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Abstract

The intermolecular interactions of water molecules and the resulting phase transi-
tions of macroscopic water govern many important processes in earth’s atmosphere.
Spectroscopy on clusters has proven to be a powerful tool to study molecular aggre-
gates in detail and can be used to investigate the phase transitions on a molecular
scale. Moreover, experiments on these systems provide benchmark data for testing
molecular simulations.

In this work, pure water clusters are produced via supersonic expansions and subse-
quently doped with sodium atoms. Size-selection is achieved by means of photoion-
ization time-of-flight mass spectrometry. In previous studies the resulting neutral
Na(H20),, clusters were characterized by their ionization threshold energies. In con-
trast to this, the photoionization efficiency curves in the photon energy range of
2.7—5.4¢eV are obtained in this work. It is found that the photoionization efficiency
is saturated at 4.1¢eV for all cluster sizes with n > 9. For smaller clusters the satu-
ration point is a cluster size dependent property. The experimental photoionization
efficiency curves of small clusters (n = 2,3,4,5, and 7) are compared to predicted
curves from ab initio molecular dynamics simulations, for which the energies were
computed via the DFT functionals BLYP or LC-wPBE with the 6-314++g** basis
set. The predictions do not satisfactorily reproduce the photoionization efficiency
curves for all cluster sizes. Nevertheless, the comparison of the photoionization effi-
ciency curves with the calculated ionization energies reveals the presence of several
isomers for each cluster size.

Vibrational spectra of sodium doped water clusters can be obtained by introducing
an IR laser to the setup. The resonant absorption of IR photons facilitates the
ionization of clusters by the UV laser, as long as the UV laser is operated at photon
energies below the saturation point of the photoionization efficiency curve. Previous
studies showed that this increase is closely related to the cluster temperature. This
work shows that for UV photon energies close to the ionization threshold of 3.2eV
approximately 90% of the clusters can contribute to the IR-induced signal gain.
Previous spectra of large sodium doped clusters are found to be distorted at long
delay times between IR and UV pulse and at large photon fluxes. Measurements of
the laser delay and photon flux dependency indicate that the distortion is caused by
IR-induced evaporation from the clusters, which reduces the temperature of these.
A detailed analysis of the spectra shows that only amorphous clusters are affected
by this. The evaporation effect leads to an exponential decay of the IR-induced
signal enhancement with a rate constant of 10" — 10®s™!. Size-selective, vibrational
spectra of Na(H20),, clusters with reduced distortion for a broad range of cluster
sizes are obtained for the first time in this work. An analysis of these spectra and
a comparison to FTIR spectra and to the spectra obtained at high photon fluxes
indicate the coexistence of amorphous and crystalline clusters in the molecular beam
at certain cluster sizes.

Spectral features are tested as indicators for the amorphous-to-crystalline transi-
tion in clusters. It is found that the intensity of the dangling OH peak could be

il



linked to the physical state of the clusters. An increasing relative spectral intensity
at 3200 cm~! was found to be a more robust criterion to conclude the presence of
crystalline clusters. Based on this, the smallest crystalline cluster obtainable in the
experiment is found to be at n = 904+ 10. A comparison of this result to predictions
from molecular simulations relying on empirical force fields reveals that predictions
based on the TTM2-F potential are satisfactory whereas other theoretical methods
fail.
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1 Introduction

The influence of water on earth and its atmosphere is omnipresent and of unequivo-
cal importance to the whole planet’s energy budget and thus its habitability. Phase
transitions of water are of crucial importance for atmospheric processes on earth:
Evaporation of water and subsequent condensation of water vapor on sulfate clus-
ters leads to the formation and growth of aerosol particles, which results in the

s. 8l Therefore, the presence of liquid water is considered to be

formation of cloud
a mandatory criterion for the presence of life in earth-like environments and great
effort is put into the observation of water on extraterrestrial objects. B But also
crystalline water droplets play an important role in the atmosphere. Their forma-
tion in polar stratospheric clouds at very low temperature during polar winter !
causes the formation of molecular chlorine from two reservoir species on the surface
of crystalline, pm-sized droplets: CIONOg + HCl(uq5) — Cly + HNOnq5). P9 This
ultimately results in the formation of the ozone hole in polar spring after photolysis
of Cls.

Aside from these fundamental contributions of water to earth’s atmospheric chem-
istry and physics, water itself is of scientific interest due to its several anomalies. ™!
Since the macroscopic properties arise from the microscopic structure of the inter-
molecular hydrogen bond network, the development of model potentials describing
water in its various configurations has been subject of research for several decades. 12
In order to test and evaluate the quality of such models, experimental benchmarks
are required, which have to be sensitive to the hydrogen bond network structure. Vi-
brational spectroscopy has shown to be a suitable technique as the hydrogen bonded
OH stretching vibrations are a sensitive probe to the underlying interactions. As
bulk characteristics were observed in clusters of a variety of sample systems, 1315
and these molecular aggregates can be studied in detail—and often with precise
size-resolution—the spectroscopy of clusters is a promising approach to unravel the
emergence of bulk phenomena on a microscopic scale. 116 Since the size-selective

measurement of vibrational spectra of water clusters in the atmosphere cannot cur-
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rently be accomplished, P18l they are prepared under well-defined laboratory con-
ditions, 21 for instance in molecular beams from supersonic expansions. 22 This
technique produces clusters of several sizes and therefore requires subsequent mass
separation, which is routinely carried out by means of electric or magnetic fields for

202326 Ty contrast to this, the separation of neutral clusters

charged water clusters. |
is challenging. Small neutral clusters with up to ten water molecules can be mass-
separated via scattering in crossed molecular beams.2? However, larger, neutral,
pure water clusters cannot be studied by this method. An alternative approach
extends the experimentally accessible range of cluster sizes by the addition of chro-
mophores to the clusters and subsequent photoionization, followed by size selection
of the produced ions. Via chromophores such as phenol 2329 or earth-alkaline Y or
alkali metal atoms 133 the detectable range of neutral clusters can be extended to

hundreds of constituents. B33l

The excess energy of the resonance enhanced multi
photon ionization (REMPI) scheme applied to the phenol doped clusters can result
in the evaporation of up to 6 water molecules and therefore is not entirely size-
selective. 2829 A combination of this REMPI scheme with vibrational spectroscopy
that is based on infrared multi photon dissociation (IRMPD) is limited to the larger
clusters of a given cluster distribution and requires adjustment of the cluster dis-
tribution if other clusters sizes are to be investigated.? In contrast to the phenol
method, photoionization of alkali metal doped water clusters is considered to be free
of fragmentation if performed close to the ionization threshold. 343657

Sodium doping is a suitable technique for the detection of pure, nm-sized parti-

cles and clusters of several compounds, like water, B8 ammonia, B840 ADE3]

0]

alcohols,
toluene, ¥4 propane, #™ dimethylether, B¥ acetic acid, ® and rare gases. #8 Therefore
sodium doping has been applied as a reference technique to study the fragmenta-
tion of clusters caused by other ionization methods. B#4748 Besides the capability
to detect neutral aggregates, neutral and charged sodium doped water clusters of-
fer insights into the topics of reactivity of sodium on water, sodium solvation, and
hydrated electrons and therefore have been the subject of many computational stud-
ies, see [49-61] and references cited therein. While the threshold ionization energy

62 it decreases with the number of attached water

138]

of atomic sodium is 5.139¢eV,
molecules until it reaches a constant value of 3.17 &+ 0.05eV for Na(H20),>4.

Early experimental and theoretical work aimed to characterize neutral sodium water

y. BIBOLG3 However, these studies are further com-

[16164H6R

clusters in terms of this quantit

plicated by the likely presence of several isomers for each cluster size. | Since



recent experimental evidence points to the presence of several isomers of sodium
doped water clusters in molecular beams, which are not responsible for the observed

406871) one goal of this work is to probe the isomer

threshold ionization energies,
distribution of Na(H50), clusters by means of single photon ionization. The ob-
tained ion yield curves—also referred to as photoionization efficiency curves3—are
compared to results from molecular dynamics simulations™ and to the photoelec-

40 Tny addition, an upper limit of

tron spectrum of a Na(H0),, cluster distribution.
the fraction of clusters which are probed by the vibrational spectroscopic approach
developed by Steinbach and BuckB8 (see e.g. references [36, B7, [7T]) can be ob-
tained. For the results of this study and a comparison to theoretical predictions
on Na(H20),, clusters provided by the group of Prof. Petr Slavicek (Department
of Physical Chemistry of the University of Chemistry and Technology Prague) see
Chapter [4]

Since the vibrational frequencies are a suitable probe for the hydrogen bond strengths,
vibrational spectroscopy has proven to be a powerful tool to resolve the structure of
hydrogen bonded networks. F97380 The vibrational spectra of size-selected sodium
doped water clusters can be obtained by a special fashion of IR action spectroscopy,
which will be explained in Section The approach requires two lasers: an UV
laser with fixed UV wavelength and a tunable IR laser. As the setup has recently
been equipped with a new UV laser system, which provides smaller pulse length
than the previous, the delay time dependent IR signal can be measured. Therefore,
in this work, the influence of the delay between the two lasers and the IR laser pulse
energy on the IR-UV signal is tested. The aim of this is to understand why the vi-
brational spectra of crystalline Na(H;0),, clusters™ differ from those obtained via
IRMPD of both La**(H,0),, B! and those obtained via Fourier transform infrared
(FTIR) spectroscopy of pure water nanodroplets. 2! This question can be answered
by time-resolved vibrational spectroscopy of Na(H30),. The corresponding results
are shown in Chapter

Water ice nucleation in the atmosphere is a heterogeneous process in almost every
case. Most recently, it could be studied on the microscopic scale via experimental 52
and computational methods. 83 However, how many water molecules are required
to form crystalline clusters with ice I cores remains uncertain. Several experimental
studies indicate that the resulting range of cluster sizes for which a transition from
liquid-like to crystalline clusters occurs is around ngansition = 100—900. FH20T TS84

Theoretical studies with empirical model potentials, which differ in the parameteri-
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zation of the water monomer, indicate that the smallest cluster size for which crys-
talline clusters are stable is n = 90,87 137,188 or 293 0689 Vibrational spectroscopy
of Na(H0),, clusters, formed via supersonic expansions with subsequent sodium
attachment, showed that the cluster size for which crystalline cores are observed
depends on the expansion conditions. 878890 Therefore, another aim of this work is
to change the expansion conditions in a way that the liquid-crystal transition can be
observed at smaller cluster sizes than previously reported (references [37, [71) 86]).
This then allows a direct comparison to the theoretical predictions and is therefore
used to assess which of the existing theories is accurate enough to correctly predict
the transition from amorphous to crystalline clusters. The results of this project are

shown in Chapter [6]



2 Applied methods and scientific

context

In order to study sodium doped water clusters experimentally, the combination
of several techniques and components is required. This chapter will give a brief
overview on the experimental background of these. Moreover, studies on water

clusters as well as the properties of Na(H20),, clusters will be described.

2.1 Experimental techniques

2.1.1 Supersonic expansions

Adiabatic expansions of gaseous samples along strong pressure gradients produce
molecular beams with well-defined velocity distributions, which are mandatory for
many experimental approaches as they yield control over the kinetic energy of the
molecules in well directed beams.®! Sample flow velocities that exceed the local
speed of sound are obtained, hence the term supersonic expansions. The Mach
number Ma is defined as the ratio of flow velocity v and local speed of sound c;.
For effusive expansions sample beams with Ma < 1 are present, for supersonic
expansions Ma > 1.1

One condition to achieve an efficient energy redistribution during an expansion of
a sample substance from an oven with temperature 7Ty and pressure py through an
orifice is the occurrence of many collisions during the expansion process. !

The high number of collisions in the vicinity of the nozzle as a required condition
for supersonic expansion can be expressed in terms of the dimensionless Knudsen
number Kn as the ratio of the gas molecule’s mean free path A\, and the orifice

diameter d: 9293

Kn=— (2.1)
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If Kn <1, Ay is small compared to dy, efficient collisional cooling of the expanded
gas phase is provided. ™ The resulting narrow velocity distribution originates from
these three or more body collisions in the vicinity of the orifice. !

As the effective cross sections for energy redistribution follow the trend o ans—strans >
Orot—strans > Ovibstrans, the translational energy in the expansion direction results
mainly from the translational and rotational degrees of freedom of the initial condi-
tions. 21

The maximum terminal velocity of the adiabatically expanded gas Ubeam,max can be
estimated from the balance of the enthalpies Hy; before (index 0) and after passing

the nozzle (index 1), see page 17 in [94].

1
H1 + ivgeam,l = HU (22)
with
9 To>T .
Ubeam,1 = 2(H0 - Hl) =2 T deT (23)

Here Ty denotes the reservoir temperature, 77 the temperature of the expanded gas
and ¢, the mass-related, average heat capacity of a mixed gas. For an ideal gas

mixture and with the approximations ¢ (7") = const. and Ty > T} — 0 follows

p
v — 2T, = | [2my = i (2.4)
beam,max p+0 0 El szMZ .

with the molar fraction x;, molar mass M;, and the molar specific heat c,; of each
component and the expression
e Cp 2Tl

Cc = —=

[ 2.
P S e (2:5)

Relation shows that vpeammax depends on the reservoir temperature 7j and the
molecular mass of the gas constituents M;. This illustrates the possibility of tuning
the velocity of seeded molecular beams. ™ Stein[®) showed that cooling rates can
exceed 10" Ks™ and can be tuned as follows: While the maximum cooling rate
increases with T, it decreases with the molecular weight and the degrees of freedom
of the expanded gas, and for increasing nozzle diameters dy. An increase of the
reservoir pressure results in an improved cooling of the sample. B0

The velocity distribution function in the direction of the molecular beam axis around
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the mean velocity v resulting from the supersonic expansion can be written as

fo =" (55—

with the the Boltzmann constant kg and T,,;s accounting for the width of the dis-
[9TI92196197]

Nl

exp [—2 an:;aXis (v — )2 (2.6)

tribution around v.
As the gas expands from an orifice along a pressure gradient, collisions with resid-
ual gas molecules in the vacuum chamber result in a boundary of the jet expansion
where the local particle density is higher. 8 Reflections of molecules and atoms from
this boundary layer interfere with each other at certain points along the molecular
beam axis and cause another region with higher particle densities, which is called
the Mach disk. For circular nozzles the distance z4;q of the first Mach disk from

the orifice depends on the pressure ratio of reservoir and vacuum via®!

1

3

xdisk/do =0.67 - (p()) (27)
Poo

Here, dy denotes the nozzle diameter, p,, the background pressure, and py the oven

pressure. In order to not perturb the expanded, cooled sample by the collisional

heating in the Mach disk area, a skimmer can be placed in the molecular beam axis
before the Mach disk. 10001

2.1.2 Mass spectrometry

Mass selection of charged species can be performed via a variety of mass spectro-
scopic methods (in the following MS). These techniques have in common that they
exploit the interaction of electrical charges with electric or magnetic fields in order

%. All mass

to achieve size separation with respect to the mass per charge ratio
spectrometers include three major parts, which are often operated at high vacuum
conditions: An ion source where the investigated sample is ionized, a mass ana-
lyzer separating the species of different mass-to-charge ratios, and a detector, which

converts the mass-resolved ions into detectable voltage pulses. 102

2.1.2.1 lonization methods

In ion sources, the ions are either formed from neutral species (e.g. by electron

impact ionization (EI) or photoionization) or by suitable sample inlet approaches
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(e.g. electrospray ionization, ESI). The ionization techniques are described either
as soft or hard ionization techniques, depending on the resulting extent of fragmen-
tation. 02

Size-selection of weakly bound clusters formed over a wide range of cluster sizes by
means of mass spectroscopic methods requires the abundance of charged species.
While charged water clusters can be directly produced from electrospray ionization

25]

during the expansion from a capillary, other approaches produce neutral water

clusters via supersonic expansions and afterwards ionize or dope the clusters with

n. 0293156 While electron impact ionization (EI)

chromophores for later ionizatio
may be the most common ionization technique, it has been demonstrated to pro-
mote extensive fragmentation of hydrogen bonded clusters ##48! and rare gas cluster
held together by van der Waals interactions. 48!

As photoionization techniques can yield less fragmented cluster ions, several of these
were applied to neutral water clusters. Single photon ionization of pure water clus-
ters by vacuum-ultraviolet (VUV) radiation leads to fragmentation according to the

following scheme H03104

(H,0), + hv = [H,0*(H,0),1] + ¢

(2.8)
— H+(H20)n—1—m + .OH +m - HQO + e

As the energy release due to the proton transfer reaction (around 1eV) leads to
the loss of only a few water molecules due to the large enthalpy of evaporation, it
has been concluded by Litman et al.*@ that the water cluster decay due to the
proton transfer after VUV ionization is negligible for clusters with a large number
of constituents. For water clusters, the second reaction step in equation can be
suppressed in mixed clusters of argon and water by a fast evaporation of weakly
bound carrier gas constituents from the aggregates. Thus, unprotonated, cationic
water clusters of (Hy0)," type can be produced. 103104

The application of resonance enhanced multi photon ionization (REMPI) requires
the presence of suitable electronic states. In order to reduce the effect of these
relaxation processes, ultrashort laser pulses can be used. For pure water clusters
a (3+1)-REMPI scheme has been reported to be applicable for (HyO),s10. 2% In
order to reduce immediate fragmentation picosecond laser pulses of 355 nm radiation
were used. The obtained products were H" (H,0),, clusters. 1%

All of the above-mentioned approaches share the relatively high ionization energy of
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the water clusters (> 11V 19310 that has to be put up by the ionizing radiation.
Another way to achieve photoionization is to reduce the ionization energy by forming
mixed clusters of water with a chromophore. These methods can use phenol, 2 alkali
metal atoms,BIB3 or alkaline earth metalsB? in order to provide soft ionization
methods for water clusters which do not require VUV radiation. While the excess
ionization energy of the photoionization process is large enough to evaporate up
to six water molecules from a phenol water cluster, 2329 the jonization of alkali
metal doped clusters is often considered to be fragmentation-free if performed close
to the ionization threshold energy® —also referred to as appearance ionization

[TO6YT07] (

energy in the following alE).

2.1.2.2 Time-of-flight mass spectrometry

The idea of a TOF instrument has been reported by Stephens in 1946. 198 Since then,
TOF mass analyzers have become widely used and appreciated for their unlimited
™ size range, 10219 which makes TOF-MS suitable for the study of weakly-bound
clusters with hundreds to thousands of constituent molecules. 34110

The mass separation in a TOF mass spectrometer is achieved by acceleration of
equally charged species with different masses m to different terminal velocities v by

conversion of the potential energy FE, of a charge ¢ = z - e within an electric field

with the electric potential difference U,, to kinetic energy Fyiy,. 2|
Eyxin = Eq (29)
2
m2v =z-e- Uy, (2.10)

The time-of-flight along a drift region of length l4,r depends on the mass-to-charge

ratio s%.

. Larits m
tdrift - —
V2 e UV #

Relation describes tqng assuming a well-defined ionization location ag and an

(2.11)

infinitesimally short ionization time. In reality, the ions with the same “*-ratio arrive

at different flight times at the detector due to three major broadening processes:

I The ions are formed in the same place but at different times (limited by tem-

poral width of the ionization incident, e.g. laser pulse duration). P310211]
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IT Tons with equal initial velocities are formed in different positions ay and are
accelerated to different velocities due to different voltages Uy, (e.g. due to an
unfocused laser beam). P3:102111]

IIT Tons with different initial velocities are formed in the same place (often neg-
ligible as the kinetic energies due to the acceleration stage can be orders of
magnitude higher than the initial kinetic energies). 2310211

These broadening processesﬂ can be compensated by a dual-stage linear TOF instru-

ment with tunable voltages by applying low extraction voltages and high acceleration

voltages. M3l The plane perpendicular to the molecular beam direction where all
ions of equal " pass through simultaneously is called space focus. Its condition is
an independence of the overall flight time on the ionization position ay within the

ion source and can be expressed as: 12113l

Otror
3a0

-0 (2.12)

While the first-order space focus within a single electric field ion source is fixed, it’s
position can be varied in a dual-stage ion source. 12114

In order to improve the temporal separation of ions of different 7-values, a reflecting
electric field, called reflectron or ion-mirror, is used. M3 The spatial spread of the ions
with the same "*-ratio after passing the space focus is compensated by the reflectron
as ions with higher velocity dive deeper into the repelling electric field and thus
reside longer within the reflectron than ions with lower velocity. B4 Afterwards,
the ions are guided towards the detector by the reflectron and a second space focus
is present at the same distance from the reflectron as the initial space focus. ™4 This
is the position where the detector should be placed, since the temporal resolution is
optimized in the sense of space focusing and ion mass separation is enhanced due
to the increased drift length and time-of-flight. M4

Besides the benefits stated above, a reflectron allows for the detection of metastable
species that decay on a ps timescale. These long-timescale fragmentations—also
referred to as post-source decay (PSD)—take place in the drift tube between ion

source and reflectron. The formed fragment ions (daughter ions) have the same

"Note that two further broadening processes exist: 1. Ions can fragment and the parent ion signal
is broadened by contributions of daughter ions. 2! In this case the TOF-to-mass calibration of
the parent ions is not applicable for the daughter ions. 1% 2. Equally charged ions repel each
other and can therefore broaden the TOF signal.

