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The energetics and lifetimes of the first electronically excited states (“3p-states”) of NaH,0 and NaD,O
have been measured by pump-probe (740/780 and 400 nm) photoelectron imaging. The photoelectron
spectra of NaH,O0 show two bands at an electron kinetic energy of 0.14 and 0.38 eV, respectively. We
assign the former to excitation via the two energetically close lying “pr-states” with flat potential curves
in the intermolecular degrees of freedom, and the latter to the excitation via the “ps-state” characterized
by significantly steeper potential curves. The relaxation of all “p-states” follows a double exponential
decay with a lifetime around 110 ps for the dominant fast component.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The interest sodium-doped water clusters (Na(H,0),)) [1-15]
and anion water clusters ((H,0);) [16-22] have attracted is attrib-
uted to their role as prototype systems for clarifying the mecha-
nism of the emergence of the hydrated electron [23,24]. The
dynamics of electronically excited states of the hydrated electron
has received special attention in the context of electron initiated
chemical processes and radiation damage of biological matter
[7,9-11,19,25-29]. Schulz and coworkers have studied the life-
times of Na(H,0), for n=2-40 after excitation from the ground
state to the lowest lying electronically excited “p-states” (“s — p”
transition) with pump-probe ion and electron spectroscopy
[10,11]. For simplicity we use here the nomenclature of the corre-
sponding states and transitions in the Na atom. The observed, rapid
decrease of the excited-state lifetime from 1.3 ps for n=2 to
~100 fs for n > 10 was attributed to a combination of solvent rear-
rangement and internal energy conversion. Using ion depletion
spectroscopy in combination with theoretical studies by Hashi-
moto and coworkers, they investigated the energetics of the lowest
manifold of p-states as a function of solvent cluster size [7,9]. For
n > 2, very broad absorption bands were found, consistent with
interior cluster structures where the Na atom is surrounded by
water clusters. The s — p absorption band of NaH,O could not be
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fully observed because of a gap in the laser energy between 1.69
and 1.80 eV. However, an onset value of ~1.67 eV and a width of
~0.15 eV were determined [7,8].

In this work, we focus on NaH,0 and investigate the dynamics
and energetics of its lowest lying p-states with time-resolved pho-
toelectron imaging. This weakly-bound complex is of particular
interest as a benchmark system for theoretical studies as it is small
enough that even a full-dimensional treatment is conceivable [30].
The first three excited p-states lie energetically very close and are
well separated from higher electronic states (Fig. 1, [7,9]) - a situ-
ation that results in interesting vibronic couplings. For the NaH,0
ground state, the calculations by Hashimoto and coworkers predict
a pyramidal (Cs) equilibrium structure [8,9]. In Fig. 1, we show the
energy-dependence of the ground state, the first three electroni-
cally excited p-states, and the ground state of the ion as a function
of the out-of-plane angle & (panel a) and the Na-O distance (panel
b). We label the various curves with the electronic symmetry to
which they correlate in the C,, configuration. The ground state
energy (full black line; X) is calculated with MP2/aug-cc-pVTZ.
We find a similar ground state Cs structure as Hashimoto at an
out-of-plane angle around § =20°. However, the potential as a
function of § is extremely flat, which is confirmed by higher-level
CCSD(T)/aug-cc-pCVQZ calculations (not shown). The black
dotted-dashed line indicates the corresponding ground state wave-
function W5, which is that of a quasi-planar, very floppy complex,
extending to very large & angles. The method used for the vibra-
tional calculation is described in Refs. [31,32].
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Fig. 1. Calculated energies of the ground state (full black line), the first three
electronically excited states (full blue, green, and red line), and the ionic state
(dashed black line) of NaH,O0 as a function of the out-of-plane angle & (panel a) and
the Na-O distance (panel b). § is the angle between the bisector of the H,0 unit and
the Na-O “bond”. & =0° corresponds to the C,, structure Na.--OH,. The dashed-
dotted black line shows the ground state wavefunction ¥;. See text for calculation
methods. The symbols (blue stars, green circles, and red triangles) represent the
calculations of the electronically excited states by Hashimoto and coworkers [7,9].
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

