In our experiment, an aqueous NaBr solution was
discharged into a photoelectron spectrometer from a fused
silica capillary (inner diameter of 15 ym) at a flow rate of
0.18 mL/ min to create a laminar flow. Three laser pulses
illuminated the laminar flow 1 mm downstream from the
nozzle at a repetition rate of 50 kHz. The liquid temperature
is estimated around 278 K. The first pulse (w;, 200 nm,
3-10 nJ) generated e~ (aq) in the GS via a charge-transfer-
to-solvent reaction from Br~ to bulk water. The second
pulse (@, 700 nm, 240-320 nJ) optically excited e~ (aq) to
the ES. The third pulse (w3, 350 nm, 60-100 nJ) induced
photoemission of e~ (aq) from the ES and highly vibra-
tionally excited states in the GS; the photon energy of ws
(3.54 eV) was only slightly larger than the vertical binding
energy (VBE) of e~ (aq), so that almost no photoemission
was induced from the GS at equilibrium. The cross-
correlation between @, and @; pulses was estimated to
be 55-80 fs, depending on the condition of the laser. The
@, pulses were delayed with respect to w; by 200 ps to
thermalize e~ (aq) prior to the pump (w,) and probe (w3)
measurements. The polarization direction of @; was
perpendicular to the electron detection axis of a time-of-
flight (TOF) electron energy analyzer in all measurements.
The polarization directions of the @, and @; pulses,
indicated by 6, and 6#; in Fig. 1(b), were varied
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FIG. 1.
geometry.

(a) Schematic energy diagram and (b) experimental

independently using half wave plates. In measurements of
photoemission anisotropy, the photoionization region of the
apparatus was maintained field-free, and photoelectrons
were sampled using a 1-mm diameter skimmer placed at
2 mm from the liquid surface. The TOF energy analyzer
had an electron flight path of 1.2 m, and electrostatic lenses
placed in the flight tube collimated the electron trajectories
and directed them to the detector. Thus, the detection solid
angle (0.18 sr) was primarily determined by the entrance
skimmer. The energy resolution of the analyzer was
40 meV. The TOF spectrum was measured using a
multichannel scaler. In the following discussion, the
pump-probe delay time (At,3) refers to the time interval
between pulses @, and w;. We also performed angle-
integrated measurements by adding a SmCo permanent
magnet in the ionization region and a solenoid in the flight
tube to construct a magnetic bottle [20].

In order to understand the time evolution of the photo-
electron kinetic energy (PKE) distribution, let us first
examine the angle-integrated results. Figure 2 presents
two-dimensional maps of the PKE distributions measured
as a function of Ar,3 for e~ (aq) in (a) H,O and (b) D,O; the
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FIG. 2. Two-dimensional map of the photoelectron kinetic
energy distribution measured as a function of Aty; for e (aq)
in (a) H,O and (b) D,0. The global fits to these experimental data
are presented in (c) and (d), and the differences between the data
and the fits are shown in (e) and (f), respectively. A constant has
been added to the actual delay (750 = firye + 150 fs) to shift the
entire distribution and display the data around ¢t = 0. The time
label and grids are presented for #,,.. 6, and 65 were 0° and 90°,
respectively. The cross-correlation time between w, and ws
was 75 fs.

time axis is logarithmic. In both cases, a high PKE
component (1.5-2.5 eV) appears immediately after the
@, pulse and decays in about 100 fs, and a low PKE
component with a long lifetime of about a picosecond is
also present. The entire dynamics are slower in D,O than
in H, O, indicating that electron dynamics are strongly cou-
pled with the vibrations of water molecules. Figures 2(c)
and 2(d), respectively, show the global fit for the data in
Figs. 2(a) and 2(b) using the following function,

N
1) = {Z CF() + Bexp[t/fl]} ® 9(1).
=

{ 0 (t < ty)

F) = exp[—(t —14)/7)] (ta<1)