10
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velocity as their unfragmented parent ions. F0341I6] Ag the kinetic energies of the
daughter ions are smaller than those of their parent ions, they dive less deeply into
the repelling electric field of the reflectron and can therefore be detected at different

flight times than the parent ions, 103114

2.1.2.3 Detectors

In the detector, impacting ions with the same * ratios are converted into an electron
pulse, which is enhanced by several orders of magnitudes via several secondary elec-
tron emission steps. Common detectors are channeltrons and multichannel plates
(MCP, also referred to as microchannel plates). M8 In order to increase the elec-
tron pulse intensity two to three MCPs can be stacked. ™M@ In addition, MCPs
applied with a phosphor screen anode and a charged-coupled device camera can be

used to obtain the spatial resolution of the impacting charges. 102119

2.2 Cluster preparation

Clusters can be synthesized by any technique which provides a supersaturated gas
phase. Some methods for cluster production are Knudsen effusion, aggregation of
gas molecules within a flow regime, atom or cluster extraction from surfaces via laser
ablation or impact of charged species, supersonic expansions (see e.g. reference [97]),

25 and homogeneous, reactive in situ production of species with low

ESI ion sources,
volatility. B

In effusive beams, physical properties like the velocity distribution of the particles
in the beam resemble those in the reservoir. They yield low particle sizes due to the

B4 and can be applied to attach molecules and atoms to preformed

low cooling rates
clusters in crossed beam arrangements. B0

Gas aggregation sources feed monomer units into a stationary or flowing cooling
gas, which results in nucleation and cluster growth.? In collisional cooling cells,
investigation of the aggregates is possible, e.g. via FTIR spectroscopy. 2 Extraction
of monomers and clusters from surfaces can be achieved through irradiation with
laser beams or impacts of charged particles. 7

In contrast to some of the aforementioned methods, supersonic expansions can pro-
duce large particles with diameters in the range of several nanometers2%4 while

providing high particle fluxes and cooling rates exceeding 107 K s, 9493
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Figure 2.1: Schematic p-T-diagram illustrating the cluster formation by supersonic expansion of

water vapor along the adiabate ABC. The vapor pressure curve is shown as solid line.
The dashed line marks the supersaturation required for the formation of stable nuclei.
Figure taken from [97] and adapted by permission from Springer Nature Customer Ser-
vice Centre GmbH: Springer-Verlag Berlin Heidelberg, Clusters of atoms and molecules
by H. Haberland. Copyright (1994).

2.2.1 Cluster formation in supersonic expansions

The nucleation of gas phase molecules to clusters requires a supersaturated gas
phase. This can be achieved by supersonic expansions as these provide large cooling
rates and therefore high nucleation rates. In a macroscopic, thermodynamic point
of view, the cluster formation results from an supersonic expansion. The adiabate
of an expansion in a p-T-diagram is shown in Figure by the line from point
A to C.FT As the warm gas at point A is expanded along a pressure gradient
to lower p-values, it reaches the crossing point with the vapor pressure curve at
B. Further adiabatic cooling results in supersaturation without cluster formation
until, at C, the supersaturation reaches a critical value and stable nuclei form.
The subsequent condensation leads to a temperature increase and the deviation
of the system’s properties from the initial isentrope.2? After the release of the
condensation enthalpy, the formed clusters are cooled by evaporation of monomers
and by collisions with the carrier gas in the vicinity of the nozzle, which results
in a decreasing temperature, see point D in Figure BT Nevertheless, the former

adiabatic limit cannot be reached because of the decreasing number of collisions. 216!
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2.2 Cluster preparation

A fundamental aspect of cluster formation from regimes with high monomer con-

centrations is a resulting broad cluster size distribution, which follows a log-normal

SATTOIT2THIZS)

distribution for small and large clusters.! The log-normal distribution

function is given as

fln) = — exp(—(ln(m_M)Z> (2.13)

no\/ 2w 202

with the cluster size n and the distribution parameters ;o and o. 28 Whereas the clus-

ter growth by condensation only would results in an exponentially decreasing cluster

127 condensation and coagulation are responsible for the formation

BIT27

size distribution,
of large clusters following a log-normal distribution. For the intermediate case,
exhibiting a bimodal cluster distribution, 2#127 Bobbert et al. B4 concluded that two
different coagulation processes are present: While the smaller clusters are formed
by addition of smaller clusters to the initial nuclei, the large cluster fraction results
from coagulation of larger clusters.

In supersonic expansions, the log-normal cluster size distribution can be tuned by
adjustment of the partial pressures of the sample and the seeding gas in the reser-
voir: An increase of the seeding gas backing pressure was shown to result in larger
clusters. 2127 This can be explained by an increased cooling rate leading to a min-
imized evaporation from the clusters as the enthalpy of condensation does not heat
the clusters to evaporative ensemble conditions. Consequently, an increase of the
nozzle temperature at otherwise identical conditions shifts the cluster size distribu-
tion to smaller cluster sizes. B4

An attempt to estimated the average cluster size n for several expansion conditions
was made by Hagena for atomic clusters by a unified scaling law with a “reduced
scaling parameter” I'*. 128! The mean cluster size of the terminal cluster distribution

can be estimated via 28

-\
with
415
. r Nodd, T
e s = = (2.15)

Tch ch

with the monomer density in the reservoir Ny, the equivalent nozzle diameter for

13
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conical nozzles de, = dp/tan(e) (dy being the orifice diameter and « the opening
angle), the nozzle temperature Ty, ¢ as parameter that has to be determined exper-
imentally, the scaling factor I', and the two characteristic parameters ry, and Tg,.
For sodium doped water clusters these parameters and the constants ¢; and ¢y were
determined to be rq, = 3.19 A, To, = 5684 K, ¢ = 0.643+0.63, ¢; = 2.63+0.45, and
¢y = 1.872 4 0.066. 54 Equation illustrates that large reduced scaling parame-
ters (I'* > 1000) are required to form clusters with many constituent molecules. 128
Aside from the sheer cluster size distribution, the investigation of the isomer com-
position and population for each cluster size is of growing interest. In this context

[64]

the formation of mixed rare gas alkali metal water clusters®™ and vibrational spec-

68]

troscopy of small sodium doped water clusters®® showed to be promising approaches

to exploit the presence of several isomers for a given cluster size.

2.2.2 The pickup approach

The measurement of cluster size distributions requires size-selective mass spectrom-
etry methods which are ideally fragmentation free. One way to overcome harsh
ionization conditions, which often lead to fragmentation, is the doping of clusters
with chromophores in order to access softer ionization conditions. This pickup of
atoms, molecules or small clusters to larger clusters can be achieved through two
approaches: by crossing the initial molecular beam with an effusive beam or by
passing it through a gas cell, also referred to as scattering cell or pickup cell. The
first technique was developed in the Scoles group in order to attach SFg to Ar-

120 Crossed beam pickup approaches have also been used to introduce al-

clusters.
kali metalsBH#63129 314 alkaline earth metals B39 to hydrogen-bonded clusters.
The use of a gas cell for pickup experiments instead provides a volume with dopant
density in order to increase the pickup probability for each passing cluster and thus
the mixed cluster production. B#127131132]

Due to the conservation of momentum, small host clusters can be deflected by dopant
species or the uptake of these. 133! This can lead to intensity losses in the experiment.
Consequently, the host cluster’s momentum should be significantly higher than the
dopant’s, which is provided by the use of large host clusters. If each pickup event is
independent of the amount of dopants already captured by a cluster, the probability
for the pickup of k£ dopants can be expressed as a Poisson distribution. This was
shown to be consistent with observed abundances of pickup products. B3#138] The

pickup probability according to the Poisson distribution function can be calculated

14



2.2 Cluster preparation
via

(lpickupNUpickup ) k

. e_lpickupNUpiCk‘lP (2 . 16)

for a pickup cell with the length lickup, a dopant gas number density NV, the number
of captured dopant units &, and the pickup cross section opieup. FHHEHSTL39)

As the pickup probability P(k, N) depends on the pickup cross section opickup, the
detected cluster size distribution is not necessarily equal to the initial cluster distri-
bution since smaller clusters should have a smaller opicyp than larger clusters and
are prone to deflection upon doping.

An attempt to correct for the capture efficiency of sodium atoms by ammonia clus-
ters and for the detection efficiency over a broad size range was made by Schlappi
et al.; ¥ While sodium gas density and the cluster size affected the efficiency of
pickup of at least one sodium atom, the sticking efficiency and the photoionization
efficiency were assumed to be constant for all cluster sizes. The doping process
and subsequent photoionization with 4.66 eV photons was found to lead to the loss
of only few molecules per cluster, which can be negligibly small for larger clusters

[A514 7140

compared to their cluster size. | Compared to ionization methods such as EI

and VUV photoionization, photoionization of sodium doped clusters was concluded
to be mostly fragmentation free for photons energies below 5 eV, H6-48]

Despite the inability of mixed cluster detection of NyO and NO3~ containing parti-
cles 410420 que to intra-cluster reactions, a variety of sodium doped clusters such as

A2 [140]

benzene, B3 water, ¥ methanol,# ethanol,# 2-aminoethanol, 3 acetic acid,

dimethyl ether, ¥ ammonia, ¥ and rare gases® have been produced and detected.

2.2.3 Fragmentation

When clusters are formed, it is important to provide efficient cooling, as a high
internal energy destabilizes the cluster. Isolated clusters can reduce their internal

energy only by unimolecular decay. This decomposition can occur in two different

ways: by the evaporation of monomers or by fission of the initial cluster. #7143l
M, — M, 1 + M (2.17)
M, — M,_, + M, (2.18)
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The energy balance for the evaporation of a monomer from a M,, cluster isP7144
Eint,n — Lint,n—1 + Ediss, nt Ekin,vib,rot,el (219)

with the internal energies of the parent cluster Ejy, and the daughter cluster
Eint n—1, the dissociation energy Fgiss n for the separation of a monomer from the
cluster, and the total energy of the monomer FEyi, yibrotel. 1he energy loss of the
evaporating cluster is Eqiss, n, + Ekin vib rot.el P€r evaporated monomer. As the internal
energy per monomer unit of the cluster decreases due to the evaporation and the
evaporation rate coefficient is a function of the internal energy of a cluster, the evapo-
ration rate constant for subsequent evaporation is lower. This is why the evaporative
ensemble theory M#147 assumes that the rate coefficient for subsequent monomer
evaporation from a cluster, that has already evaporated at least one monomer, is
proportional to the reciprocal time since the beginning of the decay process. 7 This
explains why clusters formed at elevated temperatures and in the absence of large
cooling rates are metastable and decay on the ps timescale. 23145l

As a cluster’s total heat capacity increases with n, larger clusters at evapora-
tive ensemble conditions cool less efficiently by a single evaporation incident and

23044 This cluster size dependency was

therefore tend to evaporate more molecules. !
shown in the decreasing abundance of parent ions due to metastable decay on a s
timescale: 2% While the H' (H,0), parent ion abundance for n = 290 was halved
and resulted in the evaporation of one to three monomers, 80% of parent ions with
n = 100 did not decay. The clusters showing this significant monomer evaporation
were formed by a corona discharge at ambient air and tempered within a feed-
through capillary (Tiapiiiary = 26 — 60°C). 2

But at which temperatures are evaporative ensemble conditions present in isolate
water clusters? The cluster temperatures of an evaporative ensemble were estimated

by Klots™7 via the expression

RT

=0.04 2.20
Eevap,bulk ( )

for evaporation on timescales of tens of microseconds. The evaporative ensemble
temperature for water clusters obtained from this simple relation with the bulk mo-
lar evaporation energy (FEeyappukx = 44.0 kJmol =t H48) is around 210 K. In contrast
to this, the investigation of the fragmentation ratio vs. the initial cluster tem-

perature showed that evaporative ensemble temperatures of charged water clusters
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2.3 Sodium water clusters

range from 136 & 6 K for (H,O0)us™ and 144 £ 6 K for (Hy0)15~ % to 163 + 2K for
H* (H20) —0—79. 150

In order to prevent evaporative ensemble conditions, seeded supersonic expansions
can be performed, reducing the cluster temperatures below the critical temperatures:
Modelling of the droplet formation kinetics and the transport processes for coexpan-
sions of neon and water vapor by Gimelshein et al.® have shown that the clusters
can be cooled to temperatures of 100 K in the apparatus described in Chapter 3] €9
Comparison of simulated and experimental Na(H50),, cluster distributions showed
sufficient agreement for n > 50. From this was concluded that fragmentation of the
clusters—due to the pickup of a sodium atom and the subsequent photoionization
with 3.2eV photons—is negligible for sufficiently larger clusters which are ionized
close to their ionization threshold. 61!

An experimental tool to study the mechanistic aspects of fast fragmentation pro-
cesses is the measurement of the kinetic energy of an ejected fragment. 138151 Tt
was recently shown through this method that collisions of an argon atom with a
H*(H0),—4_g cluster results in fragments, of which only a fraction follows the
Maxwell-Boltzmann velocity distribution. 2 The observation of fragments deviat-
ing from the Maxwell-Boltzmann velocity distribution was concluded to indicate fast
evaporation of a monomer before the energy redistribution within the cluster could

occur.

2.3 Sodium water clusters

2.3.1 The sodium water reaction in clusters

The addition of a sodium atom to a water cluster does not result in an explosive re-
action as is known for bulk sodium and bulk liquid water at ambient conditions. The
crucial differences of the molecular beam experiment to the bulk reaction are the
cooled and thus solid-like behaving water aggregates and the control of the number
of collisions between the water clusters and the dopant species. 122152 [n a pioneering
experiment, the group of Hertel demonstrated the possibility of forming Na(H20),
clusters from atomic sodium and water clusters with the pickup technique. ! Single
collision conditions in a crossed beam experiment of Na,, and (HyO); yield only

products of Na(H;0),, type,% whereas in experiments with pickup conditions al-
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lowing several collisions of Na or Nay with pure water clusters Na;_,(H,0),, 63131
and Na(NaOH), 4 6(H20),, were formed. 122153 For the former species an odd/even
oscillation of the ionization energies has been deduced from the observation that
clusters with even numbered sodium stoichiometry were observed only at high UV
photon energies of 4.43 — 4.66 eV. 631310521 The formation of the sodium hydroxide
containing species requires multiple collisions of a water cluster with sodium atoms
or dimers, as the underlying reaction mechanism consists of at least two collision in-

duced reaction steps. P#152153 Byck and Steinbach| proposed a two step mechanism
for the formation of Na(NaOH)y(H;0),,: 123

Na + (HQO)n+x+y — Na(HQO)nﬂ, +z HQO (221)
Na2 -+ Na(HQC))ner — Na(NaOH)Q(HQO)n -+ HQ + (y—2) HQO (222)

The clusters’ internal energy increase due to the sodium pickup process is reduced
by evaporation of water molecules (z = 2 — 3).H2% In a subsequent collision of the
stable sodium doped water cluster with Nao, several products are formed: molecular
hydrogen, water molecules, and a cluster of Na(NaOH),(H20),, type, see reaction
2. 221

Molecular dynamic simulations by Mundy et al.5¥ supported this mechanism and

allowed to subdivide the second step into three reactions: F#152

Nag + Na(HQO)n+2 — Nag(HQO)n+2 (223)
Na3(HQO)n+2 — Na(NaH) (NaOH)(HQO)n+1 (224)
Na(NaH) (NaOH) (HQO)n+1 — Na(NaOH)g(HQO)n + H, (225)

The sodium dimer addition to the Na(H20),,12 cluster by charge separation in Nay
to yield Na’" and Na’~ is followed by NaH and NaOH formation. The explanation
for this reaction to occur therefore is as follows: #1524 The sodium dimer is polarized
by the water cluster and the partially negatively charged sodium atom of the dimer
extracts a proton from a water molecule with the resulting hydroxide anion form-
ing NaOH with a partially positively charged sodium atom. The NaH formation
was determined to be the rate determining reaction step® and could also be inter-
preted as an insertion of a sodium atom in a OH bond. ™ Dissociation of another
water molecule due to the reactive hydride yields molecular hydrogen and a second

NaOH. This mechanism explains the formation of even numbered amounts of NaOH
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2.3 Sodium water clusters

within the product clusters due to the stoichiometry needed to form molecular hy-
drogen. PEIIS2053] The energy released upon NaOH formation should lead to the
evaporation of HyO or NaOH constituents. Since only even numbered amounts of
NaOH were observed, it was concluded that water molecules are weaker bound to
the cluster than NaOH. 5! Triply sodium doped clusters of Nag(Hy0),—1_4 type
were concluded to be the precursors to the reaction described above. 131

Computational studies indicate that the direct sodium hydroxide formation via
Nay + (HQO)n — (NaOH)Q(HQO)n_Q_z + Hy + I’HQO (226)

is less probable in molecular beam experiments. The reason is, that the formation
of a Nag(H20)g s cluster, in which the sodium atoms have different charges, does not
occur likely but can be increased by an asymmetric charge distribution as found in
Na(H,0),, clusters. ™5 Moreover, the hydrolysis of the sodium atom can be easily
catalyzed by (NaCl), clusters,® which indicates that it could be catalyzed for
instance by other species such as solvated electrons or a third sodium atom as

proposed by Mundy et al.®¥ and |Steinbach and Buck]. 52

2.3.2 Hydrated electrons

The applicability of sodium atoms as chromophores for the detection of weakly
bound clusters is related to the decrease of the ionization energy due to the formation
of solvated electrons and has been observed for mixed sodium solvent clusters. 100!
The hydrated electron has been concluded to be an important reaction step for the

formation of sodium hydroxide on ice 6%

[157]

or the explosive reaction of a potassium-

sodium alloy with bulk water.

2.3.2.1 Experimental characterization approaches

Solvated, delocalized electrons in clusters are characterized by their ionization ener-

gies, which can be determined by two experimental approaches:

1. The measurements of ionization efficiency curves. When the normalized ion
yield (IY) is plotted against the photon energy, the ionization threshold energy
(also referred to as appearance ionization energy, 19107 a]E) can be obtained

as the baseline intercept from steepest gradient extrapolation. 1370

2. Photoelectron spectroscopy (PES), where the electron’s kinetic energy is mea-
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Figure 2.2: Schematic diagram illustrating the difference between adiabatic and vertical ioniza-

tion energy (AIE and VIE)®3 and the calculation of EBE distributions via the re-
flection principle in terms of a distribution of single photon ionization cross sections

(ogpy). B98160 The ground state probability function of the neutral cluster |p(R)|? is
reflected at the ionic potential, which is assumed to exhibit an almost linear slope

around Re peutral- 22 Figure inspired by references [I3} 158, [159].

sured and the electron binding energy (EBE) can be determined as the dif-
ference of the photon energy and the kinetic energy of the electron. 134063/70]
In PES spectra the whole distribution of ionization energies up to the photon

energy used for ionization is obtained.

In order to understand the connection between these measured properties and the
ionization process of a cluster the terms of adiabatic and vertical ionization energies
are used. The adiabatic ionization energy denotes the energy difference of the ground
state energies of a neutral and an ionic cluster, see Figure[2.2l The vertical ionization
energy corresponds to the energy difference of the neutral and the ionic cluster in
the same configuration. If the ionic and the neutral cluster have differing minimum
energy structure, the VIE is larger than the adiabatic ionization energy. 13

While the alE of IY curves is often assumed to correspond to the adiabatic ionization
energy, the IY curve ranges to ionization energy values above the VIE."3 Peaks in

26671161

PES spectra are interpreted as vertical ionization energies. ! If an IY curve is
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2.3 Sodium water clusters

interpreted as an integrated PES-analogue spectrum, the VIE might be determined
from the maximum position of the first derivative of the IY curve. B3#0TI62163] Thep
the VIE corresponds to the inflection points of the I'Y curve.

Which of the two experimental approaches is applicable depends on the charge of the
investigated species. PES provides the ionization energy distribution for all cluster

57 and is widely used on anionic clusters as they are easily size separable. 13106

sizes
For neutral clusters, the use of PES yields size-unselective data.®Y In contrast to
this, the measurement of I'Y curves can provide size-selectivity as the mass separa-
tion is achieved after the ionization step.