For the first electronically excited p-states, Hashimoto and
coworkers calculated three close-lying states within roughly
0.13 eV, two of which are virtually degenerate (<0.03 eV) [7,9].
Hashimoto’s data for the respective geometry (Cs and Cy,, respec-
tively) are indicated as symbols in Fig. 1. The most striking aspect
is the interchange of the order depending on the symmetry of the
structure. We have studied the qualitative geometry-dependence
of the excited states energies more closely by calculating the exci-
tation energies at the various MP2 ground state energies. The exci-
tation energies were calculated at the CIS(D) level following Ref.
[33], which includes 2nd order corrections to the CIS energies.
Fig. 1 reveals a complicated arrangement of crossing electronically
excited levels. The multiple crossings of near degenerate excited
electronic states combined with the low vibrational frequencies
of this floppy system [7,9], will lead to extensive vibronic coupling.
The dashed, black curve, which represents the ionic ground state
(NaH,0") shows the typical behaviour of a semi-rigid molecule
[34]; i. e. a relatively steep potential curve with a single well-
defined quasi-harmonic minimum. The corresponding wavefunc-

tion (not shown) is confined to the vicinity of the planar C,, struc-
ture. The experimental adiabatic ionization energy (AIE) of NaH,0
of 4.38 eV [35] corresponds to a shift of —0.76 eV relative to the
ionization energy (IE) of bare Na atoms [36]. This compares well
with our calculated value of —0.73 eV. The general situation
depicted in Fig. 1 lets us expect a pronounced energy-
dependence of the overall Franck-Condon factor for the pump
and probe steps.

2. Experimental section

We report here the first measurements with a new experimen-
tal setup, which consists of a supersonic expansion and a Na-
pickup chamber for cluster formation, a 1 kHz femtosecond laser
system, and a velocity map photoelectron spectrometer [37,38].
Details of the new setup will be provided in a forthcoming publica-
tion. A continuous supersonic beam of H,O and He traverses a Na-
pickup chamber with a Na-oven [39,40] where NaH,0 complexes
are formed. Note that a certain fraction of larger Na(H,0),
(n = 2) clusters are also formed. The lifetimes of the exited p-
states of these larger clusters are much shorter than those of the
NaH,0 p-states (see below Figs. 2 and 3). For this reason, the sig-
natures of the larger clusters in the photoelectron spectra can be
clearly distinguished from those of NaH,0. NaH,0 complexes are
excited to the p-states with a fs pump pulse of A,ump = 780 nm or
740 nm. The excited NaH,O complexes are then ionized with a
time-delayed probe pulse of /e =400 nm. Pump and probe
pulses are linearly polarized parallel to the detector plane and their
cross-correlation is less than 100 fs. Velocity-map images (VMI)
are recorded with a similar spectrometer as described in Refs.
[37,38,41], but at a 1 kHz rate using a CMOS camera and subse-
quent centroiding. The time-dependent raw photoelectron images
were reconstructed with the MEVIR program [42]. The photoelec-
tron angular distributions (PADs) are described by an expansion
of Legendre polynomials P,; with anisotropy parameters p,;,
defined by [43].

I(E, 0,At) x %iﬂzi(& At)P5i(cos 0) (1)
i=0

where E is the photoelectron kinetic energy, 0 is the angle between
the polarization vector and the ejection direction of the photoelec-
trons, At is the pump-probe time-delay, I is the angular intensity
distribution of the photoelectrons, and ¢ is the total photoioniza-
tion cross section. The time-dependent, relative abundance of the
different species in the molecular beam (NaH,O, Na(H,0), with
n > 2, Na, and Na,) was monitored with time-of-flight mass spec-
trometry after two-photon ionization by the pump and probe
(Fig. 3). To determine the influence of deuteration, we have also
recorded data for NaD,O.

