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I Abstract

Clusters of water molecules mimic the transition from gas phase to bulk water.
Cluster species of the desired sizes can be selected using mass spectrometric techniques
and their size-dependent properties can thereby be measured. The properties of small
ionic clusters are of particular relevance to atmospheric science, providing insights into
nucleation phenomena.

This work is dedicated to the investigation of properties of selected ionic molecular
clusters and their gas phase reactions with heavy water or ammonia, with a strong
emphasis on proton transfer phenomena. This has been achieved both experimentally in
cluster beam experiments and by quantum chemical calculations.

Both in the abundance spectra and the evaporation patterns of the investigated
aqueous clusters “magic numbers” discontinuities in otherwise smoothly varying
distributions were observed, and are discussed. To further examine a marked difference
in the observed “magic-number” behaviour of H'(pyridine);(H,0), and
H'(NH;),(pyridine);(H,0), clusters, quantum chemical calculations have been
employed. Next, relative reaction cross sections were measured for cluster ions reacting
with D,O and with NHj3 in the collision cell. Analysis of the results for the reaction
H+(pyridine)1(H20),, + NHj3 allowed us to improve a kinetic model of the atmospheric
positive ion composition.

Upon reaction of a cluster with D,O a short-lived reaction intermediate is formed,
which is followed by subsequent loss of D,O, HDO or H,O. The reaction channel
leading to the loss of HDO requires proton mobility within the cluster, involving
O-H-bond activation. The loss of HDO was not observed for protonated water clusters
containing one pyridine molecule, a consequence of the immobilizing effect on the extra
proton by the nitrogen base site. Similarly, the rates of protium/deuterium exchange for
water clusters containing alkali metal ions are consistently extremely low.

However, the experiments show enhanced proton mobility in water clusters
containing two or three pyridine molecules (H'(pyridine),_3(H,0),), in 2,2’-bipyridine
and 2,2’-ethylenebipyridine containing water clusters as well as in bisulfate water
clusters (HSO4 (H20),). On the basis of systematic quantum chemical calculations we
present consistent mechanisms for low energy water rearrangement and proton transfer
along preformed "wires" of hydrogen bonds between the two distinct sites provided by

these core ions in complete support of the experimental findings.
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1 Introduction

Better understanding of the nature of ions in solution is one of the never-ending tasks
of physical chemistry and biology. In ionic clusters core ion of either polarity is
solvated by a given number of neutral molecules. Despite their small size, clusters are
governed by many of the same interactions that maintain ion solvation in solution. They
also keep many characteristics of the bulk media that cause the wealth of features of
condensed-phase dynamics. By introducing ionic or neutral molecules into a cluster of
solvent molecules it becomes possible to investigate solvation at a fundamental level.

On this basis, detailed studies of formation, growth, physical properties and
interactions within water cluster will most certainly remain important to improving our
understanding of the nature of hydrogen-bonded systems and the chemistry of aqueous
solutions.

However, clusters are not just interesting subjects of academic interest. For instance,
molecular clusters are all-important for physical, chemical and biological processes of
the earth and its atmosphere, acting as a solvent, reagent, precursor for particle
formation, etc. Water clusters are relevant to the vital atmospheric processes regulating
cloud formation, and thereby affect the earth’s radiation balance and precipitation
patterns. Moreover, the influence of aerosol particles has wider impact, having also
effect on weather patterns and visibility. The effect of aerosols is a primary uncertainty
in prediction of global climate changes and the greenhouse effect [1]. Molecular clusters
are also closely related to the issues of air quality and human health, since the clusters
can penetrate to the deepest part of respiratory tract, causing respiratory and circulatory
diseases. For example, the design of asthma inhalers requires detailed insight into
aerosol formation and behaviour.

Both neutral and charged molecular clusters are found in the atmosphere, and their
importance for cloud formation is significant. Clusters containing amines and sulphur
compounds are believed to act as key precursors for the formation of atmospheric
particles, they are also important in understanding the chemistry of the lower part of the
earth's atmosphere.

Moreover, proton transfer is one of the most important elementary reactions and play
undisputable role in chemical, biochemical and atmospheric processes. Proton mobility
in water occurs by means of fast proton hops, the so-called Grotthuss mechanism. This

process and its elementary reaction steps can be examined in great detail by applying



mass spectrometric methods to ionic water clusters in combination with analysis of
cluster size trends in hydrogen/deuterium isotope exchange-rates. Analysis of the
experiments may be facilitated by systematic quantum chemical model calculations.

The present study deals with relatively small ionic clusters (size < 1500 u) consisting
of water molecules and other species—bisulfate, ammonia and pyridine—common
substances found in the atmosphere. The investigation aims at understanding the initial
stages of water cluster formation from ions, emphasizing structural rearrangements of
clusters related to proton transfer processes. To support the findings, results of
investigations of clusters containing alkali-metal ions and bipyridine-family ions are
also presented.