The VIE is calculated as the energy difference between the neutral potential and
the ionic potential. However, many experimental methods such as PES or photoion-
ization efficiency curves obtain broad peaks and therefore do not sharply probe the

3]

VIE but a distribution of ionization energies."* These can be simulated by means

of a convolution of the ground state probability function |p(R)|? and the ionic po-
tential. 58160 The simulated EBE distribution therefore resembles a reflection of
|p(R)|*> on the ionic potential close to internuclear distance of the neutral state’s

equilibrium position Re peutral, see Figure 2.2

2.3.2.2 lIsomers of anionic water clusters

Since anionic (Hy0),,~ clusters are a suitable model system for studying the prop-
erties of the hydrated electron, they were already investigated in great detail, see
e.g. references [26] 67, 149, [161), 167]. The vertical ionization energies of (H20),

clusters—determined as peak positions in photoelectron spectra—decrease almost

linearly with n~'/3 for each isomer class, see red and black open symbols in Fig-
ure 2.3l This indicates that the VIE depends on the interactions of all HyO con-
stituents and that the cluster geometry might converge for n — oo towards spherical
shape. 1% The isomers with higher VIE were assigned to internally solvated elec-
trons, those with lower VIE to isomers where the excess electron resides at the
cluster surface. 106l

The ionization energies of solvated electrons in bulk water M#166 are shown at
n~Y3 = 0. The bulk ionization energy values determined by PES measurements
of internally solvated electrons in liquid jets (3.3 — 3.6 eV H6#I66168]) are matched
by extrapolations of the VIE from (H20),,~ clusters with internally solvated epya, ,
which were assigned as isomer class I, see [I06] and references cited therein. The

VIE of surface bound hydrated electrons in larger clusters of isomer class II with
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Figure 2.3: Comparison of appearance ionization energies of Na(H50),, clusters (black filled sym-
bols) B0 and the VIE of Na(Hz0),, clusters (open blue squares®?) and the VIE of

EHQO)Tf clusters (black open squares ™1 red circles and triangles %) as determined
rom peaks of photoelectron spectra with ionization energies of bulk solvated electrons.

The EBEs of solvated electrons in bulk water (blue ™% orange 163 and green169l) are

shown at n~1/3 = 0. The dashed black line is the extrapolation of Coe et al. 1] The
solid lines are extrapolations from the corresponding data. Figure taken from reference
[106] and modified.

n > 50 extrapolate to a bulk value of 1.6 eV, which is in agreement with the value
of hydrated electrons in the vicinity of a liquid jet surface suggested by |Siefermann
et al24 (note that this value is still debated as it could not be reproduced by other
groups %) see open triangles and solid red line in Figure The extrapolations
to bulk values are suitable for larger clusters in which the VIE of the two isomer

classes of (Hy0),,~ appear to scale with the spatial distribution of the electron den-

167

sity and no structural transitions with increasing cluster size occurs.® For clusters

with n = 11 — 35 a third isomer class with ionization energies of around 0.25eV

167

was reported.® The abundance ratio of the three isomer classes has been shown to

strongly depend on the seeding conditions as the surface electron isomer abundance
is promoted by expansion conditions providing colder clusters. 67

In conclusion, the extensive study of size-selected photoelectron spectra 266716167
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2.3 Sodium water clusters

of (H20),,~ and their evolution upon variation of the cluster temperatures provided
a detailed understanding of the isomer distribution and of the properties of the

isomer classes.

2.3.2.3 lIsomers of sodium water clusters

Size-unresolved photoelectron spectroscopy has been applied to sodium doped water
clusters. ¥ The onset of the peak was determined to be in the range of 3.2 — 3.4 eV
and the peak position of the distribution of ionization energies was found to be at
3.8 + 0.1eV, see blue open squares in Figure [2.3] In order to obtain size-selective
ionization energies, photoionization with tunable UV lasers was applied to deter-
mine the alE of Na(H50),, clusters from photoionization efficiency curves in which
the detected ion yield was plotted against the photon energy.!83% It was found
that, when a sodium atom is added to a hydrogen bonded cluster, the ionization
threshold energy decreases from 5.139¢V for atomic sodium©? to cluster size and

s. H2GITON06I39 A comparison of the appearance ioniza-

constituent dependent value
tion energies for different cluster sizes shows that small clusters with n < 4 show
a decreasing alE with increasing n, whereas clusters with n > 4 have a constant
alE of 3.17 £ 0.05 eV, 5863 see black filled squares in Figure [2.3] This alE has been
assigned to clusters from the so-called isomer class 17006 Other alkali metal
dopants yield constant alE values in the range of 3.12 — 3.18 eV for clusters with
n > 4.B283] Mg and Ca doped water clusters have an alE for n > 9 or n > 8 of
3.18¢V.BY The levelling off of the alE has been interpreted to be caused by the
completion of the first solvation shell. BUS2I336370]

Although the high-n alE of M(H50),, clusters is close to the value for internally

solvated electrons in bulk water around 3.3 eV from Siefermann et al. 164

and Tang
et al.[18] it is not linked to the abundance of internally solvated electrons, but to the
attractive interaction between the hydrated electron and the M counterion, as the
hydrated electron in Na(H;0),, clusters was shown to reside on the surface. ™ In dif-
ferent OH containing solvents such as methanol, this interpretation persists. 4142106
For sodium water clusters it was shown that a second isomer class with a lower alE
than isomer class I exists. Its alE values decrease to a high-n limit of 2.8¢eV for
n > 15 (and therefore n=3 < 0.41),7 see black filled dots in Figure [2.3] Molecular
dynamics simulations suggested that the isomer classes I and II differ in the spatial

—.[70

separation of Na™ and Chydr : I in both cases the sodium was solvated in terms

of coordination by several water molecules and the electron was shown to reside on
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the cluster surface. The separation of Na* and epyq,~ is governed by the position
of the sodium cation within the clusters. It can be solvated on the cluster surface
or within the cluster interior. The former case corresponds to isomer class I con-
figuration while the latter was assigned to isomer class IL.7 For isomer class II,
the separation of Nat and eyyq,~ is larger than in isomer class 1. This results in a
weakened attractive interaction of the two charges and therefore in a more loosely
bound electron. ™ Consequently, the structural properties of the sodium cation and
the hydrated electron were referred to as solvent separated ion pair Naanr + Chydr
for isomer class IT and contact ion pair Na,, " -« - epya, for isomer class I. 70

The discovery of Na(H20),, clusters with a higher degree of Nat — Chydr S€paration
by Forck et al.[™ supports the results of Kim et al. [ where the presence of solvated
electrons was concluded to be a mandatory step for the formation of the products
NaOD and solvent separated Nat and OD™ in a surface reaction of sodium atoms
and ice. Here it was found, that Na®™ was solvated within the surface film while
OD " was located at the surface.

An increase in the photoionization efficiency curve of Na(Hy0)45_450 for photon en-
ergies larger than 3.7 eV has been mentioned by Pradzynski et al. ™ They concluded
the presence of a third isomer class, for which the neutral sodium atom is attached
to the cluster surface.

Most experimental studies focused on the size selective determination of the alE
of Na(H50),, clusters. Unfortunately, this approach and interpretation cannot ob-
serve other isomers than those with the lowest ionization energy and neglect other
isomers that can be present. This is further indicated by IR-spectroscopic results
on Na(H,0)3%8 and the photoelectron spectrum of Na(H,0),, clusters®? as both

studies reveal that isomers with higher ionization energies are present.

2.4 Spectroscopy of water clusters

2.4.1 Size-selective cluster detection

As molecular aggregates can be produced in a variety of size ranges, matching in-
vestigation techniques are needed. Small (Hy0),—o_5 clusters can be investigated
via standard vibrational spectroscopy methods. The clusters can be prepared in
jet expansions or matrices and the observed peaks can be assigned to distinct iso-

mers by a comparison to vibrational frequencies calculated by means of high-level
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2.4 Spectroscopy of water clusters

quantum chemical methods. P76170 Scattering of clusters with a crossed helium
beam achieves size resolution in terms of spatially separating clusters with differ-
ent masses due to the conservation of momentum. 772 This method is capable to
size-resolve clusters with up to 10 molecules. ¥ Size-selectivity of the water clusters
with n > 10 can up to now only be achieved by mass spectroscopic (MS) methods,
which require charged sample substances. Within the field of MS-assisted studies

on water clusters, several sample preparation techniques are used:

« electrospray ionization from charged capillaries to yield ionic cluster such as
H*(H,0),,™ or [M(H,0),]*" (M = Ce, Eu, La, Na, Ca, SO,*,17), 23173

« gas aggregation sources combined with pulsed gas discharges to form H (H,0),,

clusters, 26174

« threshold ionization of pure water clusters, 103

« formation of pure water clusters from supersonic expansions and subsequent
chromophore labelling of the clusters with e.g. phenol, 2%17 alkali metals, B33l

alkaline earth metals, 3% or attachment of electrons 67761 to obtain (H,0), .

As positive charges such as La®" influence the morphology of the network of hy-
drogen bonds within a water cluster, Bl the vibrational spectra of these can differ
from those of neutral water clusters. Despite this, the major advantage of charged
clusters as sample species is the possibility to modify the sample properties such as
the cluster temperature in temperated ion traps. &1

Threshold ionization of pure water clusters leads to the above-mentioned formation
of protonated water cluster, 103104 see Equation Unprotonated, cationic water
clusters ((H;0),") are accessible via threshold photoionization of mixed rare gas
water clusters by VUV radiation. 103104

If threshold ionization with VUV radiation is not accessible, chromophores can be
introduced into the hydrogen bond network either by coexpansions with the water
vapor or via pickup arrangements. Phenole is a suitable dopant as it can be inte-
grated into the cluster by its hydroxyl group and and is ionizable via REMPI by
275nm photons. Unfortunately, the excess energy can lead to evaporation of up to
six water molecules. 2

The methods described in this section so far are suitable to measure vibrational
spectra by means of infrared multi photon dissociation spectroscopy. In contrast

to this, neutral alkali metal water clusters can be examined by a special kind of
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2 Applied methods and scientific context

action spectroscopy. In this method both an IR and an UV laser are used. An
increase of the ion yield for a certain cluster size n is observed if the IR radiation is
resonant with the absorption frequency of the clusters. This effect and the proposed
underlying mechanism # are described in Section [2.4.4}

2.4.2 Water molecule binding motifs

The IR spectrum of water vapor in the gas phase at ambient conditions shows
multiple peaks assignable to rovibrational transitions. These originate from the
population of many rotational states of the asymmetric rotor. Collisional cooling
in supersonic expansions efficiently reduces the population of rotationally excited
states™ and thus simplifies the spectrum. ™ The vibrational frequencies of the wa-
ter molecule’s fundamental transitions are 1595cm ™! (bending vibration), 3657cm ™!
(symmetric stretching in H—O bond direction), and 3756 cm ™! (asymmetric stretch-
ing vibration). 148l

When the water molecule forms a hydrogen bond with a suitable hydrogen atom
donor or acceptor site, the molecule’s OH-bonds are weakened. This can be moni-
tored by vibrational spectroscopy methods as the band positions are down-shifted
to lower vibrational frequencies by up to several hundreds of cm~'.27 Due to the
cooperativity of hydrogen bonds, the aforementioned spectral shift depends on the
surroundings of the affected OH-oscillator.® The hydrogen bond topology of a
specific water molecules with its neighboring water molecules is denoted in terms of
binding motifs, which abbreviate how many hydrogen atoms the molecule accepts
(A) or donates (D). The spectral ranges in which the water molecule motifs absorb
radiation are summarized in Table[2.1] The binding motifs are illustrated in Figure
for an isomer of the (HyO);; cluster. For larger clusters the spectral regions
cannot be assigned unambiguously to the molecular environments as the spectral
regions where the motifs absorb overlap. 19

Molecules that serve once as a hydrogen donor and once as acceptor are denoted
DA. Water molecules of this type are present in neutral water clusters with 3 to
5 water molecules, for which ring type structures are observed. ™17 The spectra
of these clusters exhibit well separated peaks in the OH-stretch region and can be
interpreted by means of high-level quantum chemical calculations which circumvents

[576] A5 the cluster size increases, the interpretation of

the lack of mass resolution.
experimental spectra in terms of the assignment of distinct isomers to certain peaks

is complicated by an increasing number of low energy isomers that can contribute
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2.4 Spectroscopy of water clusters

Figure 2.4: Structure of the (H20)1; cluster predicted by the TTM2.1-F potential as published by
Kazachenko and Thakkar; 277 reproduced from numerical data.

Table 2.1: Band positions of OH-stretch vibrational transitions of the binding motifs mentioned
in Section The values for DA bound molecules are taken from reference [176] as
cited in [75]. The values for three- and four- coordinated water molecules are taken from
[19, [711, [8T], [178] for larger clusters and from [27] for small clusters with n = 8 — 10.

motif | DAFSTE | DAA | DDAA | DDA dOH | ref.
5/ || 3533 (H:0)s) | <3100 3400 3520 — 3600 | 3703 78]
et || 3401 ((H20)4) | 3000 — 3150 | (amorphous) | 3500 — 3600 | ~ 3700 27]
3355 ((H20)s5) 3220 (ice) 19, B1]

to the spectra. 8701 A prominent example for this is the water hexamer: For
n = 6, three low energy isomers exist: a trigonal prism, a book-like cluster, and an
isomer referred to as “cage” (Pérez et al. %) IS0l Ty addition to these, a ring-
type isomer can be observed if the water cluster is grown in a helium droplet which
prevents the formation of three-dimensional isomers. ™I (H,0)s thus marks the
cluster size where the transition from almost two-dimensional to three-dimensional
clusters occurs. 7182 In case of the latter, the clusters contain water molecules of
DDA and DAA type. Only water molecules which donate less than two hydrogen
bonds exhibit free OH oscillators, also referred to as dangling OH bonds (dOH).
The geometry of (H;0),_. o clusters is based on the cubic, Doq symmetric water
octamer and obtained by removal or addition of a water molecule. BHT8HS] While
the minimum energy structure of (HyO);¢ is often predicted to be a petagonal prism
structure, 2287 3 cube with two opposing, DA bridged edges was concluded from
experimental vibrational spectra. 2774

In larger clusters, molecules of DDAA type (double donor and double acceptor) are
abundant. TSTITHISA These DDAA motifs were shown to dominate the vibra-
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tional spectra of clusters with tens to hundreds molecules. P#21293TITII0GIS5ISG] Tyye

to the sensitivity of the OH stretch frequency to its environment, the large number
of constituents, and the resulting large number of normal modes of the hydrogen
bonded cluster, a broad spectral feature around 3400 cm~! for DDAA type molecules
is observed.™ If the cluster’s interior resembles the structure of an ice phase, the
cooperativity is maximized, which results in a downshift of the maximum absorption
from 7 ~ 3400 cm™" to ¥ ~ 3220 cm . FOIMRLTISIIST Note that both peak positions
are sensitive to the temperature. 1187

For sodium doped clusters the motif nomenclature (DA, DAA, DDA, DDAA) can
be extended to account for interactions of the water molecules with the sodium atom
and the solvated electron. The direct coordination of the sodium atom by a water
oxygen atom is denoted as C, whereas the interaction of H atoms with the delo-
calized electron are expressed by an e.88 While the vibrational spectra of low-IE
sodium water clusters can be dominated by contributions from these interactions 188!
the possibility of non-destructive sodium capturing, producing clusters in which the

hydrogen bond network remains nearly unchanged, has also been reported. BT68/]

2.4.3 Probing physical states of water clusters

Bulk water has 17 known ice phases which differ by their crystal lattice structures
and their proton order. 8% The two at pressures up to 1 bar thermodynamically
stable phases relevant to the experiments—hexagonal ice Ih and cubic ice Ic—, other
ice phases are produced at high pressure conditions of bulk samples or by removal of
guest atoms from clathrates. Th and Ic cannot be distinguished from their IR absorp-
tion spectra. 1 Their lattice structures differ by the stacking order of tetrahedrally
coordinated DDAA water molecule layers; Th has the stacking order [ABABAB)]
whereas Ic has [ABCABC|,, order.m2l When supercooled water clusters crystal-
lize, they can form cubic ice clusters®! or an ice phase best described as a stacked
mixture of Th and Ic. 88194

A standard technique to observe phase transitions in bulk samples is differential
scanning calorimetry, which measures the amount of energy that is consumed in
order to reach a certain temperature. Von Issendorff et al. developed an analogous
method to apply on isolated, size-selected clusters. M50 They investigated phase
transitions in H* (H,0),, and (H,0),,~ clusters by measuring the ratio of metastable
decay after collisional heating. F¥%150] While this technique can determine at which

temperature a phase transition occurs, it does not yield a direct feedback on the
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2.4 Spectroscopy of water clusters

cluster’s structure or physical state. In contrast to this, the physical states of water
clusters can be probed by means of electron diffraction8#93196] peutron diffrac-
tion ¥ or FTIR spectroscopy. F#21187]

Figure [2.5| shows the FTIR spectra of pm-sized water droplets at 273 K, 240 K, and
235K, top black traces. B8 While the two spectra at higher temperatures are similar
to each other and correspond to liquid and supercooled water, the spectrum of ice I
droplets at 235 K is of entirely different shape: The peak position is downshifted to
3260 cm~! and the intensity at 3400 cm " decreased. B37 Note that the peak position
in the IR spectrum of ice particles is affected by the temperature of the droplets
and can be described by a linear shift of 0.2cm'K~! between 20 K and 240 K and
3220 — 3260 cm 1. 1921 The peak maximum of ice at around 3250 cm™' was sug-
gested to result from excitation of an in-phase, asymmetric vibration of DDAA
water molecules in crystalline geometries, 127 which was concluded to cause a large
transition dipole moment. 18!

Vibrational spectroscopy of sodium doped water clusters® and La** (H,0),, clus-
ters Bl showed the presence of crystalline clusters for n = 140 — 550. However, the
limiting cluster size for the presence of crystalline clusters is still unclear. Estimates
for the answer to this question were provided by molecular dynamics simulations of
several groups. In a pioneering computational chemistry study on the presence of

06l they revealed how the vibrational spectra change

ice-like clusters by [Buch et al.,
with cluster size and physical state. With growing cluster size, the amount of wa-
ter molecules in arrangements similar to strained and unstrained crystal lattices
increases, which results in a gradual shift of the peak maximum from n = 123
to n = 931,18 gee blue traces in Figure . A broad vibrational spectrum for
n = 293 results from a strained ice-like hydrogen bond network within the cluster.
For larger clusters with n = 600 and 931, spherical clusters with crystalline cores
and an amorphous cluster surfaces were predicted to yield spectra resembling the
spectrum of crystalline water droplets in shape, but with a peak position below
3200 cm~!. 18 The shoulder around 3280 cm™! has been concluded to originate from
DDAA molecules in tilted tetrahedral coordination. 18

The predicted cluster structures and the vibrational spectra were generated by Kaz-
imirski and Buch®! and Buch et al.% as follows: Bulk cubic ice structures were
used as initial geometries for several molecular dynamics simulations with the em-
pirical TIP4P potential with energies corresponding to temperatures of 100 — 200 K,

which guaranteed the population of several minima of the potential energy surface.
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Figure 2.5: Vibrational spectra of water droplets and clusters: Black traces: IR spectra of nm sized
water droplets at different temperatures of liquid and supercooled water, and ice. Data
reproduced from numerical data of reference [I87]. Blue traces: calculated vibrational
spectra of (H20), clusters with n = 931,600, 293,123. Spectra taken from reference

[16].

30



2.4 Spectroscopy of water clusters

The temperature range 130 — 160 K lead to a satisfying exploration of the potential
energy surface while the low energy isomers were still predominantly populated. 19!
While the ice-like geometries of larger cluster survived the MD simulations, they
were lost for smaller clusters. In a proceeding simulation, the structures for n < 293
obtained from the MD simulations underwent a Monte-Carlo optimization scheme
in order to optimize the hydrogen positions for the found oxygen atom network
and thus improve the accuracy of the dOH positions. ¥ The resulting spectra for
n = 123, 293, 600, and 931 (see blue lines in Figure were calculated for struc-
tures reoptimized via the EMP potential. The hydrogen bonds were treated as
interactions of two oscillating dipoles oscillating in the direction of the OH bond
and the frequency shift was assumed to steadily decrease with increasing electric
field strength along the OH bond. 18!

The work of Buch et al.[l8] showed the formation of improved crystal lattices with
growing cluster size by comparison of only few cluster sizes (123, 293, 600, 931)
since the modelling of all cluster sizes would have been too computationally expen-
sive. Bandow and Hartke®7 examined the cluster size range n < 150 by using the
TTM2-F potential for the optimization of ice Ic, ice Ih, and ice VI cutoutsE] They
found that approximately 25% of the molecules of a n = 145 cutout remained in
their original ice Ic position. This indicates the presence of a crystalline core covered
by an amorphous surface, which is in agreement with the geometries suggested by
Buch et al.[18 By comparing the energy per molecule of the optimized ice cutouts
with that of amorphous clusters obtained via a global optimization algorithm, it
was concluded that n ~ 90 could be a lower limit for the presence of crystalline
clusters. &7

An entirely different approach does not aim to describe all atoms of each water
molecule but treats the whole molecules as a quasi-atom with preferentially tetra-
hedral connectivity. ©8 This mW (monatomic water) called potential has been used
to simulate the crystallization of bulk water 2819 and the crystallization of water
clusters. B8 Tt showed a coexistence of Ic and Ih in crystalline clusters in molecu-
lar dynamics simulations with fixed cooling rates. ¥ For clusters with 41713824
molecules a ratio of Ic to Th of around 2.5 was observed 8 which is close to the
value of 1.8-2.5 observed in MD simulations with the mW potential of crystallized

bulk water. 2% In simulations with 7' = 150 K, the smallest clusters which crystal-

IThe TTM2-F potential is considered to be more accurate than TIP4P, but also more expen-
ive. BT
sive.
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lized in the simulations of lJohnston and Molinero contained 137 water molecules.
These also showed a crystalline core and a distorted surface. B As for n = 137 and
n = 159 less than 50% of the molecules were in a crystal-like environment, Johnston
and Molinero®8! concluded that crystalline clusters with n ~ 100 are unlikely to
form ice I type crystal cores.