3. Results and discussion
3.1. Time-resolved photoelectron spectra

Fig. 2a shows a colour map of the time-resolved photoelectron
spectra (TRPES) recorded at a pump wavelength of 740 nm.
Selected photoelectron spectra (PES) at five different pump probe
delays At between —0.4 and +100.7 ps are depicted in Fig. 2b. Four
distinct photoelectron bands are visible at electron kinetic energies
(eKEs) of 0.14, 0.38, ~0.7, and 1.06 eV with varying contributions
as a function of time. These bands are referred to as py, p2, Ps,
and p4. The band py is already present when the probe laser arrives
before the pump laser (At < 0 ps) and does not vary as a function
of At for At < 1000 ps. We assign this band to the two-photon ion-
ization of bare Na atoms by the probe laser (400 nm), in agreement
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Fig. 2. Time-resolved photoelectron spectra of NaH,0 (p; and p»), Na(H,0), with
n > 2 (p1, P2, and p3) and Na (p4) as a function of the electron kinetic energy (eKE)
and the pump-probe delay At. (a) and (b) TRPES recorded at a pump wavelength of
740 nm. (c) and (d) TRPES recorded at a pump wavelength of 780 nm. The beat
signal at 0.38 eV in panel c arises from the coherent excitation of the two 4p spin-
orbit components of K atom impurities. The asterisks in panels b and d label the
very small electron signals from Na,.

with the observed eKE of 1.06 eV for an ionization energy (IE) of Na
of 5.14 eV [36] and with the time-independence of the total Na* ion
signal in the time-resolved mass spectra (Fig. 3). Fig. 3 also
includes a constant contribution of Na3 ions. Excitation and ioniza-
tion of Na, by the pump and probe laser, respectively, lead to a
hardly visible, constant electron signal at ~0.02 eV (asterisks in
Fig. 2b and d), which is consistent with the available total photon
energy and the IE of Na, [44]. Both the Na and the Na, background
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Fig. 3. Time-dependent cluster ion signals of NaH,0", Na*, Na3, Na(H,0)3, K*, and
Na(H,0);, with n>2 obtained from mass spectra recorded as a function of the
pump-probe delay At with a pump wavelength of 740 nm. Note that the K, and Na
(H,0);-3.g are difficult to distinguish because they lie on top of each other. The lines
serve as a guide to the eye.

arise from the effusive Na-beam that is formed at the aperture
between the Na-pickup chamber and the ionization chamber.

The electron signals of the remaining three bands p;-ps are
time-dependent. At early times ( <2 ps), the bands are only partly
resolved and the signals decrease continuously with increasing
time. The signals p; and p, become stable after about 3-4 ps, while
ps disappears completely. The energetics and the temporal evolu-
tion of py, p» and ps at early times is fully consistent with an
assignment of these bands to the ionization after p-state excita-
tions of small Na(H,0), clusters with 1 <n < 8. Clusters with
n > 2 show photoelectron signals in the whole region below
~1 eV eKE, which disappear after a few ps because of the short
excited state lifetimes of these clusters [10,11]. The fast disappear-
ance of the cluster electron signals for n > 2 is also consistent with
the temporal evolution of the corresponding cluster ion signals
shown in Fig. 3. Fig. 3 also shows that NaH,O" is the only long-
lived cluster. Therefore, the electron signals p; and p, that remain
visible in Fig. 2a and b beyond ~3-4 ps must both arise from the
NaH,0 complex. This assignment is supported by the lifetimes of
the electron signals p; and p, and the NaH,0" ion signal (Figs. 3
and 4). Upon deuteration, only the p; band shifts significantly to
higher energy by a few 0.01eV, while the p, band in NaD,O
remains unshifted within our uncertainty. As will be discussed in
Section 3.3, the observation of two distinct electron signals for
NaH,0 qualitatively agrees with the energetics of the p-states in
Fig. 1.