The clusters were studied in ion beam experiments: clusters produced by an
electrospray (ESI) ion source were transferred into a part of instrument where they
underwent gas phase reactions with D,O or NHj. Using the same instrument, cluster
size distributions and the kinetics of molecular evaporation from the clusters were also
measured. In total, the results of this work include: abundance spectra, evaporation
patterns, relative cross sections for reactions of clusters with NH; and D,0O, and analysis
of the tendency for the clusters to exhibit intermolecular hydrogen/deuterium
rearrangements during the lifetime of a reaction intermediate. The experimental results
were also used to refine a kinetic model of atmospheric ion abundances. As a part of the
study, a series of quantum-chemical calculations has been conducted, with an aim in
obtaining better insight into the results of the H/D exchange experiments. Moreover, a
theoretical investigation aimed at examining surprising magic-number behaviour of
clusters containing pyridine is included.

This introduction is followed by Chapter 2 where an overview on the role of
molecular clusters in the Earth’s atmosphere is discussed. Chapter 2 also provides a
short background concerning the common experimental and theoretical methods used
as well as providing the theoretical framework for the proton transfer studies in bulk
systems and clusters. Chapter 3 describes the quadrupole time-of-flight unit (ESI-
QTOF) setup that was used in the experiments as well as practical details of the
quantum chemical simulations. The results are summarized in Chapter 4, and are

Jfollowed by the most important final conclusions in Chapter 5.



2 Background

This chapter offers a brief introduction to key aspects of the Earth's atmosphere and
basic properties of atmospheric particles (Chapter 2.1). A background of commonly
used experimental and theoretical approaches of cluster studies is provided in Chapter
2.2 and 2.3, consequently. This is followed by Chapter 2.4 which introduces a short

summary of the literature on properties and reactivity of ions.

2.1 Aerosols and clusters in the atmosphere

The Earth's atmosphere is the layer of gas and ions surrounding the Earth, which can
be divided into several parts based on the temperature variation with height [2]. The
troposphere is closest to earth part of the atmosphere, which extends to about 12 km
above the surface. The tropospheric boundary layer is the part of the troposphere that is
directly influenced by the surface of the Earth, which causes the temperature to be
higher here, in turn, making for a high degree of mixing of air in this region. Above the
tropopause lies the stratosphere, where the temperature increases gradually due to the
absorption of solar UV radiation. Above the ozone layer, there is the mesosphere, where
temperature decreases with height, followed by the thermosphere, which is
characterized by a temperature that is increasing again due to absorption of radiation
from the sun. The atmospheric pressure decreases with height in a crudely exponential
manner throughout entire atmosphere [3].

We begin the chapter by discussing general properties of aerosols (Section 2.1.1).
Section 2.1.2 provides introduction of health and environmental effects of atmospheric
particles. After a discussion of formation and growth processes of atmospheric entities
(Section 2.1.3), we will briefly review the chemistry of ionic clusters in the atmosphere

(Section 2.1.4).

2.1.1 General properties of aerosols

An aerosol is a dispersion consisting of solid or liquid particles in a gas. Therefore
atmospheric aerosols are particles (e.g. soot particles, dust, pollen) suspended in the air.
The atmosphere is a very complex and constantly changing system, so it is obvious that

atmospheric aerosols are strongly variable in terms of size and concentration. For



instance, particle diameter spans several orders of magnitude, from a few nanometers to
a few tenths of a millimeter [4]. The particle concentration (usually expressed as the
number of particles per volume) is 1-10° cm™ in the troposphere. It is not uniform and
is typically divided into size ranges referred to as "modes": nucleation mode, Aitken
mode, accumulation mode and coarse mode. Each size mode represents particles with
different sources, formation mechanisms, chemical composition, and paths of removal
from the atmosphere [5]. In general, atmospheric residence time of aerosols is
influenced by such processes as Brownian motion, gravitational settling, coagulation,
rainout and washout [6].

Atmospheric particles are classified according to their source, e.g. natural or
anthropogenic particles, primary or secondary particles. A primary particle source
implies that the particles are emitted in the condensed phase directly into the
atmosphere, while a secondary source is one where particles are formed by reactions of
gaseous substances in the atmosphere. Examples of primary sources include products of
combustion, mechanical wear and tear, salt particles from sea-spray, pollen, desert dust,
etc. [5] Anthropogenic sources include for example combustion of fossil fuels,
industrial emissions or biomass burning. The natural sources are those occurring
without the influence of man and may include sea-spray, forest fire, soil dust, pollens,
etc., as well as gases emitted by volcano eruption (SO, H,S) and phytoplankton
(dimethylsulfide). They dominate the total emitted particulate mass on the global scale;
however, anthropogenic emissions dominate in densely populated and industrialized
areas [4].