The three different potentials TIP4P, TTM2-F, and mW result in different mini-
mum cluster sizes for which crystallization is observed. From this, the necessity of
size-resolved experimental methods probing the physical state of the clusters arises.
With the aforementioned spectral peak shift due to the presence of crystalline cluster

cores, vibrational spectroscopy appears to be a suitable technique.

2.4.4 |R-assisted photoionization of Na(H;0),

The sodium pickup approach has been first applied to water clusters by the Her-
Bl and is now an established tool for the measurement of cluster size
o [BABBETA3ATIARITTIS6IS)

tel group
distribution The extension of this technique towards vibra-
tional spectroscopy of mixed sodium water clusters was developed by Steinbach
and Buck. B9 Previous experiments on sodium solvent interactions, with HO-R sol-
vents using the apparatus (with several modifications) are described in references
[36, B7, 41H43, 68, [70, [71], 90, O3], 106}, 139, 178, 184] [188]. The proposed mechanism
of the action spectroscopic approach for the generation of size selected vibrational
spectra has been discussed in references [43], 68 [71].

The ion yield of Na(H,0), ™ from photoionization of Na(Hy0),, shows a surprising
breadth, see Figure[2.6((a). Forck et al.™ determined the ionization threshold ener-
gies by extrapolation to the abscissa as 2.8 eV for isomer class II and 3.2 eV for isomer

70 which is in agreement with the value from the Hertel group. 3363 Ag the

class I,
ion signal still increases for photon energies higher than 3.7 eV, the abundance of a
third isomer class was assumed, in which the sodium atom is located on the cluster
surface. ™ Predicted ionization energy distributions of the sodium-methanol system
indicate that the population of low-IE isomers increases with increasing tempera-
ture. ¥ This finding has been assumed to be similar in the sodium water case. ™

While the IY curve of sodium solvent clusters can be measured with a tunable UV
light source, the measurement of vibrational spectra requires an UV and an IR
laser.™ For sodium methanol clusters it has been shown that IR-induced action
spectra of sodium doped clusters can be measured in two ways: As a signal en-

hancement if the UV photon energy is close to the alE, or as a signal depletion if
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Figure 2.6: Enhanced photo ion yield by vibrational excitation:

(a) Ton yield of Na(H,0),, " cluster vs. photon energy of ionizing radiation. The blue
line marks the ionization wavelength used in the IR-UV experiment. The black arrows
mark the ionization threshold energies of the isomer classes I (3.2 V) and IT (2.8 eV). 70
The red arrow indicates the influence of IR radiation on the detected ion yield. Figure
taken from [71] and modified. Reprinted with permission from AAAS.

(b) Excerpt of mass spectra taken at the same expansion conditions but with different
ionizing conditions: The black mass spectrum results from ionization with 3.22 eV pho-
tons, whereas the red mass spectrum was measured with an IR-laser (7 = 3400 cm™1)
exciting the clusters prior to ionization by 3.22eV photons.
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the photon energy is well above the alE.#¥3l In the first case, the enhanced ion sig-
nal is caused by a change of the isomer distribution upon vibrational excitation of the
clusters. 3™ This corresponds to an IR-induced solvation of the sodium atom. ™!
To be more precise, the IR-induced signal gain observed for a UV photon energy of
3.2V is caused by transformation of clusters with higher ionization energies to clus-
ters with IE< 3.2V, see Figure (a). The obtained vibrational spectra therefore
originate from isomers with an exterior and mostly unsolvated sodium atom and
from those of isomer class I. 1

The applied near-threshold ionization by 3.2eV photons should minimize fragmen-

106l This is in agreement with the finding that the cationic species and the

tation.
neutral species with low ionization energies were predicted to have similar geome-
tries. P60 Consequently, if neutral low-IE clusters are ionized by radiation near their
threshold ionization energy, the resulting cationic clusters should not contain large
amounts of excess energy and therefore should not fragment. 108!

The lower panel of Figure shows a significant increase for the detected ion yield
of Na(H30),—30_35" after IR-assisted ionization. This demonstrates that the sig-
nal increase from clusters which undergo the sodium solvation transition outlined
above—and would not be detected without the IR excitation—is much larger than
the loss due to IR-induced fragmentation. The small peaks in the mass spectra
of panel (b) of Figure were shown to correspond to multiply sodium doped
cluster products of Na(NaOH),(H,0); type™3d and not to Na(H,0),*" as a sec-
ond ionization step of Na(Hy0), " clusters is not accessible by 3.2eV photons. For
Na(CH30H),, 3 and Na(H,0),, 13984 it was concluded that fragmentation can be
suppressed by near-threshold ionization as exceptionally stable clusters are present
in the molecular beam. B3¥3%84 Therefore, the fragmentation of metastable clusters
as a cause for the presence of the small peaks in the mass spectra obtained at photon
energies of 3.22 eV is unlikely.

From a comparison of the signal gain spectra of large sodium doped water clusters
with IR photodissociation spectra of phenol water clusters and cationic sodium water
clusters the comparability of the three methods wa deduced. ™2 For clusters larger
than n > 19 the similarity of the data with those from other chromophore-based
methods has lead to the conclusion of only a small pertubation of the hydrogen

[T190] These characteristics make TR-assisted

bond network due to the sodium atom.
photoionization of alkali water clusters a promising sample to obtain size-selective

vibrational spectra of large water clusters.
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In this chapter, the cluster beam machine used in this work will be presented. Its
design #9200 and ionoptics%2 were developed and constructed in the Buck group
at the Max-Planck-Institut fiir Dynamik und Selbstorganisation in Géttingen. Over
the last two decades several modifications were added: an effusive beam for pickup

201] 127 an optical parametric oscilla-

experiments, a gas cell for pickup experiments,
tor / optical parametric amplifier (OPO/OPA) IR laser system, ™ a double pickup
cell, 3 replacement of the IR laser system, 3% an UV/Vis OPO laser system, ! and
an UV /Vis dye laser.? The latest changes are minor adjustments to the hardware
components of the pickup cell to simplify their repair and a change of the laser pulse

sequence for the measurement of vibrational spectra. 203204

3.1 Cluster beam apparatus

The apparatus consists of three separated chambers in order to achieve pressures
of 10~%mbar in the TOF mass spectrometer by means of differential pumping and
to simplify repairs. These compartments will be called expansion chamber, pickup

chamber, and detection chamber in the following.

3.1.1 Cluster source

Cluster formation is achieved by continuous supersonic expansion of water vapor
seeded in different carrier gases from a conical nozzle with a length of 2mm, and
an opening angle a of 20°.931381 While a diameter of d = 63um was reported

9388 recent observations showed that the nozzle flange has altered as

previously, |
now the orifice is of irregular, nearly elliptic shape with a mean diameters of around
75 um. %! The nozzle is attached to an oven, which can be partly filled with a sample
substance and where the seeding gas is directly applied to the gas phase above the
sample filled in. The nozzle can be separately heated to prevent it from clogging.

Spatial adjustment of the oven-nozzle-compartment is possible in three directions:
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Figure 3.1: Schematic cross section of the pickup cell. An engineering drawing of the new upper
part can be found in the appendix in Figure The design follows the one presented

by Steinbach ™27 and . B3] Figure taken from [93] and modified.

one along the flow direction of the molecular beam and the other two perpendicular
to it.

3.1.2 Pickup cell

The sodium pickup cell is located in the pickup chamber. Its design and dimensions
follow the one presented by Steinbach™@and [Dauster|, ™ see Figure Recently,
it has been partly equipped with heating cartridges instead of the former tungsten
wire heating to simplify future repairs. The engineering drawing can be found in
the appendix in Figure on page [130]

In the given sodium gas cell design, bulk sodium is stored in the lower part of
the pickup cell, see Figure Heating of this reservoir allows the control of the
sodium vapor pressure. To minimize dopant condensation in the upper part of
the cell, this part is heated separately. Two apertures with 5mm diameter let the
molecular beam pass through the pickup cell onto the detection chamber. Typical

sodium vapor pressures used in the experiment range from 1073 Torr to 10~ Torr.

These can be estimated with the Antoine equation determined by Buck and Pauly;;

log,,(p/Torr) = 8.08 — %—g.m
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Figure 3.2: Schematic diagram of the mass spectrometer. The direction of the incoming molecular

beam is indicated by the arrow. marks resistors connecting several steel plates.

Grids are indicated by checkered patterns. For the applied voltages see Table
Figure taken from reference [207] and modified.

A1l — entrance plate R1 — entrance plate D1 — Chevron MCP

A2 — cation extraction plate R2 — brake field D2 — signal anode

A3 — end of acceleration stage R3 — correction field D3 — re-acceleration grid
A4 — deflection field R4 — repeller plate

A5 — copper bolt

3.1.3 Mass spectrometer

A schematic overview of the mass spectrometer is shown in Figure The volt-
ages applied to the different electrical components are listed in Table The
mass spectrometer consists of three parts. In the first part, the ion source, sodium
doped clusters are photoionized, extracted from the ionization zone, accelerated in
the direction of the reflectron, and deflected by few degrees with respect to the di-
rection of the molecular beam of the neutral species. The clusters are ionized in
the center of the ionization zone, which is between the copper bolts A5 and the
steel aperture plates A1 and A2 (90% transmission) that are limiting the extraction
field, see Figure Subsequently, the cluster cations pass a nearly homogeneous
electric acceleration field with several steel aperture plates until they pass the exit
plate A3 at the end of the acceleration stage. In order to simplify the alignment of
the reflectron, two deflection fields (A4) are located behind the Wiley-McLaren 113
dual-stage acceleration fields (A1l to A3) of the ion source.

The reflectron ™3 follows a Wiley-McLaren designf3 and consists of an electric

37



3 Setup

Table 3.1: Voltages applied to the mass spectrometer shown in Figure

¢ component voltage
par in Fig. in V
Al 1210
A2 1000
ion source A3 0
A4 25 and 50
A5 1090
R1 0
R2 619
reflectron R3 753
R4 1740
D1 (front) | —1900 £ 100
D1 (rear) —40
detector D2 0
D3 —250

field to slow the clusters down (between R1 and R2 in Figure and a nearly
homogeneous electric field, where the reflection of the cluster takes place (R3 to
R4).202208 Only the last steel plate has a grid whereas the rest of the reflectron
is gridless in order to increase the transmittance of ions through the reflectron. 29
Another advantage of the gridless reflectron is a narrow outgoing ion beam as the
gridless entrance has the same effect as an electrostatic lens. 292210 Therefore the re-
flectron guides the cations towards the detector which is located above the rear end
of the acceleration stage. The overall drift lengths in the apparatus is 1820 mm. 188!
If the reflectron is not used, the ions can pass through it and reach a detector located
in linear position.

Both detectors are Chevron-type multichannel plate (MCP) arrangements (D1) op-
erated with metal signal anodes (D2). In front of the detector for the reflected
beam a grid with 50% transmission is placed in order to achieve a higher detection
sensitivity for larger clusters by fragmenting them and re-accelerating the resulting

smaller species in the direction of the MCP. 20201
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3.1 Cluster beam apparatus

3.1.4 Pumping system

In order to achieve pressures that are low enough to not perturb the ion signal in
the TOF mass spectrometer by collisions with residual gas, differential pumping
is applied. The expansion chamber and the pickup chamber are separated by a
skimmer with a diameter of approximately 0.6 mm. The pickup chamber and the
detection chamber are separated by a valve with 5 mm diameter.

Whereas the expansion chamber and the pickup chamber are each pumped by an
oil diffusional pump, the detection chamber with the mass spectrometer is pumped
by a turbomolecular pump. The oil diffusional pump of the expansion chamber is
operated with two backing pumps: a roots pump and a rotary vane pump. The
backing pumps for the pickup and the detection chamber are rotary vane pumps. A

list of the used pumps is provided in Table [3.2]

Table 3.2: List of the pumps used in this work. Table taken from [90] and modified.

chamber brand and model pump type flow rate
(resulting pressure)
Leybold D60A! rotary vane 60 m3-h™!
Leybold D65BCS! rotary vane 65 m3 - h~!
expansion chamber || Leybold-Heraeus E150" | rotary piston 150m3 - h~!
(10~* mbar) Balzers WKP500! roots 500 m? - h~!
Alcatel RSV roots 375m3 - h~!
Leybold DI6000" oil diffusional | < 6000L -s~*
pickup chamber Leybold D16B rotary vane 16 m®-h™t
(107> mbar) Diffstak 100/300 oil diffusional 300 L-s7!
. Leybold D16B rotary vane 16 m®-h~!
detection chamber ) I
Pfeiffer TM U260 turbomolecular 220 L -s7!
(107% mbar) _ - .
Pfeiffer TPH270 turbomolecular 270L - s~

I first choice of expansion chamber pump system

L alternative pump

I two identical pumps
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3.2 Laser system

The measurements of vibrational spectra and of photoionization efficiency curves
require tunable lasers in the mid-IR and in the UV range. While dye lasers are only
tunable within the limits of the used laser dye and can require time consuming ad-
justments when the spectral range is changed, an OPO provides a broader accessible
spectral range of coherent radiation.

The setup used in this work is equipped with two Nd:YAG (neodynium doped yt-
trium aluminium garnet, Nd:Y3Al;0y5) lasers, 22121 which are used to optically
pump a Sirah Cobra-Stretch dye laser23 or a Continuum Panther Ex-OPO 24
and an LaserVision IR-OPO/OPA system. 23 These lasers have been described in
detail in the theses of Dr. R. M. Forck®3? and Dr. C. C. Pradzynski® and shall
only be introduced briefly in the following.

3.2.1 Nd:YAG pump laser

In the present Nd:YAG lasers (Continuum Powerlite 8000 and Continuum Power-
lite 9010) Q-switching is achieved by means of a Pockel’s cell. B3%211 The temporal
uncertainty of the laser pulse emission for external triggering is < 1ns at FWHM
pulselengths of 7 — 8 ns.

The Continuum Panther Ex-OPO and the Sirah Cobra-Stretch dye laser are pumped
by the third harmonic generation of the 1064 nm pulse from the Continuum Power-
lite 9010. The pump beam pulse energies used were in the range of 350 — 400 mJ for
the Panther Ex OPO and up to 350 mJ for the Sirah dye laser. The IR-OPO/OPA
system was pumped by 550 mJ pulses of 1064 nm radiation provided by the Contin-

uum Powerlite 8000 pump laser.

3.2.2 Laservision IR-OPO/OPA

The LaserVision OPO/OPA system provides mid-IR radiation in the range between
2500 cm ™! and 4508 cm .13 A beam splitter divides the Nd:YAG fundamental
laser beam by reflecting a third of the intensity. The reflected beam passes trough
a A/2-plate tilting its polarization plane by 45°.219 This tilted pump beam is fed
into a K'TP type II doubler crystal to yield 532 nm radiation that is coupled into an
OPO resonator after it has been separated from the residual 1064 nm beam. The

OPO resonator contains two counter-rotating KTP type II crystals and supplies
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3.2 Laser system

the 1064 nm pumped OPA with radiation from its idler in the wavelength range of
1.350 pm to 2.218 pm (7407 — 4508 cm ™). 19 Difference frequency generation of the
OPO idler beam and the Nd:YAG beam in the OPA KTA type II crystals yields mid-
IR photons in the range between 2500 cm™! and 4508 cm™! (5 pm to 2.218 m). 229!

I can be reached but with very low pulse energies.

Wavenumbers as low as 2000 cm™
In the range of 2800 cm ™! — 3560 cm™~! pulse energies of up to 14mJ — 15mJ were
accessible, for 3560 cm™! — 3800cm™! strong fluctuations in the measured pulse
energy occurred due to absorption by water vapor in the laboratory air, see right
panel of Figure |3.3|

The spectral linewidth of the mid-IR beam was 1.7cm™! for seeded and 3.7 cm™*
for unseeded operation of the Nd:YAG pump laser.¥! Calibration of the system
against gaseous HCI (300 mbar in a 20cm cuvette) and the rotational-vibrational
absorption lines of water vapor in the laboratory air showed a constant spectral

offset over the whole tuning range.
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Figure 3.3: Left: Comparison of FTIR spectrum of gaseous HCI (black) with the IR-laser pulse
energies measured behind the same cuvette (red). Note the offset between the ro-
vibrational transition peaks obtained from FTIR spectrometer and the IR-Laser system
of 4cm™!. Right: Average IR laser pulse energies of 11th April 2017 and 12th April
2017 (red dots). The fluctuations of the laser pulse energy are caused by water vapor
in the laboratory air, a water vapor FTIR spectrum for ambient conditions is shown
for comparison (blue).

41



3 Setup

3.2.3 Continuum Panther Ex OPO

The Panther Ex OPO generates UV to NIR light in the range of 205 — 2550 nm with
a gap at 355nm and is pumped by the third harmonic generation of the Powerlite
9010 Nd:YAG laser (355 nm, 350 — 400 mJ, FWHM = 7 — 8ns). The broad range of
accessible radiation results from several possible output beams (signal, idler, dou-
bled signal, or double idler) and cannot be straight-forwardly used for scanning over
the whole tuning range. 24

The 355nm pump beam is injected into the OPO resonator after being collimated
by a telescope consisting of a plano-convex and a plano-concave lens. 2 The orien-
tation of these lenses within their mount is of crucial importance as an erroneously
aligned plano-concave lens can lead to damage of the OPO-BBO type II crystal due
to focussing of a retro-reflected pump beam with a focus in the vicinity of the crys-
tal. If this lens is installed correctly, the focussed reflected beam can be observed
between the two lenses of the telescope.

The OPO resonator includes an long-pass filter in order to be operated in a singly
resonant mode by only injecting the idler and pump beam reflections back into the
BBO crystal. 214 By absorbing the reflected signal beam but re-injecting the idler
beam, the lasing from the OPO resonator should be more stable and the OPO
output beams—signal and idler—should have smaller linewidths compared to the
re-injection of both signal and idler. 24 The spatial offset of the beams due to OPO
crystal rotation is corrected by a counter-rotating quartz crystal right after pass-
ing the output mirror of the resonator. Signal and idler are separated by a pair of
dichroic mirrors directing the beams to different output positions of the laser hous-
ing.

If a wavelength below 410 nm is required, a standard 90° prism is placed before the
set of dichroic mirrors to guide both, signal and idler beam, to a pair of counter-
rotating BBO frequency doubling crystals (type I). 214 Here, the second harmonic of
the injected, vertically polarized beam is generated at phase-matching conditions.
The BBO crystals do not cover the same spectral range but their ranges overlap
for 260 nm radiation.2 As signal and idler beam have different polarizations, a
A/2-plate has to be placed in front of the crystals. A rotatable Pellin-Broca prism
separates the pump beam (signal or idler) from the generated UV beam (second

harmonic of signal or idler). 24
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3.2 Laser system

Table 3.3: Panther Ex OPO specifications. 214!

beam H wavelength range ‘ energy ‘ linewidth
pump 355 nm 400 mJ -
signal (unseeded) 410 = 710nm | 70mJ (450nm) | < 5cm™!
signal (seeded) 410 — 710 nm 85 mJ <25cm™!

doubled signal (unseeded) 205 — 355 nm 7mJ (260nm) | <5cm™!
doubled signal (seeded) 205 —355nm | 10mJ (260nm) | < 4cm™!

3.2.4 Sirah Cobra Stretch dye laser

The Sirah Cobra-Stretch is a dye laser supplying radiation from 370 — 760 nm with a
linewidth of 0.0027 nm, that is limited by the build-in grating (2400 lines / mm). 233!
Pumping with vertically polarized 355 nm or 532 nm radiation pulses at a repetition
rate of 10 Hz is provided by the second harmonic generation (SHG) or third harmonic
generation (THG) of the Continuum Powerlite 9010 laser. Pump pulse energies with

213 The output energies used in the experiments were in

up to 400 mJ are tolerated. !
the range of 3 — 10 mJ.
Second harmonic generation of the dye laser output in a BBO crystal supplies ra-
diation in the range 280 — 450nm. As this process requires a collimated beam
with a homogeneous beam profile, an amplifier cuvette with a capillary design was
used. PY213 The spatial beam offset resulting from the BBO crystal rotation is cor-
rected by a counter-rotating quartz-crystal. The dye laser beam and its second
harmonic generation are spatially separated by means of a stage with four Pellin-
Broca prisms.