While we observe two bands for NaH,0 at a pump energy of
1.68eV (740nm) and a total photon energy of 1.68eV
+3.10eV=4.78 eV, Schulz and coworkers only observed the p;
band at a lower total photon energy of 1.56 eV + 3.12 eV = 4.68 eV
[11]. In both cases, the total available photon energy exceeds the
AIE of NaH,0 (4.38 eV [35]) by about ~0.3 eV. We have performed
additional measurements at a pump energy of 1.59 eV (780 nm),
which yield a total photon energy (4.69 eV) almost identical to that
used by Schulz and coworkers [11]. The p, band in Fig. 2cand d at a
pump wavelength of 780 nm is indeed much weaker than at a
pump wavelength of 740 nm (Fig. 2a and b). At short times it is
dominated by contributions from Na(H,0), with n>2 as
described above. However, even at longer times (>3-4 ps) when
the excited states of all larger clusters have already decayed, the
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Fig. 4. (a) and (b) Blue circles: Experimentally observed time-dependent decay of
the electron signal for the photoelectron band p; and p, of NaH,O0, respectively. Full
blue line: Fit. Dashed black line: Fast decay 7;. Dashed-dotted red line: Slow decay
7. (c) Blue circles: Experimentally observed time-dependent decay of the NaH,0
ion signal. Full blue line: Fit. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

p2 signal in Fig. 2c and d does not disappear - in contrast to the
observation by Schulz and coworkers. Most remarkably, it shows
a beat structure with a period of 584 + 8 fs persisting over more
than 700 ps. We also observed an identical beat structure in the
corresponding anisotropy parameters B, and B4 (not shown). Quan-
tum beat spectroscopy; i. e. the time-dependent observation of a
system following coherent excitation of eigenstates; has been
applied to various atomic and molecular systems using laser exci-
tation ranging from the nanosecond to the attosecond regime [45-
48]. However, the observation of quantum beat signals after coher-
ent femtosecond excitation of the p-states of NaH,0 appears very
unlikely given the complex rovibronic structure (Fig. 1). Moreover,
the p, beating signal remains constant over the decay lifetimes of
NaH,0 (Section 3.2), so that it cannot arise from this species. An
evaluation of the energetics and the beat signature shows that it
cannot arise from Na or Na; either, thus hinting at another source
with a long lifetime. A careful inspection of the mass spectrum
indeed revealed a tiny impurity of potassium (K). Small amounts
of K (<0.03%) are present in the Na sample and thus in the effusive
beam. A beat period of 584 + 8 fs corresponds to an energy differ-
ence of 57.1 cm™!, which perfectly agrees with the fine structure

splitting of the 2Py, and ?Ps;; levels of K at 12985.186 and
13042.896 cm™!, respectively [49]. The observed eKE of 0.38 eV
of the beating signal is also consistent with the IE of K [49] within
the laser bandwidths. Our results at a pump wavelength of 780 nm
are thus in agreement with the results of Schulz, namely that for
NaH,0 only the electron signal p; is observed at this lower pump
energy.

3.2. Excited state lifetimes and anisotropy parameters

We have determined the excited state lifetimes of the p; and p,
electron signal of NaH,O (Fig. 4a and b, respectively) and of the
NaH,0" ion signal (trace c). Similar to Ref. [10], we used a bi-
exponential function with a short and a long relaxation time t;
and 71, respectively, to describe the decay of the electron signal:

I(At) = C+ Aq - exp <— g) +A; -exp (— %) (2)
1 2

I is the electron signal, At is the pump-probe delay, and C,A;
and A, are fitting constants. At a pump energy of 740 nm, we
obtain 7; =100 % 20 ps and 7, = 390 * 320 ps for the electron signal
pr and t; =120 + 50 ps and 7, = 390 + 350 ps for the electron signal
p2. The fast excited state lifetime 7; of NaH,0 is ~10 times slower
than that of Na(H,0),, similar to the ratio observed by Schulz and
coworkers for the decay times of NaD,O and Na(D,0),. The ion sig-
nal is the sum of two contributions, which correlate to the p; and
p2 electron signal, respectively. For the experimental ion decay in
Fig. 4c, we thus keep the relaxation times fixed at the above values
and only refine the abundances of the two contributions. Fig. 4c
shows that this leads to a consistent fit. The corresponding relax-
ation times 77 and 1, at a pump wavelength of 780 nm are identical
to the values at 740 nm, which might not be surprising as the two
pump energies differ by only 0.09 eV. The decay mechanism of the
p-states is currently unclear. For larger Na(H,0), cluster, it was
proposed that the energy transfer is explained by internal conver-
sion of the electronic excitation into vibrations of the ground state,
with the stretching modes of water playing an important role in
the energy transfer process [10]. To gain deeper insight into the
decay mechanism of NaH,0 and in particular the potential role
of the stretching mode, comparative experiments with other NaX
clusters are planned.