The formation of aerosols in the atmosphere (i.e. secondary atmospheric aerosols) is
a complex process; all mechanisms and steps are not fully understood. The particle
formation can likely be divided into two parts, first the nucleation step where a
nanometer sized molecular cluster (charged or neutral) is formed, and then growth of

the cluster into a particle [7].

2.1.2 Environmental effects of atmospheric aerosols

According to the most recent report by the Intergovernmental Panel on Climate
Change (IPPC) [1], the influence of human activities on the climate is significant.

Figure 1 shows the change in radiative forcing for different contributing factors relative



to the pre-industrial era. The radiative forcing is defined as the change in net irradiance
(the difference in incoming and outgoing radiation energy) at the tropopause, assuming
fixed tropospheric and surface temperatures but allowing the stratospheric temperature
to readjust to equilibrium. As seen from the IPCC estimate, the overall influence of
aerosols seems to be cooling the atmosphere, however there are large uncertainties
regarding to which degree. The direct mechanisms that influence the global climate
include scattering, reflection and absorption of solar radiation. The indirect effects
mainly relate to the aerosol particles acting as cloud condensation nuclei. As seen from
the Figure 1, the major uncertainties in current estimates appear from the effects of
aerosols, thus further study of their influence is vital for correct estimation of the rate of
climate change.
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Figure 1. Impact on atmospheric radiative forcing (RF) due to human influence, as well as

the level of scientific understanding (LOSU) for different sources [1].

Among other environmental effects of atmospheric aerosols there are also effects on
visibility, ozone layer depletion, acid rains, etc. [8] However, effects of aerosols do not
confine only to influence on the climate. The biggest concern in urban areas is particle

emission from combustion and other sources also affecting the health and well being of



humans. A human being processes 10-25 m® of air during a normal day, and naturally,
particles enter respiratory system, and some are able to reach the deepest parts of the
lungs such as the bronchioles or alveoli [5]. Since nanoparticles more readily penetrate
deep into lungs, they are of a bigger threat to human health than larger ones [9].
Furthermore, increased levels of fine particles were shown to lead to a lowered life
expectancy [10], affect cardiovascular and respiratory morbidity and mortality (e.g. [11,
12]). On the other hand, according to Metzger et al. ultrafine particles may anticorrelate
with health risks [13]. In summary, there is still a considerable uncertainty with respect
to properties of the particles that have the largest impact on health and mechanisms of
their action. Impact of aerosols appears to be adverse, going beyond direct influence on
human health, including climatological concerns [14] and, for example, practical

challenges in constructing and improving asthma inhalers [15].

2.1.3 Formation and growth of molecular clusters in the
atmosphere

Aerosol dynamic processes include homogeneous and heterogeneous nucleation,
coagulation, deposition, condensation and evaporation [5]. Homogeneous nucleation is
a process by which particles are formed from supersaturated gases without help from
ions or a solid seed, i.e. only the gases that condense take part in the process. In
contrast, heterogeneous nucleation involves ions or condensation nuclei.

From a macroscopic point of view, gas-to-particle nucleation can occur when the
vapour pressure of some compound in the gas phase exceeds its saturation vapour
pressure under the ambient conditions. For most atmospheric levels of air water content,
homogeneous nucleation of pure water particles is believed to be rare, due to the
difficulties of forming stable pure clusters (H,O),, without very high supersaturation
levels [5]. This is ascribed to the Kelvin effect: the equilibrium vapour pressure over a
curved surface is greater than over a flat surface. This means that for a given level of
supersaturation the droplets below a certain size will evaporate since the molecules tend
to leave the surface more readily as the curvature increases. However, particles above a
certain size (Kelvin diameter) will keep on growing. In microscopic terms, this implies
that the binding energies of the embryonic molecular clusters are large enough to

compensate for the negative entropy of the cluster formation.
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As opposed to homogeneous nucleation, heterogeneous nucleation of water can
happen even below supersaturation. Compared to homogeneous nucleation,
heterogeneous nucleation is favoured in different ways depending on the nature of
nuclei. On the one hand, an insoluble nuclei in a droplet leads to a larger "starting size"
compared to homogenous nucleation, i.e. it is easier for the particle to reach the critical
Kelvin diameter needed for growth. On the other hand, the presence of a charge adds
thermodynamical stability to a cluster and enhances the initial growth rate by
electrostatic dipole—charge interaction between the core ion and the strongly dipolar
condensing molecules [5]. Finally, there is a continuous and ubiquitous supply of stable,
fast growing ionic embryos in the atmosphere [16-18]. Thus, heterogeneous nucleation
is the primary mechanism for atmospheric cloud formation.