The laser dyes used in this work and their specifications are listed in Table [3.4]

Table 3.4: Properties of the used laser dyes. 213

dye name H solvent ‘ Apump ‘ Aoutput ‘ max. efficiency
Exalite 389 || 1,4-dioxane | 355nm | 382 — 392 nm 16%
Pyridine 1 ethanol | 532nm | 667 — 720 nm 21%
Pyridine 2 ethanol | 532nm | 691 — 751 nm 20%
DCM ethanol 532nm | 602 — 660 nm 28%
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3.3 Mass detection and data processing

A voltage pulse from clusters impacting on the MCP detector is assigned to a spe-
cific time-of-flight within a multiple event time detection system (FAST ComTec
GmbH, P7887 multiscaler). P16 As the voltage pulses have widths of few ns, 32
channels with widths of 250 ps were binned to 8 ns channels. The voltage amplitude
detection threshold was adjusted such that the highest possible ion count rates were
measured and the ratio of cluster signal and noise counts was not lowered due to
increased noise generation.

In order to reliably determine the peak positions and integration borders of cluster
peaks in the mass spectra, a summed mass spectrum was generated. 29! In this spec-
trum the peak positions of Na(H,0),,™ were determined as follows: After binning
the ion counts in 200 ns segments, the first peak maximum was determined. For
this purpose the peak of the Na(H;0)4" cluster was used. The subsequent peak
position of Na(H,0)s" was found by the definition of a peak threshold level of 91%
of the peak height of the previous signal for the next 200 ns bin.2%! As the cluster
peaks are separated by few ps, this 9% lowering of the peak threshold level was
applied several consecutive times resulting in a exponential decay with increasing
peak separation (0.91(#vin=%vinn=1))  Further peak positions were determined via the
same approach, but starting from the beforehand determined cluster peak. The
aim of this approach was to neglect low-intensity mass peaks between the peaks of
Na(H,0),,* in the mass calibration procedure. 2% These small clusters (see Figure
on page at cluster sizes 30.5, 31.5, ...) are a product of multiple sodium
doping in the pickup cell and belong to Na(NaOH),(H,0);" clusters. 152153

After the rough determination of cluster peak positions was completed, the peak
maxima and the peak integration borders were re-evaluated by fitting Gaussian
peak profiles around the ranges of the determined peak positions. 2%l The resulting
mass calibration has been tested against a series of mixed phenol ethanol clusters
ionized via REMPI with 275 nm photons, see Figure[3.4] As the time of flight is pro-
portional to the square root of the mass-to-charge ratio (tror o< {/m/z), the peaks
for large clusters (n > 100 — 120) cannot be resolved properly and overlap until

BA9OI27] The mass calibration for

only a broad, log-normal shaped peak is observed.
this region is based on the proper determination of the cluster masses in the range
of separated signal peaks. Based on the relation tror o< \/m/z the two calibration

parameters ¢ (a constant) and t, (the flight time of an ion with zero mass) can be
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Figure 3.4: Peak position of Na(HQO)n+ and phenol ethanol clusters. The parameter ¢y, was ob-
tained from the mass calibration of the Na(Hy0),, ™ clusters via equation ([3.4).

introduced 23139

My, My, t, — 1t 2

— =—= 7( 0) (3.1)
Zn 1 c

and calculated from the position of two cluster peaks with known masses m,, and

charges z, = 1 via

. m1t2 — m2t1 + /mims - |t2 — tl‘
to = v (3.2)
my — Mo
and
t1 — o)
o= i=to)] (3.3)
my

or from a quadratic regression from the peak positions2% via

m 1 2to t2
A *tQ — ¢ 20 3.4
~ = Gtror =~ rtror + p (3.4)

If the two calibration parameters are known, the TOF can be transferred to a mass

scale. The cluster size n, denoting the number of water molecules of the mixed
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3 Setup
sodium water clusters, is then obtained via
n=-——m—— (3.5)

Here, my, refers to the atomic weight of sodium and my,o to the molecular weight
of water. m,, denotes the masses of cluster peaks obtained from the mass calibration
of the time-of-flight mass spectra.

In order to measure two mass spectra simultaneously—a reference spectrum with
only the UV laser used for ionization and a mass spectrum from IR-UV double reso-
nance experiments—, a 10ms TTL pulse with 5 Hz repetition rate (in the following
TAG) was fed into the P7887 multiscaler to yield the assignment of the detected
pulses to the correct mass spectrum. %3204 This TAG pulse was generated in a logic
box whenever both Nd:YAG pump lasers, for the UV laser and the IR laser, were
Q-switched. As the IR-OPO/OPA’s pump laser Q-switch was operated at halved
frequency of the UV laser’s pump laser, spectra of photoionized clusters with and
without IR excitation could be measured simultaneously. The delay time At be-
tween the laser pulses was adjustable in the range between —50ns and tens of js

and is defined as 203

At = tuv — tir (36)

The laser pulse times tyy and g were determined as rising slopes of the laser pulse
as detected by a photodiode (Electro-Optics Technology, Inc., Silicon PIN Detector
ET-2000) and observed on an oscilloscope (Tektronix, TDS 744A).
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4 Single photon ionization of
Na(H50), clusters

In this chapter, the results from a single photon ionization study on sodium doped
water clusters are presented. The photon energy dependent ion yield of small sodium
water clusters is compared to the results from ab initio molecular dynamics simula-
tions provided by the group of Prof. Petr Slavic¢ek from the Department of Physical
Chemistry of the University of Chemistry and Technology Prague. Most of the

results of this chapter were published in a joint publication, reference [72].

4.1 Experimental method

All experiments were conducted with the apparatus described in Section [3] Pure
water clusters were formed by skimmed, rare gas-seeded, supersonic expansions from
a conical nozzle. Sodium doping was achieved in a pickup cell. The Na(H,0),
clusters were ionized by UV light in the energy range of 2.7 — 5.4 €V from either the
Continuum Panther Ex OPO or the Sirah Cobra Stretch dye laser. The measured
mass spectra were corrected for the laser pulse energies and the number of laser
shots.

4.2 Experimental results

Sodium water clusters can be ionized by UV photons over a broad range. ™ Chang-
ing the UV photon energy from 3.1eV to 4.1€V results in mass spectra which differ
mainly in signal intensity and only slightly in the position of the mean cluster size,
see Figure . Both mass spectra show peaks from Na(H,0)7_, g, and only small
peaks interjacent to the peaks of the Na(H50), cluster series. As mentioned above,
these small peaks correspond to byproducts of the doping process. 131152 Therefore,

no ion signal is observed from multiply charged cluster cations, or daughter ions
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Figure 4.1: Mass spectra of Na(Hs O)n+ clusters measured at different photoionization wavelengths.
The clusters were formed in He seeded expansions with 1.4 bar water vapor at a stag-
nation pressure of 2.1 bar and a nozzle temperature of 160°C. The spectra taken at
4.1eV were offset by +60 counts. The spectra at 3.1eV were multiplied by 60 to give
comparable peak heights.

resulting from post-source decay. #3193 The peak at n = 1.3 in the low IE spectrum
of Figure corresponds to dimeric sodium (Nay). Comparison with the 4.1eV
spectrum shows that the detected cluster distribution is not drastically shifted to-
wards smaller cluster sizes if higher photoionization energies are used. From this
can be concluded that monitoring the integrated mass signal (in the following ion
yield, IY') while the photoionization wavelength is tuned may result in size-selective
ion yield curves, especially at low photon energies. These could be a measure for
the isomer population of each cluster size.

Figure displays the IY vs. photon energy curves for Na(H,0)," with n =
2,3,10,30 and 70. Each IY spectrum shows similar features: A region without ion
signal at low photon energies, a broad signal increase, and a saturation of the ion
signal. The transitions between these regions show a strong size dependence for
n =2 —9, as indicated by the IY curves of n = 2 and n = 3 shown in panel a) of

Figure [721 The appearance ionization energy values of isomer class I as deter-
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Figure 4.2: Ton yields of Na(H,0);" with n = 2 and 3 (panel a)), and n = 10,30, and 70 (panel

n

b)) plotted vs. the photon energy. The expansion conditions underlying the black
and blue data were the same as for the mass spectra in Figure Panel a): The

red points for Na(H,0)j are from Ar seeded expansions of 0.7bar water vapor at
Pstag = 1.8 £0.1bar at Tpo,e = 100°C. Panel b): The red dashed line at 3.2 eV marks

the alE of isomer class I. B8 The blue dashed line marks the value of 4.16V at which
the IY of Na(H20),9 clusters is saturated. Data taken from [72].

mined by Hertel et al. 3363l can be extrapolated from these data. However, for n = 3
an alE of 3.35 + 0.05€V is observed, which is slightly lower than the 3.48 + 0.06 eV
reported previously. 63

The photon energy at which the IY curve is saturated (in the following called satu-
ration ionization energy, sIE), differs for small clusters but reaches a constant value
of 4.14+0.1eV for n > 9. This resulting constant value is shown as blue dashed line
in panel b) of Figure 4.2l The alE for n > 4 of isomer class I (3.2eV E870) is shown
as a red dashed line in Figure 4.2]

The IY curve of n = 2 shows the first ion signal around 3.75 eV, which is well above
the alE of cluster with n > 2. In addition, the ion signal of Na(H,0)," is detected
when the IY curve of Na(Hy0);" formed in He seeded expansions is saturated.

From this follows that over a large range of ionization energies (3.35€eV to 3.75¢eV)
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no signal of Na(H;0)," is generated due to fragmentation of larger clusters or water
molecule ejection from n = 3. A possible reason for this could be the kinetic trap-
ping of cationic Na(H,0),* clusters, as observed for Li" (H;0),=34Ar by |[Rodriguez
and Lisy]. (64

Both n = 2 and n = 3 show a spectral width of 0.5 — 0.6eV for the 1Y increase
with He as the seeding gas.™ If the seeding gas is changed to Ar (red dots in IY
curve for n = 3 in panel a) of Figure , the photoionization spectrum of n = 3
shows a step around 3.6eV and thus has three inflection points. This step points
to the presence of several isomers differing in their ionization energies. 2 The IY
is saturated at higher energies and has only reached half of its normalized inten-
sity at 3.7eV, where the sIE is reached for He-seeded conditions. ™ This increased
sIE indicates by the presence of isomers with higher ionization energies. This is in
agreement with the results from an IR-spectroscopic study, where high-IE isomers
were formed at argon-seeded expansion conditions. 8 No significant seeding effects
on the IY curves of other cluster sizes have been observed. 2

The alE and sIE for several cluster sizes are shown in Figure [4.3] Clusters with
n > 9 have a constant sIE of 4.1 4+ 0.1eV, which persists for clusters containing
hundreds of water molecules. From the work of Forck et al.l™ a further spread
of the photoionization spectrum is known as clusters with an alE below 3.2eV are
abundant for n > 9 whose alE levels off at 2.8 eV for n > 15. However, the fraction
of clusters with an alE below 3.2 eV contributes to only a few percent of the intensity
in the photoionization spectrum. ™

At photon energies above 3.2eV, only subtle changes of the photoionization spec-
trum are observed for larger clusters, see panel b) of Figure . While the alE of
isomer class I and the sIE are constant for n > 9, a change in the curvature of the I'Y
curve is observed for cluster sizes between n = 30 —70: The IY gradient is shallower
above 3.5¢eV and steepest below 3.5eV for n = 70, whereas the IY curve of n = 30
has its steepest gradient around 3.5 — 3.7¢V. The transition from one curvature
shape to the other occurs gradually and in the cluster size range of n = 50 — 60 the
shift of the steepest gradient to below 3.5eV is observed. This cluster size region
has been of interest in recent studies as fluctuations of both ion yield and EBE

126]

were observed for (H20),,~ clusters, as well as a strong size dependency of the

077 and

predicted thermodynamic stability of (H,O),, from several model potentials,
cluster size specific peak position shifts of the dOH peak. 178

A comparison of the sIE of this work ™ with the data from photoelectron spectra H0
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Figure 4.3: Comparison of the experimental results for Na(H20),, clusters in terms of alE and sIE
of this work (blue triangles) with the alE for isomer class I (red squares) 5863 and
IT (red triangles) ™ and the onset IE and peak IE of photoelectron spectra®9 (black

points and squares). The filled blues triangles refer to He seeded expansions of 1.4 bar
water vapor at a stagnation pressure of 2.1bar. The open blue triangles refer to He
seeded expansions of 2.7 bar water vapor at reservoir pressures of 3.7 bar. Figure taken
from [72] and modified.

and the alE of isomer classes B30 and 117 is shown in Figure When com-
paring sIE and alE of several cluster sizes, starting from n = 1 both decrease with
increasing size until n = 4. While the alE reaches the constant value for isomer
class 1,863 the sIE does not remain constant with cluster size but increases again
until n = 9. Surprisingly, a constant sIE is reached for cluster sizes for which the
emergence of isomer class II with alE < 3.2eV has been reported. ™ For n > 15,
the sIE and the alE of isomer classes I and II remain constant, even for clusters
beyond hundreds of water molecules. The obtained sIE for larger clusters indicates
that the third isomer class of Na(H,0),, clusters assumed by Pradzynski et al.[™]
indeed exists.

In contrast to the results from size-selective I'Y curves, photoelectron spectra of neu-
tral Na(H;0),, clusters cannot provide size-selectivity. ™ In order to compare the
obtained PES results—onset ionization energies and PES peak positions—to the

size-selective data, they are shown at the average cluster sizes of the distributions
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Figure 4.4: Comparison of measured IY curve (black squares) with the data of Forck et al. ™% (red

dots) and West et al.0 (red and blue traces in panel (b)). Panel (a): Comparison
of the previously examined low energy part of the photoionization spectrum with the

previous IY curve P (data taken from [71],
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reprinted with permission from AAAS).

The data are scaled such that they are similar at 3.37€V.

Panel (b): Normalized PES intensity (red trace, data taken from [40]) and integrated

PES intensity (blue trace).

contributing to the PES signal, see Figure [4.3]

to be changed in order to obtain different cluster distributions, the cluster tem-

peratures and isomer distributions are likely to

explain the decreasing onset ionization energies

black dots in Figure [£.3] The peak ionization energies remained nearly constant at

around 3.8 eV.BY Both properties stated by West

As the expansion conditions had

have changed as well. This may

from the photoelectron study, see

et al.,BY onset and peak ionization

energies, are in the range between alE and sIE observed in this work.

To compare the IY data from this work with that of Forck et al.[™ for n = 45 — 450

and the PES data from West et al.% for i = 117, the mass signal was averaged

over the cluster size range n = 50 — 150. The IY
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part of the photoionization spectrum of Forck et al.[™ are in very good agreement
in the range 2.7 — 3.4eV. Both show the very low abundance of isomer class II, see
panel (a) of Figure These IY curves indicate that approximately 10% of the
clusters are ionized by 3.22 eV radiation. A direct comparison of the PES spectrum
of West et al. B with the normalized ion yield curve shows that the PES peak po-
sition (3.74€V) is close to the IE value of halved ion yield around 3.6 eV, see panel
(b) of Figure 4.4l The integrated photoelectron spectrum (blue trace) is similar to
the IY curve presented in this work: Both exhibit a sigmoid shape with a beginning
signal around 3.0 — 3.2eV and a broad distribution of ionization energies. While
the IY curve reaches a constant value at 4.1eV, the photoelectron spectrum and
the normalized, integrated photoelectron intensity indicate that about 20% of the
Na(H50),, clusters have ionization energies above 4.1eV. This suggests that frag-
mentation is likely to occur in the high energy part of the photoionization spectrum.
As no details on the seeding conditions during the cluster preparation are stated by
West et al| B the question, whether the discrepancy in the levelling off positions
of the IY curve and the integrated photoionization spectrum arises from different
seeding conditions or fragmentation of the clusters in the I'Y measurements, remains
unanswered.

Another possible cause of the PES intensity at higher photon energies could be
the contribution of small water clusters with n = 1 and 2. These cluster sizes
show ionization energies between 3.8¢eV (alE of Na(H;0),5) and 4.6eV (sIE of
Na(H,0)™!). Considering the spread of the cluster distribution, these two cluster
sizes should contribute to less than 1% of the PES spectrum of West et al. 40
Despite the high-IE discrepancy, both experimental data indicate a broad distribu-
tion of ionization energies, which suggests that Na(H0),, clusters with unsolvated
sodium atoms are present in the cluster distribution™ and more abundant than the
formerly published isomer classes I and II. In terms of isomer classes, this indicates
the presence of a further isomer class, which has not been observed in the purely
alE-focused studies. B8 In addition, both techniques reveal that at least 90% of
the clusters feature ionization energies above 3.2eV, which is of special interest for
the application of the spectroscopic technique introduced by Steinbach and Buck [29]

and further developed by the Zeuch group. BTH3GSTII0GITS/184]
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4.3 Comparison of experimental and theoretical

results

Introductory remarks

In order to use the obtained photoionization efficiency curves as a simulation target
for predictions of ab initio theory and in order to evaluate the suitability of IY
curves for probing the isomer population of water clusters, an existing cooperation
with the Slavicek group from University of Chemistry and Technology Prague was
re-activated and the results were published in [72]. While the experimental data
for this comparison were measured in Gottingen, the computational work was done
by the group of Prof. Petr Slavicek in Prague. For detailed information on the
computational methods see [72] and references cited therein. A brief description is

given below.

4.3.1 Computational methods

For small sodium water clusters (Na(H30),—2_57) the minimum energy isomers were
determined by means of density functional theory (DFT) methods. The basis set
6-314++g** was used employing three different DFT functionals, namely BMK 218
(a method with hybrid functionals), LC-wPBER¥ (range-separated hybrid func-
tionals), and BLYP 22! with an included empirical dispersion correction (general
gradient approximation type functionals, GGA). The calculated minimum energy
values of Na(H20), and Na(H20);3 were compared to values from CCSD(T)/aug-cc-
pVTZ calculations. ™ As the BMK functional was able to reproduce the CCSD(T)
energy ordering of the isomers of Na(H20)s 3 and the CCSD(T) ionization energies
the best, it was constantly used during the MD simulations for the calculation of
the ionization energy and the gyration radius 7., a measure for the delocalization of
the solvated electron.

In order to compare the goodness of the predictions from computationally efficient
GGA functionals (namely the BLYP functional), which typically favor higher sol-
vation of the sodium atom, and range-separated hybrid-functionals (in this case
LC-wPBE), where the exact exchange energy is taken stronger into account with in-
creasing interaction distance,™ the predicted ionization energy distributions were
compared to the obtained IY curves. In these MD simulations, the ionization en-

ergy distribution is determined by a convolution of the neutral cluster’s ground state
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4.3 Comparison of experimental and theoretical results

probability function and the potential of the cationic cluster, which is also referred
to as reflection principle, 58160 see Figure on page . For the calculation of the
ionization energy distribution of Na(H20),, in the range probed by the experiment,
only the ejection of the sodium 3s electron needs to be taken into account, as the
energy required for its ejection is well below those of all other electrons within the
cluster. [

The integrated ionization energy distributions from ab initio MD simulations mim-
icking thermal equilibrium and relying on the forces determined from energies ob-
tained via the BLYP or the LC-wPBE functional are compared to the IY curve of
Na(H20)," in Section and to the IY curve of Na(Hy0);" in Section
Integrated ionization energy distributions for n = 4,5 and 7 from the isomer dis-
tribution obtained via forces from the BLYP functional are compared to the corre-

sponding IY curves in Section

4.3.2 Results

For n = 2, three low energy isomers were found, see Table 4.1} a structure where a
singly coordinated (SC) sodium atom is attached to an intact water dimer with a
calculated IE of 4.03 €V, a cluster with doubly coordinated sodium and a hydrogen
bond between the two water molecules (DC, 3.92¢V), and a cluster where both water
molecules only coordinate the sodium atom (FS, 3.64¢eV). The energy ordering
from CCSD(T), BMK, and LC-wPBE suggests the structure with singly coordi-
nated sodium atom attached to an intact water dimer to be the global minimum
isomer. ™ In contrast to this, BLYP yields a different ordering of the isomers. This
is most likely connected to the self-interaction error in the BLYP method which
favors higher coordination of the sodium atom. ™

Figure shows the experimental data (black dots), the vertical ionization ener-
gies of the calculated isomers (dashed lines), and the integrated ionization energy
distributions predicted from the BLYP and the LC-wPBE functionals at 50 K and
200K (blue and red traces). The experimental data indicate that the photoion-
ization spectrum is dominated by the SC isomer, as the inflection point is above
4¢V.2 The LC-wPBE data are in good agreement with this, see lower panel of
Figure [£.5| BLYP predicts the population of the DC and the FS isomers. While

the experimental data indicates the presence of the DC isomer, the population of
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4 Single photon ionization of Na(H50),, clusters

Table 4.1: Minimum energy structures of Na(H20)s with their energies from CCSD(T)/aug-cc-
pVTZ and the DFT methods BMK/6-31++g**, LC-wPBE/6-31++g**, and BLYP/6-

314++g**, and the ionization energies determined from the BMK method. Data and
structures taken from [72].