(1)

where 7 is At,3, C and B are expansion coefficients, and 7;
and 7_; are the time constants in the positive and negative
time range, respectively. g(¢) is a Gaussian-shaped cross-
correlation function between w, and ws. The signal in the
negative time region is due to a small background caused
by the w3 — w, pulse sequence. Careful examination of
Fig. 2(a) reveals that the peak of the PKE distribution
rapidly downshifts within 20 fs due to the vibrational wave
packet dynamics of the hydration shell. To express this fast
evolution, we introduced the term 7, into Eq. (1), which will
be discussed in more detail later. The observed time profiles
were well reproduced using Eq. (1) with N =2 and the
following best-fit parameters: 7; = 60 £ 10, 7, = 520+
30, and 7_; = 180 £ 60 fs for H,O and 7; = 100 &£ 20,
7, =740 £ 130, and 7_; = 100 £ 20 fs for D,O. The 74
and 7, time constants obtained from our analysis are in
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FIG. 3. Decay-associated spectra of z; (blue, dashed line) and
7, (green, dashed-dot line) components and their sum (black,
solid line) at At,3 values of (a) 40 and (b) 400 fs determined by
global fitting using Eq. (1) with N =2 for ¢~ (aq) in H,O.

reasonable agreement with previous reports [15-18]. The
difference between the experimental data and the global
fits are shown in Figs. 2(e) and 2(f) for H,O and D,O,
respectively.

Figure 3 shows decay-associated spectra at At,; = 40
and 400 fs obtained by the global fit shown in Fig. 2. The 7,
component observed in the high PKE region is readily
assigned to ES, as it appears immediately after the pump
pulse, while the 7, component at low PKE can be assigned
to either the vibrationally relaxed ES or the highly vibra-
tionally excited GS. The assignment of the 7, component is
the key question to address in this study.

Figure 4 presents time- and angle-resolved photoemis-
sion spectra of e~ (aq) in H,O at (a) Ar,3 =0, (b) 40,
(c) 80, and (d) 400 fs. Upper and lower panels show the
results obtained using 6, being 0° and 90°, and each of eight
figures shows three PKE distributions measured using 05
being 0° (black), 54° (green), and 90° (blue). The photo-
emission intensity at short time delay is stronger for
65 = 0° than 90°, indicating that photoemission preferen-
tially occurs along the electric field direction of the probe
pulse. This accords with classical electrodynamics, which
is seen most typically in photoemission. The €5 dependence
vanishes at 400 fs, when the 7, component dominates.
Figure 4 clearly shows that the photoemission anisotropy is
associated with the 7; component (ES).

The observed distributions can be simulated using the
decay-associated spectra in Fig. 3 and anisotropy param-
eters assumed for the 7; and 7, components. The angular
dependence, 1(63), upon two-photon photoemission is
generally expressed as

1(03) & 1 + f,P5(costs) + 4 Py(costs), (2)

(@)0fs 6,=0°[(b)40fs  0°[(c)80fs  0°[(d)400fs O°
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FIG. 4. Photoelectron kinetic energy distributions observed for
e~ (aq) in H,O for Aty; = 0 values of (a) 0, (b) +40, (c) +80, and
(d) +400 fs. 8, is 0° and 90° for the upper and lower panels,
respectively. The black, green, and blue colors correspond,
respectively, to 05 of 0°, 54°, and 90°. The dots and error bars
represent the experimental data and their standard deviation,
while the solid lines are simulations using the decay associated
spectra and the anisotropy parameter (f,) assumed for the 7;
component. The anisotropy parameter of the 7, component was
assumed to be zero. The cross-correlation time between @, and
w3 was 55 fs.

where E is the PKE, f,, is an expansion coefficient, and P,, is
the nth order Legendre polynomial. In our analysis, we
have neglected the f, term, which is usually small.
The solid lines in both the upper and lower panels of
Figs. 4(b)—4(d) are distributions simulated by assuming
P> = 0.16 and 0, respectively, for the z; and 7, components,
which are in excellent agreement with the experimental
data. The difference in photoemission anisotropy between
the 7, and 7, components suggests that they correspond to
different electronic states. Since the 7; component corre-
sponds to the ES and photoemission from the GS is known
to be isotropic, the 7, component is assigned to a highly
vibrationally excited state in the GS. Thus, we conclude
that e~ (aq) in H,O undergoes a nonadiabatic transition from
the ES to the GS in 60 £ 10 fs.