It is clear why atmospheric nucleation is almost always multicomponent: if a
molecule is strongly attached to other molecules of the same kind, it is naturally
unlikely that it evaporates in the first place. Thus, the most probable nucleation
mechanisms involve at least two types of molecules, which are attracted to each other
stronger than to themselves. Possible pairs can be presumed from general chemistry:
strong acids and strong bases, ions with opposite charge, or hydrogen bond donor and
acceptor pairs are among the most obvious candidates.

Four processes are often suggested as the main mechanisms for nucleation of
atmospheric clusters: binary homogeneous nucleation by water and sulfuric acid;
ternary homogeneous nucleation of water, sulfuric acid and ammonia; homogeneous
nucleation by iodine species; ion-induced nucleation of the binary or ternary type, or
with organic species [7]. Upon closer look, sulfuric acid appears to be a common factor
in most proposed mechanisms of atmospheric particle formation. Furthermore, particle
formation rates have been observed to correlate with the concentration of sulfuric acid
in a large variety of conditions [19]. So it is no surprise that nowadays it is agreed that
sulfuric acid plays a central role in gas-phase nucleation [20-22] and it is considered to
form key pre-nucleation clusters of water droplets and ice particles in the atmosphere.
However, pure binary homogeneous nucleation of water and sulfuric acid is believed to
take place mainly in an environment where relatively high sulfuric acid concentration

can be achieved, or in the free troposphere, where the temperature and background
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aerosol concentration are low enough to allow significant sulfuric acid—water cluster
formation [23].

Ternary homogeneous nucleation involving ammonia is suggested as the mechanism
for nucleation in the continental boundary layer [24-26]. It should be noted that some
recent studies [27-29] have suggested that the clustering or reactions of sulfuric acid
with various organic species might be an important nucleation mechanism in the
atmosphere. Further interesting studies [30, 31] show that amines (methylamine,
dimethylamine, diethylamine, etc.) are even more effective in enhancing condensation
of sulfuric acid molecules on the sulfuric acid/amine cluster than ammonia, both for
charged and neutral clusters [7, 32]. In the coastal boundary layer iodine species after
being emitted, form various iodine oxides like IO and OIO, which subsequently
condense to form clusters. Homogeneous nucleation of iodine species is suggested to
strongly influence particle formation in the coastal boundary layer [33]. Ion-induced
nucleation of sulfuric acid—water clusters or other compounds [17, 34, 35] also may be
an important source of particles in the upper troposphere or lower stratosphere.

While clusters (both charged and neutral) are always present, the formation of larger
particles (> 3 nm) is usually observed to occur in bursts, known as nucleation events.
Atmospheric particles interact with each other and with gases during their lifetime. If
the clusters are small, extensive fragmentation is then believed to follow the
recombination of charged cluster ions, but if the clusters are large enough, coalescence
is assumed to occur. The formed clusters can thereafter be large enough to continue to
grow spontaneously by condensation [36]. The particle precursors, i.e. the clusters, can
grow into particles by several mechanisms. If the cluster was formed by homogenous
nucleation, it is possible that growth occurs by condensation of the same species that
formed the original cluster. This is a complete homogenous nucleation from gaseous
species to particles. If there is a charge present in the cluster, the corresponding
mechanism is the ion-induced heterogeneous particle nucleation. Clusters can also grow

by undergoing self-coagulation, i.e. clusters combine to form larger particles [32].

2.1.4 Ionic clusters in the atmosphere

The ions that are the precursors for ion-induced nucleation of clusters are present in

all parts of the atmosphere. Although charged clusters are much more stable and
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effective in nucleation than neutral ones, the abundance of neutral clusters is estimated
to be 10-100 times larger than that of ionic clusters [37]. Consequently, ionic cluster
formation is estimated to result in no more than 10% of the total particle formation rate
in the lower troposphere. Recombination of ionic clusters could also account for ~10%
of the formed neutral clusters [38]. Even though ions represent a small fraction of the
atmosphere, they have a disproportionate influence on many atmospheric phenomena.

In the troposphere and stratosphere, ionization of air molecules occurs due to galactic
cosmic rays and radioactive decay (for instance, by radon emitted from the ground) [37,
39]. Hydration plays important role in chemistry of ions that are formed in the D-layer
of the ionosphere, between 60 and 90 km above the surface of the Earth. Solar activity
UV and X-rays produce O," and N," ions from the air molecules, and NO™ ions from
NO. Formation of the protonated water clusters starts with hydration reactions of the
ions O," and NO" resulting in a switch of the ionic core

0,'(H,0), + H,0 — H'(H,0), + O, + OH and

NO'(H,0), + H,0 — H'(H,0), + HNO,

The produced protonated water cluster then grows by addition of other water
molecules. Pure protonated water clusters dominate the stratospheric positive ion
composition on heights 35-85 km above ground. Interestingly, there is a sharp decrease
in abundance of H'(H,0), above roughly 82-85 km in height and NO" as well as O,"
ions dominate the abundance of ions in this part of the atmosphere. This sharp
atmospheric boundary is due to the fact that conversion of the primary NO™ and O,"
ions into the hydrated proton clusters requires stabilization by three-body collisions,
while above about 85 km the probability of such an event is too low [2, 40].