E [ eV
structure | abbreviation | CCSD(T) BMK LC-wPBE BLYP | IE / eV
[
% .o
! sC 0 0 0 0 4.03
[#)
A * DC 0.028 0002 0022 —0129| 3.92
° o
D [
»* 1 FS 0.095 0116 0093  —0.097 | 3.64

the FS structure is not supported by the experiment. This inconsistency with the

experiment has been concluded to be a result of the intrinsic self interaction error of

the BLYP method, which results in the favoring of fully solvated species and thus a

possibly erroneous energy ordering.
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Figure 4.5: Comparison of the measured ion yield curve (black) and the integrated ionization energy
distributions (lines) from BLYP (upper panel) and LC-wPBE functional (lower panel)

at different temperatures (see legend) for n = 2. The calculated ionization energies of
the isomers shown in Table are indicated as dashed grey lines. Figure taken from
[72] and modified.
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4 Single photon ionization of Na(H>0),, clusters

4.3.2.2 Na(H20)3

Five low energy isomers of Na(H,0)s were found, ™ see Table : a cluster in
which the sodium atom is doubly coordinated and forms a square with the hydro-
gen bonded water molecules (S, 3.95€eV), a similarly square shaped isomer with a
singly coordinated sodium atom (S2, 4.35¢V), a tetrahedral isomer structure where
the sodium atom is attached to a cyclic water trimer with weakened hydrogen bonds
compared to the pure cyclic water trimer (T, 3.67 V), a trigonal cluster with a fully
solvated sodium atom and no hydrogen bonds between the water molecules (Tr,
3.59¢eV), and an isomer where the sodium atom is doubly coordinated and the third
water molecule is hydrogen bonded to the cluster (DCHB, 3.80eV). The CCSD(T)
energy ordering of the isomers is matched by the BMK energies. As the error of
the DF'T method and the calculated energies are both in the range of 0.1eV, the
energies calculated via LC-wPBE are still in rough agreement with the CCSD(T)
energies. BLYP predicts a different energy ordering of the isomers.

Forck et al.[8] already described the isomers S and S2. In addition they found an
isomer with a topology similar to DCHB but with slightly different geometry, and an
intact cyclic water trimer isomer for which the sodium atom is singly coordinated.
Their calculated vertical ionization energies for S, S2, and the DCHB analogous
isomer are in agreement with those obtained in this work. The calculated ioniza-
tion energy of the intact cyclic trimer with a singly coordinated sodium atom was
4.19 £0.17eV. 168

The experimental ion yield curve for the helium-seeded expansion conditions shows
a saturation of the ion signal at 3.8eV and an inflection point at around 3.6¢eV,
see black dots in Figure [4.6l With regard to the calculated ionization energies, this
appears to exclude the presence of the two most stable isomers (S and S2) with cal-
culated ionization energies of 3.95¢V and 4.35¢V, ™ as well as the presence of the
isomer containing an intact cyclic water trimer of Forck et al.[8! In the case of the
argon-seeded expansion conditions, the I'Y curve indicates the population of high-IE
isomers as it levels off at significantly higher photon energies than in the helium-
seeded case, see red dots in Figure [l The low-IE range is similar in both cases.
A comparison of the experimental IY curve from argon-seeded expansions and the
ionization energies calculated with the BMK functional could indicate the presence
of the S isomer. It is noted that a vibrational spectroscopic study of Forck et al. 68
demonstrated that a sodium doped cyclic water trimer is present in expansion con-

ditions as used in this work. This isomer likely contributes to the high ionization
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Figure 4.6: Comparison of the measured ion yield (black and red points, as in Figure and
the integrated ionization energy distributions (lines) from ab initio molecular dynam-
ics based on the BLYP (upper panel) and the LC-wPBE functional (lower panel) at
different temperatures for n = 3. The calculated ionization energies are indicated as
dashed grey lines. Figure taken from [72] and modified.
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4 Single photon ionization of Na(H50),, clusters

Table 4.2: Minimum energy isomers of Na(H30O)s with their energies obtained from CCSD(T)/aug-
cc-pVTZ and the DFT methods BMK/6-31++g**, LC-wPBE/6-31++g**, and
BLYP/6-31++¢**, and the ionization energies determined via the BMK method. Data
and structures taken from [72].

E | eV
structure | abbreviation | CCSD(T) BMK LC-wPBE BLYP | IE / eV
[ )
‘° qu
e S 0 0 0 0 3.95
[ ]
& s
‘e S2 0.010 0.034 —0.004 0.133 | 4.35
) .“‘a*
¢ T 0.087  0.079 0.133 0.012 | 3.67
o
v ® 4 Tr 0.166 0.155 0.083 0.030 3.59
" [ ]
é
o DCHB 0.175 0.181 0.158 0.030 | 3.80

energy part of the I'Y curve due to its high IE and was concluded to be formed due to
kinetic trapping of the cyclic water cluster arrangement during the pickup process. 68!
The kinetic trapping of this high-energy isomer during the pickup process might be
caused by formation of mixed water argon clusters, 19| from which the Ar atoms

HO03139] Since the applied simula-

could quickly evaporate during the pickup process.
tions did not consider the isomer detected by Forck et al.,™ the high-IE range may
not be described correctly by the simulations. Aside from this, the comparison of
the experimental data with the predicted isomers is complicated by the uncertainty
of the VIE calculated with the BMK functional (approximately 0.24 eV 238)) and the
strong effect of the (even partial) sodium solvation on the IE. 072

According to the ionization energy distributions obtained from the LC-wPBE level
of theory, the two isomers S and S2 should be dominant, whereas the isomers with
lower ionization energies should not be present, see solid lines in bottom panel of
Figure [4.6, ™ The resulting integrated ionization energy distributions do not match
the experimental data as they are at too high energies. Therefore, the LC-wPBE
functional can be concluded to predict the isomer population and thus the ionization
energy distribution of Na(Hy0)s unsatisfactorily.

Surprisingly, the BLYP functional is in good agreement with the experimental data
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4.3 Comparison of experimental and theoretical results

and can reproduce the two step IY curve if the MD simulation temperature is set
to 100 K. Tuning the temperature in the MD simulations in the range of 50 — 200 K
indicates that the low IE isomers are gradually populated with increasing tempera-
ture.™ This is in agreement with ionization energy distributions of sodium doped
methanol clusters calculated at the MP2/6-31-++g** level of theory. #3 At high tem-
peratures the increased population of low IE isomers is indicated and most likely
over-exaggerated by the BLYP results due to its favoring of structures with a high
degree of sodium solvation. 2

As the BLYP method showed a poor agreement for the Na(H0), cluster, it is clear
that the data for n = 3 are only well described due to error compensation: ™ While
the self-interaction error leads to favoring of isomers with a fully solvated sodium
atom, the non-corrected zero point energy promotes the population of isomers with
lower sodium coordination. These errors appear to compensate such that the pres-
ence of several isomers is predicted, which is in agreement with the experimental
data, see Figure [4.6] For Na(H,O), this error compensation does not occur for the
singly coordinated sodium cluster as the self interaction error dominated. 2
Despite this error compensation and the erroneous energy ordering of the isomers,
the results of the BLYP MD simulation may provide a qualitative explanation for
the IR action spectroscopic approach previously applied for the generation of vibra-
tional spectra of Na(H,0),, clusters: BTS00 A higher temperature can lead to the
population of isomers with a higher degree of sodium and electron solvation and
therefore a lower IE. From this follows that high-IE isomers can be transferred to
low-1E species upon IR excitation. This is in agreement with predicted IE distribu-

tions of sodium doped methanol clusters. 3l

43.2.3 Na(H20),,=4,5,7

The energy hypersurface becomes more complex with increasing cluster size. Unfor-
tunately, the DF'T-based energies of these cluster could not be validated by CCSD(T)
calculations.™ The calculated energies and geometries of the most stable isomers
for n = 4,5, 7 are listed in Table [4.3]

For n = 4, the global minimum found with the BMK and LC-wPBE functional is
an intact cyclic water tetramer with an attached, singly-ccordinated sodium atom
(4i1, 4.26eV).[2 In the other isomers found (4i2, 4i3, and 4i4), the sodium atom
is coordinated by several water molecules, which results in ionization energies of

3.48 — 3.60eV. The calculated ionization energies of these three isomers are within
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4 Single photon ionization of Na(H50),, clusters

Table 4.3: low energy isomers of Na(H20),=4,57. The energies were obtained from DFT calcu-
lations at the BMK/6-314++g**, LC-wPBE/6-314++g**, and BLYP/6-31++g** level
of theory. The ionization energies were determined via the BMK method. Data and
structures taken from [72].

E [ eV
structure | abbreviation | BMK LC-wPBE BLYP | IE / eV
* %
L 4i1 0 0 0 4.26
P9
s ¢ 4i2 0.031 0.172 —0.143 | 3.48
«d“.“
‘s 4i3 0.045 0.136 —0.147 | 3.51
® -";‘
o X Ai4 0.050  0.182  —0.150 | 3.60
< oofo\
& 5i1 0 0 0 3.52
2 o O e
Ty 5i2 0.003 0.040 . 3.57
)
“o ..~§
g 5i3 0.003 0.031 —0.017 | 3.74
M’PJ
o 5i4 0.078 0.112 —0.036 | 3.47
*
Fo o 5i5 0.087  —0.033 0.318 4.26
v %
e o 7il 0 0 0 3.69
ol
WP o olﬁ
°® 7i2 0.033 0.014 0.145 3.82
e ¥
v 7i3 0.036 0.024 0.029 3.52
‘» t-‘»o
P70 7id 0.059 0.030 —0.010 | 3.41
43‘10QV$.
0¥ ¢ 7i5 0.098 0.061 0.300 3.92
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4.3 Comparison of experimental and theoretical results

the range of the breadth of the experimental ion yield increase, see top panel of
Figure [4.3] Again, the BLYP energy ordering of the isomers differs from the one
obtained with the BMK and the LC-wPBE functional. The experimental IY curve
levels off at around 3.75 eV and features a step around 3.6 eV, see top panel of Figure
. [ The second step indicates the presence of clusters isomers with higher IE.

The difference of the predicted ionization energy distribution and the experimental

+
n

Normalized ion yield of Na(H,0)

Photon energy / eV

Figure 4.7: Comparison of the experimental ion yields of Na(H20),—457" (points) and the pre-
dicted ionization energy distributions of Na(H20),=45 7 (solid lines) from BLYP level

MD simulations at 50 K. The calculated IE of the isomers are indicated by dashed lines.
Figure taken from reference [72] and modified.
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4 Single photon ionization of Na(H>0),, clusters

data in the range of this step has two possible reasons: either kinetic trapping of
high-TE isomers, which has been concluded to be responsible for the abundance of
high-IE isomers of Na(Hy0)s,8l or the favoring of isomers with a higher degree of
solvation by the BLYP method. ™

In the case of n = 5, the experimental IY curve (black dots in middle panel of
Figure indicates the presence of the calculated cluster isomers 5il, 5i2, 5i3, and
5i4 based on their calculated IE (depicted as red dashed lines).™ The integrated
ionization energy distribution (calculated from the isomer distribution obtained in
simulations with the BLYP functional) shows a discrepancy to the experimental
data: The experimental ion yield levels off at 3.8eV whereas the MD result indi-
cates the slE to be at 3.6eV. As in the case of n = 4, it can be speculated that
the deviation of experiment and theory is caused either by the presence of kineti-
cally trapped high-IE isomers of Na(H,0O),,—in which the sodium atom is not fully
solvated—in the experiment, or by the favoring of structures with a solvated sodium
atom by the BLYP functional. ™

For n = 7, the experimental ion yield is well described by the simulated ionization
energy distribution, see bottom panel of Figure The sIE is equal for the BLYP
MD simulation at 50 K and the experiment and the two step structure of the spec-
trum is reproduced. Both curves are in agreement with the calculated ionization
energies of the isomers 7il, 7i2, 7i3, and 7i4. The ionization energy of isomer 7i5
is in the range of the observed experimental sIE and is therefore less likely to be
present. The crucial difference between the clusters with seven water molecules to
clusters with less than 6 molecules is the presence of three-dimensional hydrogen
bonded networks. #6871 The agreement of the experimental data and the pre-
dicted ionization energy distribution indicates that in the hydrogen bond network of
the pure water clusters could partly survive the sodium doping process in sufficiently

2] The high-IE isomers are populated in

large clusters and lead to high-IE cluster.
the BLYP simulation despite the favoring of solvated structures by this method. It
has to be noted that the calculated isomers of Na(H,O)7 are within a Gibbs energy
range of less than 0.1 eV, which may not be covered by the accuracy of the simulation

method. 2
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4.4 Conclusion

Photoionization efficiency curves of Na(H50), clusters have been compared to a
size-averaged photoelectron spectrum, ¥ the previously reported low energy part of
the photoionization efficiency curve of larger clusters, ™™ and the integrated ion-
ization energy distributions from ab initio MD simulations. ™

The measured ion yield curves all show sigmoidal curves for which the appearance
ionization energy, the saturation ionization energy, and the curve shape depend on
cluster size.™ The experimental data reproduces the previously reported alE val-
ues. B30 An exception is the alE of Na(H,0)3 for which a new, lower value of
3.35 £ 0.05¢eV was determined.™ The saturation ionization energy reaches a con-
stant value of 4.1eV for clusters with n > 9. The photoionization spectrum of
Na(H50)s, is free of signal resulting from fragmentation of larger clusters for photon
energies up to 3.75eV. Fragmentation cannot be ruled out for higher photon ener-
gies. The comparison of the photoelectron spectrum of West et al. B indicates that
up to 20% of the photoelectron intensity results from cluster with ionization energies
above 4.1eV. As the cluster temperatures could not be measured or controlled in
both experiments, the influence of the cluster temperature on the ionization energy
distribution 872 or fragmentation in the high-IE range could be reasons for the
discrepancy of both experimental studies.

Clusters with n > 9 show a broad distribution of ionization energies, which proves
the presence of more than the two isomer classes as determined from measure-
ments in the low-IE range™ and demonstrates the high abundance of clusters
with higher ionization energies. This is also indicated by the PES measurements of
West et al. B Tt was found that the large fraction of clusters with IE > 3.2eV—
approximately 90% of the clusters—can contribute to signal gains in the IR-assisted
vibrational spectroscopy approach outlined in Section [2.4.4]

Only for n = 3 a strong seeding gas effect on the detected photoionization efficiency
curve was observed. The observed population of high-IE isomers is in agreement with
the presence of kinetically trapped high-IE isomers which were observed in a previ-
ous work. % Ab initio molecular dynamics simulations for Na(H,0); with energies
calculated from the BLYP functional add a qualitative explanation of the influence
of the cluster temperature on the IY curve and thus the IR-assisted photoioniza-
tion of Na(H,0),, clusters: ™ higher cluster temperatures increase the population of

low-1E isomers. This is in agreement with the calculated temperature dependence
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4 Single photon ionization of Na(H50),, clusters

of ionization energy distributions for Na(CH3OH),, #3 and the proposed IR-induced
solvation of a sodium atom attached to a water cluster. ™

Although the calculated ionization energy distributions from the BLYP level of the-
ory were able to match the experimental data for n = 3 and n = 7, they failed
at other cluster sizes (n = 2,4,5), see Section LC-wPBE assisted MD simula-
tions showed satisfactory agreement with the experimental data only for n = 2. To
overcome the lack of a computationally efficient method which describes the isomer
population of sodium water clusters found in experiments, the experimental data
presented here and in reference [72] may serve as a reference dataset for further
theoretical development as they provide size-selective ion yield curves over a broad
range of cluster sizes and ionization energies, including clusters with only few water

molecules. 2
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5 Vibrational spectroscopy of
Na(H50), clusters

5.1 Introductory remarks

Sodium doping has recently been used for the size-selective measurement of vibra-
tional spectra of clusters over a wide range of cluster sizes. B03T43GITHI0GITSISATES] Ty
all of these studies, the ionizing UV radiation was provided by an excimer pumped
dye laser with a pulse length of 28 ns and the delay time between IR and UV pulse
was set to At = 80ns, as it was reported to yield an optimal signal enhancement
if photoionization was performed at a photon wavelength of 400 nm. 25188 After re-
placement of the excimer pump laser by an Nd:YAG pump laser, the FWHM pulse
lengths were reduced to 7 — 8 ns. 2 This, together with the detection scheme stated
in Section (and described in detail in the master’s thesis of Sabine Wolff2%)
enables the investigation of the delay time dependence of the signal gain resulting
from the action spectroscopic mechanism outlined in Section [2.4.4]

The experimental work of this section is partly reported in the bachelor’s thesis of
Daniel Becker. 221 The first time-dependent measurements with the modified setup

are reported in the master’s thesis of Sabine Wolff. 203

5.2 Temporal signal dependence

At denotes the temporal delay between the two laser pulses and is defined as fol-

lows 203l
At = tuv — tir (51)
tyv and tig are the starts of the laser pulses determined with a photodiode with

sub-ns resolution (Electro-Optics Technology, Inc., Silicon PIN Detector ET-2000)
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5 Vibrational spectroscopy of Na(H,0), clusters

and an oscilloscope (Tektronix, TDS 744A). The temporal uncertainty of At from
this procedure is 2ns. A negative delay corresponds to photoionization prior to
vibrational excitation, whereas a positive delay denotes that the laser pulse of the
IR laser irradiates the cluster beam before the UV laser pulse. 2% Due to the two
laser pulse lengths and the temporal uncertainty of At, an overlapping of the pulses
occurs at around —10 < At < +10ns.

The mass spectra measured at different delay times show significant differences, see
Figure [5.1] The mass spectra shown in black are obtained from clusters which were
only irradiated by the UV laser pulse. These spectra are a reference to study the
effect of the IR laser pulse on the cluster distribution. The mass spectra shown
in red are obtained using IR and UV laser simultaneously. For a delay time At =
—10mns, low-IE Na(H0),, clusters (IE < 3.22¢eV) are ionized before vibrational
excitation by an IR laser pulse occurs. The change in the mass spectrum with
regard to the UV reference mass spectrum results from the vibrational excitation
of Na(H,0),* cations. The used IR frequency of 7 = 3400cm™! is close to the
broad absorption maximum of amorphous, liquid-like clusters. F#20877 Therefore,
the successive absorption of multiple photons from 10 mJ laser pulses is very likely
to occur, also since the laser pulse duration (8ns) is several orders of magnitude
larger than the intermolecular vibrational relaxation (IVR, few psi222223)  The
heated cationic clusters fragment, which results in a mass spectrum that shows
higher abundances for clusters with n < 150 and lower abundances for n > 200, see
top panel of Figure This laser pulse detection sequence corresponds to IR multi
photon dissociation (IRMPD) of Na(H,0),,".

For positive delay times, where the clusters are first exposed to the IR pulse and are
ionized afterwards, a signal increase is observed for all clusters sizes at short delay
times, see middle panel of Figure 5.1} The signal gain is a cluster size dependent
quantity, compare e.g. ion yield gains for n = 30 — 50 and n > 250. In contrast to
the mass spectrum obtained at At = —10ns, no depletion is observed for the large
cluster sizes of the cluster distribution. This indicates that the abundance increase
due to the action spectroscopic mechanism outlined above is larger than the cluster
fragmentation shown for At = —10ns.

Increasing the delay time to At = +200ns results in a higher IR-induced signal
gain with regard to the UV reference but a lower ion yield than obtained in the
At = +10ns IR-UV mass spectrum. However, the ion signal of n > 450 clusters is

similar to the UV reference, so no IR-induced signal depletion is observed. A possible
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Figure 5.1: Comparison of mass spectra from ionization conditions differing only in At. The black
traces correspond to single photon ionization by 385 nm photons, the red traces to ion
signal from irradiation of the clusters with both IR (7 = 3400cm™!) and UV laser
pulse (Ayy = 385nm). The delay times applied are —10ns, +10ns, and +200ns.
The helium-seeded supersonic expansions were performed with 2.7 bar water vapor and
Dstag = 3.7 £ 0.1 bar.
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5 Vibrational spectroscopy of Na(H,0), clusters

reason for this observation is that the depletion from IRMPD and the signal gain
due to IR excitation balance out in this case.

The changes of the mass spectra with At shown in Figure |5.1| suggest to study the
temporal evolution of the IR signal gain in more detail. Panel (a) of F igure shows
the IR-induced signal gain as a function of the delay time At for the IR frequencies
7 = 3200cm™! (black squares) and 7 = 3400 cm™! (red squares) for the cluster
size range n = 50 — 450. These frequencies were chosen since they are close to the
absorption peaks of crystalline and amorphous clusters. 1208790 Since individual
mass peaks of clusters with n > 100 are not resolved and in order to reduce the
noise in the IR-induced signal, several cluster sizes are binned in the following.

Both signal gain curves show a similar trend with four different regions: 22!

I At < —10ns, a constant depletion of the signal from the largest clusters and a
correspondingly tilted mass spectrum caused by IRMPD of Na(H,0),* cluster

cations;

IT —10ns < At < 5ns, a sharp rise of the ion gain with a maximum at At =
5 — 10 ns;

[T 5ns< At < 2.5ps, a decreasing signal gain;

IV At > 2.5pus (not shown), a constant value of 0, as the IR-pumped clusters

have flown out of the UV-probed ionization volume.