Why does the ES exhibit photoemission anisotropy, even
if the GS does not? We conjecture that it originates from a
larger electron density for the ES at the top molecular layer
of the liquid. Uhlig et al.have calculated the spin density in
the GS and ES of e~ (aq) near the water surface [21], and
they showed that the spin density in the inner cavity is 40%
in the GS while it is less than 7% in the ES. In contrast, in
the gas phase, the fraction is 11% in the GS, while it is
20%—-27% in the ES [21]. Although these fractions will
strongly fluctuate with thermal motion of the hydrogen-
bonding network in liquid water, a more spread-out
electron distribution in the ES than in the GS is always
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predicted for a particle in an attractive potential with a finite
barrier. The f, value of 0.16 is relatively low, because
photoemission from e~ (aq) at larger depths becomes
isotropic. The probing depth of photoemission spectros-
copy is still under investigation [22-24]; however, it is on
the order of nanometers in the PKE region of 5 eV, which is
greater than the radius of gyration of e~ (aq) (0.25 nm).

The linearly polarized @, pulses create orbital alignment
of the ES. It is anticipated that the p orbital alignment
perpendicular to the liquid surface is more effective than the
parallel alignment to increase the excess electron density
at the top molecular layer and to enhance photoemission
anisotropy. Therefore, we initially employed 8, = 0 (the
upper panels in Fig. 4). Then, we performed similar
measurements for 6, = 90 (the lower panels in Fig. 4),
which prepares the p orbital parallel to the liquid surface all
around the cylindrical liquid microjet. As seen in Fig. 4(a),
the distribution at ¢ = 0 fs exhibits higher anisotropy for
6, = 0 than for 90. More specifically, the 3, values of the 7,
component were 0.32 and 0.24 for 6, =0 and 90,
respectively. However, the distributions observed after
the time delay of 40 fs [Figs. 4(b)—-4(d)] were independent
of 6, and expressed using the anisotropy parameters
P> = 0.16 and O for the 7; and 7, components, respectively.
The results indicate that the orbital alignment of the ES
influences the photoemission angular anisotropy, and that
the orbital is depolarized in less than 40 fs.

Close examination of Fig. 2 reveals that the peak energy
of the PKE distribution downshifts within 20 fs. In our
analysis, we expressed the spectral shift by introducing ¢,
in Eq. (1). The t, values determined using the global fit
(N = 2) are shown in Fig. 5. The value of ¢, is nearly zero
at the highest PKE and increases for lower PKE, indicating
that the highest PKE signal is from the Franck-Condon

(a) H,O
_‘—‘ H H
2~ e

—e— i
11 :t— :

(6)D,0

PKE (eV)
o

N,

Zh‘xx&%_‘

0 10 20 30
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FIG. 5. Values of 7; determined by least-squares fitting using
Eq. (1) for a hydrated electron in (a) H,O and (b) D,O.

region in the ES, and the delayed appearance of the low
PKE signal is due to wave packet motion in the ES. The
downshift in the PKE indicates that the potential gradient
along the reaction coordinate is greater in the ES than the
final state of neutral water, so that the VBE of the ES
increases along this coordinate. The 7, value is systemati-
cally greater for D,O; at a PKE of 1 eV, the maximum value
of t; is ca. 17 fs in H,O, while it is 25 fs in D,O. The
isotope effect suggests that the ultrafast wave packet
motion responsible for the PKE shift is primarily libration
of water molecules [5]. The photoelectron total intensity
does not exhibit 10-20 fs time constants, so that there is
negligible population decay due to the ES-GS nonadiabatic
transitions within this ultrafast solvent response time.
As we have seen in Fig. 4, photoemission anisotropy
diminishes within the same time scale.

In conclusion, photoexcited e~ (aq) in water undergoes
ultrafast solvent response of a hydration shell and depo-
larization of the p orbital followed by a nonadiabatic
transition to the GS in sub-100 fs. The subsequent vibra-
tional relaxation from highly vibrationally excited states in
the GS occurs in a subpicosecond time scale. This study
confirms that the ES-GS nonadiabatic reaction time is
shorter than the theoretical estimates [6] reported so far.
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