Atmospheric aromatic amines have received major attention since the first ion
composition measurements at ground level in 1983 [41, 42]. Schulte and Arnold
identified pyridinium as the dominating ion in the free troposphere over Europe, using
air-plane based instrumentation [43]. One of the recent measurements by Junninen et al.
[44] at the SMEAR III station in Helsinki, show protonated poly(alkyl) pyridines to be
one of the main positive atmospheric compound types. Beig and Brasseur reported [45]
a kinetic modelling work on positive and negative cluster ions in the atmosphere. It was
found that clusters of the type H'(NHs),,(pyridine);(H,0), could dominate the positive

ion spectrum between 1 and 6 km above the ground. The sources of pyridinated
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compounds in the atmosphere are believed to be predominantly automobile exhaust,
biomass burning, manufacturing and agricultural use, as well as coal tars and tobacco
smoke [46]. The cluster ions are proposed to be formed from protonated water clusters,
H'(H,0),. The high proton affinity of ammonia, pyridine, picoline and lutidine is a
major driving force in these reactions.

The most abundant negative ions in the troposphere are I, HSO4~, CO;™ and NOs -
core families of ions (e.g. [47]). Negative atmospheric ion formation begins with
attachment of a free electron to air molecules resulting in the formation of the ions Oy~
and COs . Sulphur dioxide (SO,) may react with oxidizers in the atmosphere (mainly
OH radicals) to form sulfuric acid (H,SO4). Further the NO; (HNOs3),HO,
HSO4 (H2S04),H20 ions are formed by clustering and the subsequent reaction with
H,O. It have also been reported [48, 49] that methanesulfonic acid, CH4SOs, and
malonic acid, C3H4O4, which are more acidic than nitric acid, are capable of replacing
NO;™ in clusters provided that their abundance is sufficiently high.

As a short digression, the importance of proton transfer phenomena for atmospheric
processes can be shown by the interesting example of reactions in polar stratospheric
clouds (PSCs). These heterogeneous reactions on the surfaces of micrometer-size
particles consisting mainly of inorganic acids and water are largely responsible for the
seasonal ozone depletion, the “ozone hole”. The primary causes of this phenomenon are
halogens of anthropogenic origin which catalyse the destruction of ozone. Halogens
have long lifetimes in the stratosphere, but they are gradually converted into more stable
and less chemically active forms, mainly HCI and chlorine nitrate, CIONO,. When the
polar winter temperatures drop below about —80 °C, the PSCs, consisting of
microscopic particles containing water and nitric acid, form. The HCI and CIONO, may
condense on these particles, and heterogeneous reactions on their surface occur,
converting them back to active species. During the polar spring, when the temperatures
rise again and the PSC’s evaporate, the halogens in their active form are returned to the
stratosphere and produce, by their catalytic effect, the observed ozone depletion.

The experiments confirmed that chlorine nitrate CIONO, [50] reacts rather
efficiently with both anionic and cationic clusters, being hydrolysed on the cluster
surface:

OH (H,0), + CIONO, — NO; (H,0),(HOCIl) — NO5 (H,0); + HOCI + kH,0
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The efficient formation of HOCI provided by OH (H,O), and its evaporation from
the cluster may be of importance for the stratospheric reactions and ozone depletion.

At this point, both field and laboratory studies allow us to safely conclude at least
one thing: neutral as well as ionic nucleation of sulfuric acid appears to be of
undisputable importance for gas-phase nucleation, providing efficient mechanisms for
atmospheric new particle formation under favourable conditions [51-53]. The
interaction between sulfuric acid (including bisulfate and sulfate ions) and water
molecules is therefore fundamental to our understanding how cloud droplets grow in
their initial phase. Furthermore, sulfuric acid—water vapour mixtures are prime
examples of multicomponent nucleation. Water alone cannot nucleate due to its high
saturation vapour pressure, while the concentration of sulfuric acid in the atmosphere is
too low to be of significance by itself. The strong attraction of these molecules to each
other means that their binary mixture can nucleate even if the partial pressures of the
individual components are too low for them to nucleate on their own. As sulfuric acid is
a good proton donor and a very poor proton acceptor, it comes as no surprise that ion-

induced sulfuric acid - water nucleation is observed primarily for negative ions (e.g.
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Figure 2. a) Pyridine, b) a-picoline, c) 2,6-lutidine, d) 2,2’-bipyridine (2,2’-BiPy),
e) 4,4’-bipyridine (4,4’-BiPy), f) 2,2’-ethylenebipyridine (2,2°-EtBiPy), IUPAC name:
1,2-di(pyridin-2-yl)ethane, g) 4,4’-ethylenebipyridine (4,4’-EtBiPy), IUPAC name:

o

1,2-di(pyridin-4-yl)ethane.