The observation in region IV and the linear contribution to the signal decay of region
1T are related to the velocity of the molecular beam and the laser beam diameter
as the clusters that have been irradiated by the IR pulse are no longer present in
the volume probed by the UV laser pulse. This is reasonable since the mean beam
velocity for the applied seeding conditions (2.7 bar water vapor, 3.7+0.1 bar stagna-
tion pressure, He seeded) has been determined to be Upeam = (1.19 +0.07) - 10> m/s
and therefore the clusters travel only about 0.24 mm in 200 ns which corresponds to
less than 10% of the laser beam diameter (~ 3 mm).

The constant depletion for large clusters at At < —10ns (region I) is caused by
IRMPD of cationic clusters, compare the corresponding mass spectrum in Figure
The resulting change of the cluster distribution can also be shown by plotting
the signal gain values of cluster size ranges for At < —10ns as shown in panel (b)
of Figure 5.2 This tilting was observed for several UV photon energies for a cluster

distributions producing smaller clusters, see Figure in the appendix.
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Figure 5.2: (a) At-dependence of the ion signal gain for # = 3200cm ™! (black squares) and 7 =
3400 cm™! (red squares) of the cluster size range n = 50 — 450 for Na(H30),, clusters
ionized by 385 nm photons.

(b) Relative signal change upon IR irradiation (7 = 3400 cm !, At < —10ns) of cationic
clusters for several cluster size ranges of the cluster distributions shown in Figure [5.1
The binned cluster sizes are marked by the abscissa error bars.

(c) Exponential decay coefficients 7 determined from regressions for which the flyout
of vibrationally excited clusters was accounted for by adding a linear function to the
mono-exponential regression function (black dots). The blue lines mark the average
exponential decay lifetime 7 = 49 4+ 13 ns that is obtained if the flyout of IR-irradiated
clusters is neglected and the signal gain data in the range of At = 10 — 150 ns are
considered for the mono-exponential regressions; data taken from [221].
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5 Vibrational spectroscopy of Na(H,0), clusters

The sharp rise of the signal gain in region II is related to the temporal overlap of the
two lasers and thus occurs on a shorter timescale than the laser pulse lengths. 203!
This signal gain is caused by the mechanism stated in Section [2.4.4]and originates an
IR-induced solvation of the sodium atom.™ This is consistent with the shift of the
ionization energy distribution towards smaller ionization energies with increasing
temperature. 2372 The fast signal increase is completed within a delay time interval
of 12 — 16ns and was observed for all IR frequencies tested that provide resonant
vibrational excitation of larger water clusters. 29322 The breadth of this signal in-
crease is similar to the temporal laser pulse widths and therefore the underlying
process cannot be temporally resolved with the present setup.

The decrease of the signal gain for 5ns < At < 2.5 s depends on the IR frequency as
shown in the top panel of Figure The ion yield at an IR excitation of 3200 cm™!

1 a convolution of the

shows a steady, almost linear decrease, while at 3400 cm™
linear decrease with an exponential decrease is observed for all cluster sizes. The
linear signal decay is related to the molecular beam velocity, as it ends at around
At = 2.5ps when any IR-irradiated clusters have moved beyond the ionization vol-
ume. The exponential contribution to the signal decrease indicates a unimolecular
process that reduces the fraction of low-IE clusters with regard to the signal gains
obtained at around At = 5ns. The first order character of the signal decay was

shown in the bachelor’s thesis of Daniel Becker. 221

For the exponential signal de-
crease, the lifetime 7 was determined from a fitting function which consisted of a
linear function and an exponential decay term:

At
I(At >5ns) =11 +m - At + I - exp (—) (5.2)
T

Here, I(At > 5ns) corresponds to the IR-induced signal gain, 1, I3 and m to con-
stants, At to the delay time between the laser pulses, and 7 to the lifetime of the
exponential decay. The obtained 7 is in the range of 20 — 100 ns, see panel (c) in
Figure [5.2] and corresponds to rate constants of 5107 — 1 - 108s~!. If determined
from the raw signal gain data in the range of At = 10 — 150 ns with a standard
exponential decay fitting function, similar 7 values are obtained, 22! see blue lines
in Figure (c). A correlation between 7 and the cluster size is not observed.

The exponential signal decrease can only be observed if the UV photon energy is
lower than the sIE of 4.1 + 0.1€V, as reported in Section [d For photon energies of

4.27eV, a constant IR-induced shift of the mass spectra to smaller cluster sizes—

72



5.2 Temporal signal dependence

independent of At—is obtained, see Figure on page [128| in the appendix.
The mechanism causing the sharp signal rise is rather well understood, see Section
2.4.4 The resonant absorption of IR photons leads to an increase of the cluster

43172 and therefore to an increased population of low-IE isomers with a

temperature [
higher degree of solvation of the sodium atom. ™ While the linear part of the signal
gain decrease is caused by the flyout of vibrationally excited clusters, the expo-
nential decrease indicates that the temperature of the vibrationally excited clusters
decreases with increasing At due to the high temperature sensitivity of the sodium
atom solvation. #3 Since the clusters in the molecular beam can be considered to be
isolated due to the high vacuum conditions in the mass spectrometer, a temperature
decrease is most likely obtained by ejection of constituents from the clusters. As
sodium doped water clusters are present, the exponential decay of the signal gain
can therefore be caused by ejection of the sodium atom from vibrationally excited

clusters
Na(H,0),* — Na + (H,0),_, + 2 H,O (5.3)
or by evaporation of monomeric or oligomeric water

Na(HQO)n* — Na(HQO)n_X +x HQO (54)
Na(H,0),* = Na(H;0),_, + (H»0), (5.5)

If the evaporation of the sodium atom from the cluster occurs on the observed
timescale it should be observable via the sodium atom signal as this should increase
with 7. The At dependence of the sodium ion signal is shown in Figure [5.3] At
negative delay times the Na® signal is not affected by the IR laser pulse. For
positive delay times a constant Na™ jon signal increase is obtained; but an increase
of the Na™ ion yield with increasing At for At > 5ns is not observed. Therefore it
can be concluded that the exponential decay of the IR-induced signal gain does not
originated from the ejection of sodium atoms from the clusters as stated by equation
.3l

The equations and correspond to water monomer evaporation and cluster
fission. Which of these processes is present cannot be distinguished by the present
experiment. Both processes yield smaller sodium water clusters. However, a corre-
sponding tilting of the mass spectra to smaller cluster sizes has not been observed

with increasing delay time. Also, no fragment cluster size was observed that would
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Figure 5.3: Delay time dependent ion signal of Na™ for irradiation by IR photons with # =
3400 cm 1.

correspond to Na(H0),_,/, and which’s ion signal increases with increasing delay
time in the range bns < At < 200ns. With regard to the temperature depen-
dence of the ionization energy distribution®3#™ and the evaporative ensemble the-
ory H44H6I47] oy explanation for the observations could be as follows: As the clusters
are heated by the IR laser pulse with 7 = 3400 cm~! and populate low IE isomers,
which are ionizable by the 3.22eV UV laser pulse, a fraction of these IR-heated low
IE clusters is cooled by evaporation of water molecules or ejection of small clusters
within the observed timescale. The cooled clusters may then form isomers with
higher ionization energies which are not probed by the experiment at photon ener-
gies of 3.22¢V (385nm).

Surprisingly, the exponential decrease is observed for vibrational excitation by ra-
diation at 7 = 3400cm™! but not for 3200 cm™!, see Figure (a). This differ-
ence could be related to the absorption cross sections of the clusters for the two
IR frequencies. P! As the presence of crystalline Na(Hy0),, clusters was shown for
n > 275 4+ 25 at similar expansion conditions at the present setup by |Pradzynski
et al., ™ a comparison of the At-dependent signal gain obtained at 7 = 3200 cm ™!
for amorphous and for crystalline clusters is possible, see Figure 5.4 In the case
of amorphous clusters (n = 20 — 100) a slight exponential decay for At > 12ns
is observed, whereas the signal of large crystalline clusters (n = 350 — 450) ™ re-
mains constant. The fraction of the exponentially decaying signal gain observed for

n = 20 — 100 is smaller than observed for irradiation with 7 = 3400 cm~! photons,
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Figure 5.4: Delay time dependent signal gain after 3200 cm ™! irradiation for amorphous clusters
(n = 20 — 100, black squares) and crystalline clusters (n = 350 — 450, blue triangles).
The dashed lines are linear extrapolations from the data of At = 75 — 250 ns.
Water vapor (2.7 bar) was expanded with He at a reservoir pressure of 3.7 bar. The
clusters were ionized by 385 nm photons.

which should be due to the smaller absorption cross section of amorphous clusters
for 7 = 3200 cm ™!, see e.g. Section[2.4.3] For crystalline clusters with n = 350 — 450
no exponential decay is observed and the obtained signal gain is stable. These crys-
talline clusters therefore appear to be less prone to an IR-induced signal decrease
if excited by 3200 cm~! radiation. This can be explained by a melting transition
the cluster can undergo and which results in an upshift of the absorption maxi-
mum from 3250 cm ™! to 3400 cm .24 As the absorption cross section of the thus
formed clusters is significantly lower at 7 = 3200 cm™! than that of the crystalline
clusters, BH87%225] the absorption of further photons should be reduced. This trans-
formation is likely to occur as the energy required to melt crystalline clusters is
far smaller than the one needed for the evaporation of water molecules! and the
melting transition was shown to occur within 102 ps for superheated bulk ice. 224

The observed decay of the signal gain corresponds to a decreasing fraction of low-I1E
clusters and therefore could indicate a decreasing temperature of the clusters. #3472
As these aggregates are isolated in vacuum, the most probable way to reduce a clus-

[144:

ter’s internal energy is the loss of water molecules, 144 which is not directly probed by

the present setup. In the following the observed exponential decay lifetimes for the
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5 Vibrational spectroscopy of Na(H,0), clusters

are compared to that observed for the evaporation of water molecules from charged
water clusters: With regard to the obtained rate coefficients (Kqecay = 107 —108s71,
corresponding to 7 = 10 — 100ns), it is apparent that these differ significantly
from the rate constants of internal vibrational relaxation (10'2s7'),1223 black-body

1252261 and the dissociation

[227)

infrared dissociation of water clusters (around 10's™!)
rate coefficients observed for the decay of metastable water cluster ions (10 s™1).
Simulations of |(Caleman and van der Spoel|l on the evaporation of isolated water parti-
cles containing few ions are in agreement with the timescales found in this work: 228!
They found that the number of monomer units in the clusters decreased with a
lifetime of 30 — 50ns for Na,™ (H,0),, clusters (n = 212 and n = 508) with ini-
tial temperatures of 275 K.228 Additionally, they showed that not only monomer
evaporation but also cluster fission can contribute to decreasing the cluster size for
positively charged clusters. Moreover, it was found that the cluster temperature of
evaporating, pure water droplets decreases to around 215 K, B2 which is close to the
value estimated by Klots. ™ In order to reach cluster temperatures of 275K in the
molecular beam several photons have to be absorbed by each cluster [l This could be
possible within the experimental parameters, as IVR occurs in the ps timescale and
thus 3 orders of magnitude faster than the temporal IR laser beam length and pulse
energies of ca. 10mJ were used, providing 10?° photons per laser pulse. In addition,

several vibrational modes contribute to the peak absorption of large clusters. 18

5.3 Pulse energy dependence

In this section, the delay-dependent IR-induced signal gain is characterized in terms
of the IR laser pulse energy Eig. The laser pulse energy was adjusted by tuning the
OPA stage 1064 nm pump beam attenuator of the LaserVision OPO/OPA system
such that spatial and temporal beam alignment remained unchanged. 21
Figure shows the IR-induced signal gain for three cluster size regions (n = 40—>50,
250 — 300, and 400 — 450) at four different ionization conditions. The IR-assisted
ionization has been performed with At = 12ns (filled symbols) and 200ns (open
symbols) and the frequency of the IR laser radiation was set to 7 = 3200cm™?
(black) or 3400 cm™" (red).

Hlnphoton = 12 for a cluster containing 100 water monomers, nphoton = 61 for a cluster containing

500 water monomers. These values were estimated with a specific heat per water molecule
of 2.5-107%eV K1, 49 jpjtial cluster temperatures of 70K, B and IR photon energies of
0.42 eV corresponding to 3400 cm™!.
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Figure 5.5: Dependence of the IR-induced signal gain on the IR laser pulse energy, Figr, for the
cluster size ranges n = 40 — 50, 250 — 300, and 400 — 450. Signal gains from 3200 cm ™!
radiation (black points) and 3400cm~! (red) were measured at At = 12ns (filled
squares) and 200ns (open squares). Water vapor (2.7 bar partial pressure) has been
expanded at a stagnation pressure of 3.7 £ 0.1 bar with He seeding.
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5 Vibrational spectroscopy of Na(H,0), clusters

The upper panel of Figure 5.5 shows the signal gain for n = 40 — 50. Clusters in
this size regime correspond to amorphous, drop-like structures. BTSHMTHITS] Al four
datasets are consistent with a linear dependence of the signal gain on the pulse en-
ergy. The signal gain for vibrational excitation by 3400 cm~! photons is larger than
for excitation by 3200 cm™! radiation, which is in agreement with the corresponding

M An increase in the delay time

absorption cross sections of amorphous clusters.
results in a decrease of the signal gain, which is more pronounced for excitation at
3400 cm~!. The signal gain ratio of excitation at 3400 cm™! and 3200 cm™! appears
to remain constant over the IR laser pulse energy range presented here.

For n = 250 — 300, the signal gain increases linearly for excitation at 3200 cm™!.
Irradiation with 3400 cm ™! photons yields a signal saturation and a stronger decay
of the signal with increasing At and Eir. So, the signal gain intensity behaves differ-
ently for 7 = 3200 cm~! and 3400 cm~! and therefore might indicate the presence of
two distinctly different types of cluster. Note that for Na(H20),, with n = 250 — 300
an increasing signal gain around 3200 cm™! has been reported and assigned to the
presence of crystalline clusters formed at similar expansion conditions. 17”

For Na(H20),, clusters with n = 400 — 450—for which the presence of crystalline
clusters was also reported at similar cluster preparation conditionsB%—the Eig-
dependent data for excitation at 3200 cm~' and at 3400 cm ™! show different trends:

1

Vibrational excitation at 3400 cm™" causes a decreasing signal for both At = 12ns

and 200ns with increasing Frgr. This could indicate that successive absorption of

o, 0]

multiple photons causes the FEir-dependent decreas In contrast to this, the

IR-induced signal gain for excitation at 3200 cm™*

remains nearly unchanged with
increasing Erg and is only slightly reduced with increasing At. This is consistent
with the temporal evolution of the 3200 cm™! data shown in the previous section
and could indicate a coexistence of crystalline and amorphous clusters.

Comparing the Er-dependence of the signal gain for excitation at 3400 cm™! for
small (n = 40 — 50) and large (n = 400 — 450) clusters, it is observed that it de-
creases with increasing Err for the large cluster fraction but increases for the small
clusters. If the signal of smaller clusters would increase at the expense of the ion
signal of larger clusters, it should increase with increasing delay time. This is not

observed as the IR-induced signal decreases with increasing At for all cluster sizes

IVThe barometer used by Pradzynski ®¥ and Forck B39 was observed to measure erroneous reservoir
pressures. I suppose that this defect persisted for a long time and therefore I chose a reservoir
pressure of psiag = 3.7 0.1 bar instead of 3.9 bar (see Figure on page in the appendix)
in order to obtain expansion conditions comparable to those in [71].
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5.4 Time-resolved spectroscopy of Na(H20),, clusters

and IR laser pulse energies. Therefore, it can be concluded that the exponential
decay of the At-dependent signal gain does not cause an IR-induced tilting. The
difference in the energy dependence between excitation at 3200 cm ™! and 3400 cm ™!
shown in Figure may indicate the coexistence of crystalline and amorphous clus-
ters at large cluster sizes. This is consistent with the interpretation of the delay
time dependence of the signal gain shown above: While the amorphous clusters
tend to evaporate water molecules or eject fragments more easily, 23 the signal
of crystalline clusters remains less affected. This could be due to a change of the

absorption spectrum caused by a crystalline-to-amorphous melting transition, 224

which should reduce the absorption cross section of melting clusters at 3200 cm™!

and therefore could prevent heating to evaporative ensemble conditions.

5.4 Time-resolved spectroscopy of Na(H;0),, clusters

Since the IR-induced signal gain depends on At, Eir, and 7 the necessity for cluster
size and delay time-resolved vibrational spectra is apparent. These were measured
for At = 12ns and 200 ns with high or low Eig at otherwise identical experimental
conditions. The clusters were formed in helium-seeded supersonic expansions of
2.7 bar water vapor at a stagnation pressure of 3.7 4+ 0.1 bar and ionized by 3.22 eV
photons. The IR laser pulse energies were in the range of Fijg = 8 — 15mJ for
7 = 2800 — 3550 cm™!. The spectral resolution was 10cm™?.
made in the range of the dangling OH oscillator (dOH) peak around 3700 cm™?

where mass spectra were measured every 5cm™1.

An exception was

5.4.1 Spectra at high-E|r conditions

The normalized signal gain spectra of various cluster size ranges for At = 12 ns and
200ns at high-Fir conditions are shown in Figures [5.6] and 5.7} In all spectra, a
broad absorption pattern and a well separated peak around 3700 cm ™! are observed.
The latter corresponds to the absorption of dOH oscillators, the broad signal gain
peak in the range of 2900 — 3600 cm™" to bonded OH oscillators, see Section
The gradually downshifting peak position of the bonded OH peak with increasing
cluster size is typically assigned to a transition from amorphous (see spectra for
n < 150) to crystalline clusters (n > 300) B8 and can be caused by either a

growing fraction of crystalline clusters®! or an increasing crystallinity within the
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Figure 5.6: Normalized vibrational spectra of Na(H20),, clusters. The spectra were measured at
At = 12ns and are averaged from three scans at identical experimental parameters.
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5.4 Time-resolved spectroscopy of Na(H20),, clusters
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Figure 5.7: Normalized vibrational spectra of Na(H20),, clusters measured at At = 200ns. All
other experimental parameters are identical to those used for the measuring the spectra
of Figure
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Figure 5.8: Difference spectra of the unscaled vibrational spectra with At = 12ns and the corre-
sponding spectra measured with At = 200ns. The difference spectra were smoothed
by a threefold applied weighted average of adjacent data points (25%-50%-25%) and
normalized to the maximum intensity. The grey dashed lines mark the baselines. The
spectra are each offset by 0.5 for clarity.

clusters. 16!

The vibrational spectra measured at At = 12ns and 200ns for Na(H20),—s0_s500
are strikingly similar regarding the observed shift of the maximum intensity from
3400 cm™! to 3200 cm™! with increasing cluster size, see Figures and .7 At
around 3400 cm™! a decreasing intensity with increasing cluster size is observed.
This broad dip is more pronounced in the spectra taken at 200 ns, and is therefore
related to the At-dependent decay of the IR-induced signal gain described above.
In order to test if only amorphous clusters are affected by the decay, a spectrum of
the decaying species is required. The raw, unscaled spectra of the 200ns dataset
are subtracted from the 12ns spectra, which yields difference spectra, see Figure

on page [128]in the appendix. Normalized difference spectra are shown in Fig-
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Figure 5.9: Comparison of the difference spectrum of the delay times 12ns and 200ns (shown in
red), the signal gain spectrum of n = 60 — 80 (black, scaled by 0.2, At = +200ns),
and the depletion spectra of n = 200 — 300 and n = 400 — 500 of Na(H,0),,™ cluster

cations (At = —30mns, open and filled black squares). All clusters were ionized with a
photon energy of 3.22¢€V.

ure 5.8, These spectra were smoothed by a threefold application of a weighted
average of 25%-50%-25% type in order to reduce the noise and highlight the ro-
bust signal. The difference spectra show that the spectral response of the decaying
species is similar for all cluster sizes, see Figure [5.8, The component correspond-
ing to the decaying signal has a broad intensity peak between 7 = 3180 cm~! and
3560 cm ™! with a maximum at around 3400 cm™'. While the peak position corre-
sponds to that of amorphous clusters %™ the overall peak shape is different, see
Figure . The signal gain spectrum of amorphous Na(H20),—¢_so clusters has
signal intensity over a broader range of IR frequencies than the obtained difference
spectra. The crucial difference between the difference spectrum (red in Figure

and the signal gain spectrum measured at At = 200ns (black) is the reduced in-
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5 Vibrational spectroscopy of Na(H,0), clusters

tensity at frequencies related to surface bound water molecules (7paa < 3150 cm™1,
’ppa = 3550 —3630cm !, Vqon,paa ~ 3700 cm™!; see Section in the difference
spectrum.