reconstructed

740 nm

Fig. 5. Typical photoelectron image for delay times At > 20 ps recorded at a pump
wavelength of 740 nm. Right: Raw image before reconstruction. Left: Reconstructed
images. The arrow indicates the polarization direction of the pump and probe. The
inner and the middle ring correspond to the bands p; and p, of NaH,O0, respectively,
while the outer ring corresponds to the band p,4 of Na* (Fig. 2).
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Fig. 5 shows a typical photoelectron image for delay times
At > 20 ps recorded at a pump wavelength of 740 nm. The inner
and the middle ring correspond to the bands p; and p, of NaH;O0,
respectively. From Eq. (1), we have determined the anisotropy
parameters as a function of delay time for At >4 ps for the two
NaH,0 bands. Within our uncertainty, we find identical anisotropy
parameters of B, = 1.01 £ 0.20 and B4 = 0.04 + 0.20 for both bands
independent of At. The same anisotropy parameters are also found
for the deuterated species.

The identical lifetimes and anisotropy parameters of p; and p,
and the insensitivity of the photoelectron anisotropy to isotopic
substitution hint at a similar overall electronic character; i. e. sin-
gly excited 3s(Na) — 3p(Na). The values of the anisotropy parame-
ters are in agreement with slightly disturbed p-states of a weakly-
bound Na-complex. The corresponding values in the bare Na atom
(?Pyy) are B, =1.77 £0.10 and B, =0 [50].

3.3. Energetics of NaH,0 excitation

The experiments shown in Fig. 2 reveal two distinct photoelec-
tron bands p; and p, at 1.68 eV pump energy (740 nm), but just
one band p; at 1.59 eV pump energy (780 nm). How can these
two bands and the pump energy-dependence be explained? The
local symmetry of the Na is broken by the H,O molecule, essen-
tially through the very weak Na- - -0 “bond”. In this local symmetry,
the p-orbitals split into ¢ and  states. G correlates with A; in Cy,
and m with B; and B,. This qualitative two-state picture also
reflects in the geometry-dependence of the p-state energies
(Fig. 1). The energy of the A, (o) state shows a steep dependence
on both the Na-O distance and the out-of-plane angle 5, while
the corresponding potential curves in the B-states (1) are much
flatter and similar to each other. Of course, the two state picture
is only a coarse classification with details modified by multiple
crossings and corresponding vibronic interactions. Fig. 1a shows
the 5-dependence at the Na-O ground state equilibrium distance
I'na-0, eq(X). However, the p-states and the ion have Na-O equilib-
rium distances that are ~15 pm shorter than in the ground state
(Fig. 1b). In Fig. 6, we provide the equivalent to Fig. 1a, at a Na-O
distance that approximately corresponds to the p-state and ion
equilibrium structure. The qualitative two-state picture is still
retained. The p-states can be classified into one state that strongly
depends on the geometry (A;) and two very similar states with a
weak geometry-dependence (B; and B,). Overall, the A, state lies
higher in energy and is preferentially localized around the Cy,

46 Mewo=23A //’
4'4__ - - -ion _,«’/
42 -----""7 l L
2.0 _- B2
> 1 A
8 1.8 — B1
W16 -
06T T
0.4
02 X (Ar)
0.0 p—
0 20 40 60 80
8/ degree

Fig. 6. The same as in Fig. 1a, but for a Na-O distance of ry,.o = 2.3 A instead of the
I'Na-0, eq(X) ground state equilibrium distance.

geometry; in that it resembles more the ionic state, which shows
the Cy, equilibrium structure of a semi-rigid molecule with a Na-
O distance similar to the A; p-state (Fig. 1b). The B-states (Fig. 6),
in particular By, have a clear preference for pyramidal structures,
with a potential minimum of B; around & ~ 50°. Note that the
geometry and the vibrational frequencies of the H,O unit remain
virtually the same throughout.