In addition, amines are believed to be important in both neutral and ion-induced
nucleation mechanisms [45], while ionic pyridinated compounds have been found to be

present in the atmosphere [44, 55]. Pyridine is also an interesting tropospheric
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compound in light of the previously mentioned results of Kurtén ef al. [30] indicating
that amines other than ammonia might have a large impact on ternary nucleation
processes of both neutral and charged clusters. Therefore studies of hydration of
derivatives of sulfuric acid and amines are highly relevant from multiple viewpoints. As
far as our study deals with a series of pyridine derivatives, their structures are given on

the Figure 2.

2.2 Experimental studies of clusters

Section 2.2.1 offers a brief discussion of general considerations regarding
experimental studies of clusters. Then a short introduction on commonly used

experimental approaches of cluster studies is provided in Section 2.2.2.

2.2.1 General experimental considerations

Experimental studies of nanometer-sized clusters present some distinct
complications. A typical instrument employed for detection of aerosols is the
Condensation Nuclei Counter (CNC), in which an organic solvent is condensed on the
particles to make them grow before being counted by a laser. Most commercial CNC
systems have a lower detection limit of around 3 nm due to diffusion losses and
insufficient nucleation by smaller particles (although there are instruments that can go
lower in size range), see for instance [32]. On the other hand, if a research is focused on
ionic clusters, there are large possibilities to transport, store, and detect charged species
with masses ranging from few up to several thousand atomic mass units (u), so the
above-mentioned problems vanish. Many of these techniques require high vacuum,
which in itself is generally an attractive prospect: transport is easier, less side reactions
with background gas, etc.

Further, hydrogen bonding and constant thermal motion complicate a determination
of the detailed structure of bulk hydrogen-bonded systems. Additionally, the hydrogen-
bonded vibrations are strongly coupled to the low-frequency local motions.
Experimentally this leads to featureless spectral lines partially due to the intrinsic
broadening of the states in the condensed phase, partially to extensive averaging over

time and space. For instance, high-resolution studies of neutral water clusters in the far-
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infrared reveal very complex spectra due to multiple minima potentials and extensive
proton exchange motions.

Fortunately, most of these effects are substantially reduced in small clusters, which
are still capable of providing valuable insights into the structure and properties of the
bulk. Finite clusters are easier to study [40, 56], also they are also more feasible to
theoretical ab initio modelling. Studies of ionic water clusters, solvated ions, and their
reactions have demonstrated that small “nanodroplets” with up to a hundred water
molecules can also provide a medium for investigating a wide variety of aqueous
reactions. In particular, mass-spectrometric methods are particularly useful in providing
numerous valuable insights in studies of processes of atmospheric relevance dealing
with clusters of such small size range.

Next, one can imagine two conceptually opposite practical approaches for generating
water clusters. First, a solution can be dispersed into small droplets whose size can then
be further reduced by evaporation. Probably, the most prominent of the “dispersive”
techniques in the laboratory practice is the electrospray method, [57, 58] discussed in
Section 3.1.1. Conversely, one can begin with a single atom, molecule, or ion acting as
a nucleus, and grow under proper conditions a cluster with the water or other ligands
around it. The “aggregating” experimental methods mostly employ supersonic
expansions. When a high-pressure gas expands adiabatically into vacuum, the
temperatures in the system descend quickly. Eventually the gas becomes
“supersaturated”, and spontaneous nucleation can occur. Usually the expansion of the
gaseous substance is not used alone, but, for instance, nucleation centers, such as ions,

are provided [40, 59].

2.2.2 Mass-spectrometric techniques in cluster studies

There exist various mass-spectrometric methods for investigating unimolecular and
ion—neutral reactions, with numerous possible derivatives, combinations, and
modifications; some are shown in Figure 3 [40, 60]. Each of these experiments proceeds

under different conditions and yields slightly different information.
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Figure 3. Schematics of some methods used in ionic cluster studies: a) HPMS, high-pressure
mass spectrometry; b) FA/SIFT, flowing afterglow/selected-ion flow tube; ¢) TOF-MS, time-of-
flight mass spectrometry; d) GIB, guided-ion beam; ¢) FT-ICR, Fourier transform ion cyclotron
resonance. Abbreviations: MBS, molecular beam source; IS, ion source; EI, electron impact;
Sk, skimmer; DC, discharge; QP-MS, quadrupole mass selection; FT, flow tube; Re, reflectron;
Det, detector; MSF, magnetic sector field; OIG, octupole ion guide; RC, reaction cell; B,

magnetic field vector; ®, location of reactive encounters; IT, ion transfer; LV, laser

vaporization; PIA, pulsed ion acceleration. Reproduced with permission from [40], copyright

2000 American Chemical Society.

In high-pressure mass spectrometry (HPMS) [61], the reactions occur at relatively

high pressures (1-10 mbar) hence collisions are frequent. Neutral reactant is typically in
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great excess of the ion concentration, and the pressure and temperature in such
experiments are well defined, allowing to derive equilibrium constants for addition and
switching reactions from such experiments. Examples of successful uses include
measurements of the binding energies of the hydrated H'(H,0), (n = 1-8) [62], studies
of ionic water clusters [63-65], as well as investigations of water cluster reactions of
species with atmospheric relevance, such as nitrogen oxides or acetonitrile [66-68].