A comparison of the depletion spectra of cluster cations generated from neutral clus-
ters with IE < 3.22eV and the temporal difference signal of the signal gain spectra
is also given in Figure The spectrum of Na(HoO);'_00_300 is similar to spectra
of amorphous clusters. For larger cluster sizes the depletion spectrum is similar
to the difference spectrum, with low intensity of surface bound molecules. Both
spectra of the cationic clusters indicate that they belong to amorphous clusters.
Whether the depletion spectra are caused by monomer evaporation or cluster fission
cannot be determined from this experiment. Note that IRMPD of (H50),, revealed
that fragmentation can occur by ejection of cluster fragments with at least up to 9
molecules. 230231]

The difference spectrum and the depletion spectrum of the larger cations have nar-
rowed bonded-OH peak shapes compared to the signal gain spectrum of amorphous
clusters but in agreement with the peak position of amorphous clusters. From this
can be deduced that the decay occurs if the absorption of several photons by a
cluster occurs.

From the data presented above, it can be concluded that the signal gain spectra mea-
sured at At = 12ns and 200 ns (see Figures 5.6/ and are distorted in the range of
the peak position of amorphous clusters due to the a decay of the IR-induced signal
gain, which corresponds to a decreasing fraction of clusters with a solvated sodium
atom. Vibrational spectra of Na(H50),, clusters at At = 80ns and lower IR laser
pulse energies (Err = 5 — 10mJ) were obtained by Pradzynski et al.[™ Figure m
shows these spectra, which were presented in [71], [90]. All spectra show at least one
broad peak in the region of bonded OH-stretch oscillators and a small peak around
3700 cm ™!, corresponding to the vibration of the dangling OH; 18192071 and there-
fore are in agreement with those presented in this work. The spectra were smoothed
ten times by a weighted three-point average (25%-50%-25%).2% For n < 250, the
peak position is around 3400 cm™!. The maximum intensity of larger clusters with
n > 300 is shifted to 7 < 3300 cm~'. A transition between these two cases occurs at
n = 275 + 25 and was therefore assigned as the “onset of crystallization” (Pradzyn-
ski et al.[™), see red spectrum in Figure . In this spectrum the peak position
is slightly downshifted and an increasing intensity at around 3200 cm™! is observed

when compared to the spectra of amorphous clusters. The spectra assigned to amor-
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Figure 5.10: Spectra of Na(H20),, clusters. The spectra were measured at the following condi-
tions: At ~ 80ns, Ayy = 390nm (3.18€V), 2.7bar water vapor seeded with He at
Dstagnation = 3.9 £ 0.1bar. The red trace marks the spectrum of Na(Hz0)a75405, the

smallest cluster size range Pradzynski et al. ™ concluded to indicate the presence of
crystalline clusters. Black spectra were assigned to the presence of amorphous clus-

ters, blue spectra to the presence of crystalline clusters. ™ Data taken from references
[71]. Reprinted with permission from AAAS.
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phous clusters are shown as black traces and the spectra with gradually downshifted
absorption maxima are shown in red and blue. The spectra of large cluster sizes

I and therefore are still

from Pradzynski et al.[™] feature a slight dip at 3400 cm™
affected by the decay stated above, see blue traces in Figure [5.10f However, the
depletion is reduced compared to the spectra shown in Figures and 5.7 In all
three cases, the signal at 3200 cm™! is rather robust and the downshift occurs in the
cluster size range of n = 200 — 300. Therefore it can be concluded that the signal
gain around 3200cm~! indicates the abundance of crystalline clusters in all cases.
In agreement to this, the decaying signal influences the spectra for 7 < 3200 cm ™!
only marginally, see Figure |5.8|

Differences between the spectra of Pradzynski et al.l™l and the spectra of this
work can be caused by several reasons: With regard to the At used, the spectra
of Pradzynski et al.™ are an intermediate case whereas the used IR laser pulse
energies were lower (Erg =5 — 10mJ). 2 Possible changes of the expansion condi-
tions —either in terms of different backing pressures in the expansion chamber or
in terms of a miscalibrated barometer in the seeding line— could have affected the
cooling rate in the supersonic expansion. Besides these differences, the more recent
spectra were measured with an improved signal-to-noise ratio, which should result
from the new measurement modeP®! as well as the higher ion signal in the mass
spectra used during the measurements of this work, which was at least a factor of 3

higher than that of Pradzynski et al.[™l]

5.4.2 Spectra at low-E g conditions — vibrational spectra of
Na(H20), with reduced distortion

The results shown in Sections[5.2] 5.3 and [5.4. ] revealed that the signal gain spectra
of large Na(H50),, clusters are distorted. The signal gain spectra indicate the decay
of amorphous clusters, depending on At and the IR pulse energy. From this follows
that pure signal gain spectra of Na(H20),, could be obtained in the limit of short
delay times and reduced IR pulse energies.

Figure |5.11] shows spectra measured at the same expansion conditions as the spec-
tra shown in Section [5.4.1], but with different IR laser pulse operation parameters
(At = 12ns, Ejg = 5 — 8mJ instead of 10 — 15mJ). At even lower IR laser pulse
energies, the At-dependent reduction of the signal gain was minimized, but test mea-

surements indicated rather noisy vibrational spectra. Therefore measuring spectra
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Figure 5.11: Vibrational spectra of Na(H20),, with reduced distortion; At = 12ns, Er ~ 6mJ.

The spectra were smoothed three times by a weighted three-point average of a 25%-
50%-25% type.
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5 Vibrational spectroscopy of Na(H,0), clusters

at Fig = 5 — 8mJ showed to be a compromise as the decay was not to strong
compared to larger pulse energies (see Figure on page in the appendix)
and sufficiently large ion count rates were obtained. The vibrational spectra were
smoothed by threefold application of a weighted average of 25%-50%-25% type.

For all spectra, again, a broad absorption in the absorption range of hydrogen
bonded water molecules and an isolated peak around 3700 cm ™! are observed. While
the spectra of n = 175 4+ 25 and 225 + 25 indicate the abundance of amorphous
clusters (black traces in Figure , a gradual downshift of the peak absorption
occurs for larger cluster sizes. Spectra with broadened peaks and a slight down-
shift of the maximum intensity are now obtained for a broad range of cluster sizes
(n = 250 — 450, red traces). The spectrum for n = 475 + 25 (blue trace) has a

peak around 3300 cm™'.

This distortion-free spectrum of Na(HyO)y75405 is strik-
ingly different from those shown in Section [5.4.1] The major differences are the
peak position of bonded OH oscillators (3300 cm™ instead of around 3200 cm™),
no dip around 3400 cm™! and no second peak around 3500 — 3600 cm ™!, compare
for instance Figures and [5.7]

The shape of the spectra with reduced distortion of Na(H,0),, with n = 250 — 450
resembles the predicted spectrum of n = 293 from Buch et al.l’l, compare red
spectra of Figure[5.1T]with blue spectrum for n = 293 in Figure[2.5] Their calculated
crystalline cluster isomers were composed of crystalline cluster cores and amorphous-
like cluster surfaces.B¥ For larger cluster a larger fraction of water molecules was
predicted to be in ice-like geometries. Therefore the predicted spectrum for n = 600
exhibits a further downshift of the peak position and a narrowed peak shape. The
experimental, spectra with reduced distortion for n = 250—450 and for n = 450—500
are similar to those calculated by Buch et al.[18 but the predicted spectra appear
to be offset compared to the experimental spectra by more than 100 cm~'. Whereas
the calculated spectra of [16] originated from clusters containing water molecules in
crystalline and amorphous arrangements, the results in Sections [5.2] 5.3 and
appear to indicate that two different types of clusters are present at sufficiently
large cluster sizes. This is also indicated by the FTIR spectra of Manka et al., 2!
who showed that vibrational spectra in the transition region of liquid to crystalline
particles, red and orange traces in Figure [5.12 can be reproduced by a combination
of the liquid (blue trace) and the crystalline spectrum (middle black trace). The
FTIR spectrum shown in orange corresponds to a fraction of ice I of 55%), whereas the

red spectrum corresponds to 10% of ice I. Comparing these spectra to the spectrum
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Figure 5.12: Comparison of the spectrum with reduced distortion for n = 475 £ 25 (bottom spec-
trum) with the FTIR spectra of d = 5.8nm water droplets of Manka et al. P10 at
various temperatures (upper and lower middle spectra, the spectra were provided by
Prof. Barbara Wyslouzil and were published in reference [21]), the vibrational spec-
trum of n = 475 + 25 obtained at high-Er conditions (top spectrum, black) and the
corresponding spectrum of Pradzynski et al.[™ (top spectrum red, spectrum taken
from [71]).
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5 Vibrational spectroscopy of Na(H,0), clusters

obtained at low-Eir conditions (bottom black trace) indicates that the low-Fig
spectrum corresponds to a signal gain spectrum with contributions from amorphous
and crystalline clusters.

The high-Er spectrum for n = 475 £ 25 (top black trace) and the spectrum of
Pradzynski et al.[™ are distorted around 3400 cm™! due to the decay shown above.
Compared to these, the low-Eg spectrum appears to provide a better comparability
to IR spectra from other methods, see Figure[5.12] However, in the high- E1g spectra
the peak of the crystalline clusters is more dominant, which is consistent with the

Eyr-dependence of the IR-induced signal gains.

5.5 Detecting crystalline clusters via vibrational

spectroscopy

The liquid-to-crystalline phase transition of water can be observed via vibrational
spectroscopy methods due to the well separated peak positions of ice I (Dpeak, icer =
3250 cm~!) and amorphous water (Fpeak, amorphous = 3400 cm™1). B84224 Gince the vi-
brational spectra of size-selected clusters show a gradual transition from amorphous
clusters to crystalline clusters with increasing cluster size, the determination of the
minimum cluster size required for the formation of stable crystalline nuclei is of

ongoing interest. B8 Pogsible indicators for this onset of crystallization are:

(I) a broad intensity increase at around 3200cm™'—also observed as intensity
increase for 7 < 3400 cm™'—, which leads to a slightly downshifted bonded

71

OH peak position compared to the spectra of amorphous clusters, ™! or

(IT) a downshift of the dangling OH peak by 3 — 4 cm™!. 1232

In this Section, these indicators are used for the interpretation of the spectra of
Na(H20),, clusters shown above and discussed with respect to their suitability to
provide reliable results. Therefore, the cluster preparation conditions for Na(H20),,
clusters were kept constant whereas the IR-UV detection scheme was varied in terms
of At and FiR.

The smallest cluster size range of each set of spectra that indicates the presence
according to indicator (I) is referred to in the following as nopset- Aside from this,
the dOH peaks for different cluster sizes are studied by means of Gaussian lineshape

fitting in order to test if indicator (II) is applicable or if other dOH peak charac-
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5.5 Detecting crystalline clusters via vibrational spectroscopy

teristics correlate with the presence of crystalline clusters. These two approaches,
indicators (I) and (II), are further examined in the Sections [5.5.1{ and |5.5.2]

5.5.1 Broadening of the bonded OH absorption peak

An increasing intensity for 7 < 3400 cm~'—coinciding with a beginning downshift
of the peak position of bonded water molecules—has been concluded to indicate the
presence of the smallest crystalline Na(H20),, clusters present in broad cluster dis-
tributions. ™ As seen in the previous Section , the spectra of large clusters with
n = 475 4+ 25 are distorted if obtained with high IR laser pulse energies. However,
the spectra in the cluster size region where the onset of crystallization is observed
may appear to be not that strongly affected by this distortion. Therefore, in this
Section the obtained spectra from high and low-Er are compared to determine how
the observed onset cluster size is affected by the detection scheme.

Pradzynski et al.[™]

concluded that a growing fraction of HoO molecules in crys-
talline environment within the clusters’ interior leads to a gradual downshift of the
peak absorption, compare spectra of n = 225 4+ 25 and n = 275 4+ 25 in upper panel
of Figure[5.13] A further increase of the cluster size leads to a downshift of the max-
imum intensity to 3290 cm™! for n = 325 £ 25 (blue trace). With further increasing

1 was observed. ™ This was also shown for the

cluster size, a dip around 3400 cm™
spectra of large Na(H50),, clusters obtained at high- F1g conditions, see Figures
and [5.7] on pages[80] and BI] Considering the results shown in Section [5.4.1] this dip
evidently originates from the signal decay of amorphous clusters.

The IRMPD spectra of La*" (H,0),, clusters tempered to 133 K from Cooper et al. Bl
are shown in the lower panel of Figure |5.13] Here, the transition from amorphous
to crystalline clusters is a function of the cluster size, too. The transition region,
indicated by broadened spectra and peak positions in the range of 7 = 3300 —
3400 cm™!, is not as narrow as in the dataset of Pradzynski et al.[™ and ranges
from n = 150 — 350, see reference [81]. Both sets of spectra in Figure show a
downshift of the maximum absorption with increasing cluster size. As the IRMPD
spectra from Cooper et al.[BI show no distortion caused by the applied detection
scheme but the signal gain spectra of Na(H30),, do, the reliability of nopyse for this
sample system shall be investigated in the following.

The vibrational spectra of Na(H50),, clusters of this work obtained at high- Ejg con-
ditions are similar to those of Pradzynski et al. ™ with respect to the smallest cluster

size range for which the presence of crystalline clusters is concluded, see Figure [5.14
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Figure 5.13: Spectra of Na(Hy0),, clusters (upper panel) ™50 and La**(H,0),, clusters (lower
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panel) BIl showing a red-shift of the maximum absorption with increasing cluster size.

The spectra of Na(H,0),, were taken from references [71]. The spectra of La** (Hy0),,
were provided by Richard Cooper, Ph.D., and were published in reference [81].
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Figure 5.14: Spectra of Na(H,0),, clusters measured at At = 12ns and 200ns, see Section
or reference [22I]. The spectra show a down shift of the maximum absorption with
increasing cluster size similar to the spectra of Figure The spectra were smoothed
three times to reduce the noise level and normalized in order to highlight the shift of
the maximum intensity.
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Figure 5.15: Spectra with reduced distortion for n = 150 — 350. The spectra were smoothed three
times by a weighted three-point average of 25%-50%-25% type.

and compare to Figure |5.13| Evaporation from amorphous clusters was concluded
to reduce the cluster temperature and thus the amount of low-IE clusters in which
the sodium atom is solvated. This causes an increasing distortion of the spectra
of clusters with n > 300 due to a broad dip around 3400 cm™! on the timescale
of tens of nanoseconds, see Section [5.2] The spectra presented in Figure were
measured at 12ns and 200ns. Consequently, the spectra with At = 200 ns deviate
from those with shorter delay times as the signal decay shown above has progressed
farther and thus causes a plateau-like shape of the spectra, contrast both blue or
both red spectra in Figure|5.14]l Despite this distortion of the spectra, the transition
from amorphous to crystalline clusters is observed in the same cluster size region
n = 175425 — ngpset = 225+ 25, which is close to the cluster size with a beginning
crystallization determined by Pradzynski et al. ™ and shown in the upper panel of
Figure (n =225 £ 25 — Nopser = 275 + 25).

The onset of crystallization can also be concluded from the vibrational spectra with
reduced distortion by an increasing signal gain intensity for 7 < 3400cm™! and a
gradual shift of the peak position, see Figure [5.15f The spectrum of n = 175 £ 25
(black trace) resembles the spectra of amorphous clusters. The gradual peak shift
due to an intensity increase below 3400 cm™! with increasing cluster size is observed
for n = 225 + 25 — Nopset = 325 £ 25. The spectrum for n = 325 £ 25, green trace
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5.5 Detecting crystalline clusters via vibrational spectroscopy

in Figure [5.15] shows an increased signal intensity in for # < 3400 cm™! and there-
fore indicates the presence of crystalline clusters. ™ The spectrum of n = 275 + 25
exhibits a broadened and slightly downshifted bonded OH peak which may also in-
dicate the onset of crystallization. ™ From this can be concluded that application
of indicator (I) to the vibrational spectra with reduced distortion indicates the pres-
ence of crystalline clusters for nguset = 250 — 350 and therefore at slightly larger
cluster size ranges than observed in the spectra obtained at high- g conditions.
The major difference of the spectra shown in Figures and is that the spectra
with reduced distortion show much larger contributions of amorphous clusters. This
can be explained by the Fig dependency of the IR-induced signal gain for clusters
in this cluster size regime: For larger clusters the signal gain obtained at v =
3200 cm ™! appears to be not saturated whereas it is for 3400 cm™!, see Figure
on page [77)in Section [5.3] From this can be concluded that an increasing laser pulse
energy Fgr leads to an increasing IR-induced ion signal for 7 = 3200 cm™! but not
for 3400cm™!. Based on this it could be deduced that—at high-Eg conditions—
the intensity related to crystalline clusters is increased relative to the signal gains
obtained for amorphous clusters.

In conclusion, the cluster size range for which the presence of crystalline clusters
is concluded from vibrational spectra can depend on the detection scheme, namely
the IR laser pulse parameters At and FErg. All applied detection schemes indicate
that crystalline clusters are present for the cluster size range n = 275 4+ 25, but an
estimate of the uncertainty of this value including at least on adjacent cluster size
appears to be reasonable.

In contrast to this, the cluster size for which the peak absorption is downshifted
close to the peak position of ice I, neystal, is affected by the detection scheme to a

larger extent.

5.5.2 Signal of the free OH oscillators

Peaks of the dOH stretch vibration from the spectra of Na(H50),, clusters measured
in this work are shown in Figure [5.16] The spectral resolution in the range of the
dOH peak was 5cm™"', the bandwidth of the used IR laser system23 3.7cm™!.
The signal gain data were normalized to the integrated intensity in the range
2800 < 7 < 3150cm™!. This range was chosen as it is neither distorted by the
exponential decay shown above, see Figure [5.8 on page nor did the IR pulse

energy fluctuate due to IR absorption of water vapor in the laboratory air, which is
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Figure 5.16: Spectra of Figures [5.6] and scaled to the same integrated intensity for 2800 <
7 < 3150cm~!. The offset between the spectra is +0.05. The dashed lines show the
corresponding baselines. The solid lines are the fitted Gaussian peak profiles. The

black dashed lines mark # = 3700 cm—!.
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Figure 5.17: The dOH peak positions 790 and the peak amplitude as determined by Gaussian
E@!
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Figure 5.18: Comparison of the dOH peak positions of chromophore or charge labelled water clus-
ters. Squares: data of this work for Na(H20),—¢0—500 (see Figure [5.17)). Pink tri-

angles: neutral phenol water clusters F‘hOH(HQO)n:H_Zlg.[29J Blue triangles: pro-
tonated water clusters HY (Hy0),—20_200. ¥ Black diamonds: La*"(H0),—50_500
clusters. B Figure inspired by reference [20].

the case in the high energy part of the spectrum, compare right panel in Figure
on page [41] For both delay times of At = 12ns and 200 ns, the dOH band appears

! with increasing cluster size: Whereas the point

to be downshifted by a few cm™
with highest intensity is at 3705 cm ™" for n < 100, it is downshifted with increasing
cluster size, see Figure [5.16 Gaussian lineshape regressions were applied in order
to give estimates on cluster size related properties such as a gradual cluster size
dependent shift of . 202

The measured signal gains are shown as circles in Figure [5.16] The solid lines are
Gaussian lineshape regressions obtained via OriginPro 8.5G (OriginLab, Northamp-
ton, MA) obeying the formula

2uw?

[(7) = I+ Aexp <—W> (5.6)

Here, I(7) marks the signal gain intensity, I, an offset, A the peak amplitude, Dpeax

the peak position, and w the width parameter of the Gaussian lineshape. The rela-
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tion between w and the FWHM of the peak is given as w = FWHM/(2,/In(4)).
The obtained dOH peak positions and the peak amplitudes are shown in Figure
.17 The peak position for spectra measured at 12ns and at 200 ns decreases from
3703 cm™! for n = 70 £ 10 to 3700 cm™! for n > 275 + 25. The dOH peak position
and the peak amplitude appear to level off for n > 250. Note that the presence of
crystalline clusters has been concluded in this cluster size range from the spectra of
the bonded OH oscillators, see Section and [71].

A comparison of the dOH peak positions from the spectra of PhOH(H,0),,,2
H"(H,0),,,2% and La**(H,0), B! clusters shows that the dOH peak position is
a cluster size dependent property for a variety of water clusters and levels off to
constant values for each cluster type, see Figure The values for PhOH(H,0),,
were taken from reference [29], those of H(H,0),, from [20]. The peak positions
of La*"(H,0),, from Cooper et al.B were determined from Gaussian regressions
of spectra, which were scaled via the same routine as applied to the spectra of
Na(H20),,. The spectra were provided by Richard Cooper, Ph.D.

Neutral PhOH(H50),,<49 and Na(H50),<225125 clusters show a decreasing peak po-
sition with increasing cluster size. This downshift with increasing cluster size reveals
a weakening of the dOH bond, which is caused by strengthened hydrogen bonds and
the coinciding decrease of electron density in the vicinity of the oxygen atoms in
larger clusters. 2! For protonated water clusters the peak position levels off around
3699 — 3700 cm ™! but starts at lower wavenumbers for smaller clusters. 2 The dOH
peak position of La*"(H,0),, clusters increases with cluster size and levels off at
around 3695 cm~! for n < 200. The difference of the high-n values could be linked
to the long range influence of the trivalent metal cations’ charge.? Since the peak
position of M*(H50),, clusters with 250 water molecules decreases almost linear<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>