This situation has qualitative consequences for the Franck-
Condon factors of the pump and probe steps. The energetically
lowest excitation of the pump step is to the B-states, with a broad
distribution over non-planar geometries. This leads to Franck-
Condon factors that do not depend very sensitively on the exact
pump energy. The probe step proceeds from this distribution to
the more tightly-bound planar ion. As a result, this step has a pref-
erence for vibrationally excited ionic states, which means low eKE
in the photoelectron spectrum. A (small) increase in the pump
energy would add vibrational excitation in the B states - mainly
in the intermolecular bending coordinates (b, and b, in Cy,) -
resulting in a more highly excited ion with virtually unchanged
eKE. This is borne out by the behaviour of the low eKE peak p;,
which is observed at approximately the same eKE at the two differ-
ent pump wavelengths. From the experimental AIE we derive an
average vibrational excitation of 0.14 eV at 780 nm and 0.23 eV
at 740 nm. The extent of bending vibrational excitation is also
reflected in the isotope dependence of the p, peak. The change in
zero point energies reduces the AIE by 0.007 eV, while deuteration
lowers the intermolecular bending wavenumbers in the ion by
about 0.01 eV. The isotope shift of the intermolecular stretching
vibration is negligible. Assuming the average excitation of one
quantum of intermolecular bend at 780 nm and three quanta at
740 nm with the remainder in stretching excitation the corre-
sponding peak p; should shift by 0.017 eV and 0.037 eV, respec-
tively, to higher eKE values upon deuteration. Experimentally we
indeed observe a small shift of about 0.01 eV at 780 nm and a more
pronounced one of about 0.03 eV at 740 nm, both to higher eKE as
expected.

The second band p; is only observed at the higher pump energy
(740 nm). This fits to the behaviour of the A; state in Fig. 6, which
can only be reached at higher pump energies than the B states. The
lowest vibronic levels of the A; state is localized around the C,,
geometry at a Na-O distance similar to the ion. It is plausible that
excitation to this state has an appreciable Franck-Condon factor
because the ground state vibrational function is broadly delocal-
ized. Therefore, the Franck-Condon factor for the probe step start-
ing from the lowest vibrational level of the A; state preferentially
leads to ionic states with low vibrational excitation and corre-
spondingly higher eKEs. We observe band p, at an eKE of
0.38 eV, which almost exactly matches the difference between
the total photon energy of 4.78 eV and the AIE of NaH,O of
438 eV. This means that p, is on average associated with ions in
their vibrational ground state. In agreement with this assignment
the position of p, hardly shifts upon deuteration. We determine
an insignificant shift of ~0.003 eV again to higher eKE, which com-
pares well with the expected reduction of the AIE by 0.01 eV upon
deuteration (experiment: 0.009 + 0.002 [35]).

4. Conclusions

The NaH,0 complex describes the first step of the solvation of
Na and how it modifies its electronic structure. The result is a
remarkably complex structure of electronic levels with multiple
crossings. The present experiments allow us to draw a coarse pic-
ture of the overall energetics of the first excited p-states. It turns
out that the p-states fall into two classes, an almost degenerate
pair with fairly shallow intermolecular potential curves and a third
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state that is closer to a semi-rigid behaviour and in that resembles
the ionic state. The complexity of vibronic interactions will make it
difficult to unravel the finer details. Here, the experiment needs the
support of advanced theory. The intriguing aspect of this system is
that with state-of-the-art theoretical approaches it should be con-
ceivable to describe the complete system in full dimensionality.
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