Selected-ion flow tube (SIFT) [69] experiments provide better selectivity by the
ability of mass-selection of the primary ions as a first phase. Thus only the selected
ionic mass is injected into the reactor, which facilitates identification of the nature of
product ions. On the other hand, the injection of ions may require high energies, so a
good temperature definition could be lost. The higher energies can also result in altered
reactivity and fragmentation and thus complicate the interpretation of the results. This
technique was, for example, used to investigate reactions of the hydrated protons
H'(H,0),, n = 2—11, with a set of gaseous reactants including methanol, ammonia, or
acetonitrile [70].

Next, in a guided-ion beam techniques (GIB) the ions are guided through the reaction
cell with a thermal energy distribution (e.g. [71]). The main advantages of the technique
are elimination of ion loss and ion reactions on the cell wall, and an efficient ion
collection, all resulting in higher accuracy for total cross-section measurements.
Properties such as dissociation thresholds, branching ratios of dissociation reactions and
kinetic energy release upon dissociation can be determined with this type of
instruments. The binding energies can also be determined in a collision-induced
dissociation (CID) experiment, as was, for instance, done for H'(H,0), (n = 2-6)
clusters [72].

In all the above methods the reactant kinetic energies have relatively broad
distribution. In a next kind of investigation, using carefully designed ion optics it is
possible to define kinetic energy of the selected-ion beam. In such experiments velocity
of the reactant ions relative to the reactants can be varied and the rate coefficients are
determined as a function of the ion energy. In the simplest implementation, the ion
beam interacts with a low-pressure neutral gas in a static reaction cell. A crossed beam
experiment, where the velocity of the neutral reactant is also now uniform, is a further

improvement but leads to a substantial loss in signal intensity.
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Experiments on electrically and magnetically trapped ions can yield essentially the
same type of information that can be obtained in beam experiments. In Fourier
transform-ion-cyclotron-resonance, FT-ICR mass spectroscopy [73] the ions in the field
of a strong magnet are confined in an ultrahigh vacuum radially by the Lorentz forces
resulting in a spiral “cyclotron” motion. The main advantages of the FT-ICR MS are
long observation times, ultra high resolution and high mass accuracy. If not controlled,
unwanted hyperthermal energies of the ions can be a disadvantage of this method. The
maximum kinetic energy can be controlled by adjusting the voltage of the “trapping”
electric field confining the ions axially.

In investigations of metastable fragmentation of hydrogen-bonded systems ionic
clusters may be prepared by electron impact ionization or photoionization of the neutral
species in molecular beams. Such ionization produces ions with elevated internal
energy, often leading to their consequent dissociation on a microsecond time scale. The
products are then detected in a “reflectron”, a type of time-of-flight mass spectrometer,
TOF-MS, in which an electrostatic field is used to reflect the flight of ions. In such an
experiment the metastable parent ions are all initially accelerated to the same velocity in
the source, but the product ions have reduced kinetic energies and are therefore
differently affected by the reflecting field and can thus be easily mass-analyzed and
identified. The fragmentation patterns as well as the mass peak line shapes of the
daughter ions provide useful insights into the cluster ion structure, stability, and rate of
ligand loss [74, 75].

In another mass spectrometry technique, mainly used for characterization of
metastable and collision-induced dissociation of ions, mass-analyzed ion Kinetic energy
spectrometry (MIKES), mass spectra are obtained on a sector instrument that combines
at least one magnetic sector plus one electric sector [76-78]. The precursor ion with a
particular mass-to-charge ratio m/z is selected using the magnetic sector, and then
allowed to dissociate or react in a field-free region between the two sectors. The shapes
of the product ion spectrum peaks analyzed in electric sector scan are related to the
kinetic energy release distribution for the dissociation process and to the kinetic energy

uptake for the ionic collision process.
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2.3 Theoretical methods used to study clusters

In this chapter we discuss the theoretical methods that can be employed in cluster
studies. They can be classified into three groups depending on the level of the
underlying approximations and scale at which the interactions between the components
are treated.

1. In classical nucleation theory the macroscopic properties of the participating
compounds (surface tension, saturation vapour pressure, molecular volume) are used to
describe the microscopic interactions. This theory is beyond the scope of present work,
for a review see e.g. [79].

2. In methods based on classical interaction potentials specially designed force fields
are used to describe the interactions between molecules, explicitly avoiding accounting
the electrons or taking quantum mechanical effects into consideration.

3. In quantum chemistry simulations the interactions between constituents are
computed by solving the Schrodinger equation (or related sets of equations) for the
motion of electrons in fields of nuclei.

As a note, the popular “Car-Parrinello” molecular dynamics techniques [80] allow to
perform theoretical treatment of water, ice, and, in particular, proton transfer events,
with describing the structure and energetics of the hydrogen bonds in the presence of
fluctuations, which is impossible within the Born-Oppenheimer approximation (Section
2.3.2). The basic concept includes the calculation of the forces that act on the particles
directly out of the electronic structure during the simulation—instead of gaining this
from potentials that were parameterized beforehand as force fields. Using the Car-
Parrinello method, the forces are determined once at the beginning of the simulation,
while later the ion propagates itself like a wave with its electrons. The electron follows
the ion quasi-adiabatically, without an exchange with its environment. Realizations of
this basic concept combine molecular dynamics with a first-principles description.

Thus we begin the present chapter by discussing force field methods (Section 2.3.1).
This part is followed by an introduction of the basics of quantum chemistry (Section
2.3.2) and a more detailed description of ab initio methods, including correlated
methods (Section 2.3.3). After a short discussion of density functional methods (Section

2.3.4), we will then briefly review the common basis sets (Section 2.3.5). Section 2.3.6
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concludes the chapter by providing general considerations and comments on theoretical

studies of clusters, with a particular focus on practicability and accuracy.

2.3.1 Force field methods

In this type of simulations molecular interactions are treated in terms of a force field,
fitted to experimental or computational data [81, 82]. In spite of abundance of force
fields in use today, most common of them share common characteristics with respect to
the forms of description of the different interactions. Intramolecular parameters can be
kept rigid during calculations, but generally the bond and angle terms are modelled as
harmonic potentials centered on equilibrium values derived from experimental data or
electronic structure calculations. Nonpolar interactions are typically described by
Lennard-Jones terms. Electrostatic interactions between different molecules are treated
using Coulomb terms. The potential energy for a system of particles is obtained by
summing over all the different contributions.

Within this group of force field methods there are two main approaches: molecular
dynamics (MD) and Monte Carlo (MC) simulations. The central idea of both molecular
dynamics and Monte Carlo simulations is to allow a limited number (usually 10-10*
units) of molecules to move according to the laws of classical mechanics for a certain
amount of simulation time. The force acting on each functional group is computed from
the force field. The disadvantage of MD compared to MC is that all the forces must be
calculated at each individual step, which is time-consuming. In MC simulations,
particles are arranged randomly at every step, and only the total energy of the system
(rather than the forces) is computed and compared before and after each step. If the

energy is lower after the random step, the new configuration is always accepted. If it is

higher, the new configuration is accepted with a probability e *£/¥8T  to ensure that the
generated distribution of configurations follows the Boltzmann distribution. Typically,
MD or MC simulations are performed either under conditions of constant particle
number, volume and energy (called NVE, or microcanonical ensemble simulations) or
constant particle number, volume and temperature (called NVT, or canonical ensemble
simulations).

The major advantage of the methods based on classical potentials is that they are

computationally cheaper than quantum chemical calculations, allowing the study of
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larger systems on longer timescales. The main disadvantage is that classical potentials
are rarely transferable—a potential developed for a certain type of molecule in one
environment will not necessarily predict its interactions correctly in a different
environment. Furthermore, most force fields are by construction unable to treat non-

equilibrium properties.

2.3.2 Quantum chemical methods, general information

Quantum chemistry is the branch of chemistry with primary focus on computing the
properties of a system by applying quantum mechanics to evaluate the interactions
between the nuclei and electrons. As computational resources are limited and size of
systems of interest can be rather big, the main objective is to find approximate solution
of Schrodinger equation. The approximations can be made in several of different ways,
giving rise to a multitude of computational approaches, also known as "model
chemistries" [82, 83].

The non-relativistic time-independent Schrédinger equation reads
AY = E¥Y @.1)

where H is the Hamiltonian operator of the system, E is its energy, W is total
molecular wavefunction. The Hamiltonian operator can also be written as
H=Tn+’fe+[2w+ze+[7nn (2.2)

where the first two terms present the nuclear and electronic kinetic energy operators,
plus the three types of potential energy operators, corresponding to nuclei-electron,
electron-electron and nuclei-nuclei interactions, respectively.

In nearly all studies on polyatomic systems, the Born-Oppenheimer approximation is
used to split the wavefunction into electronic (X(rn,.)) and nuclear (P(r;))
components
W(Tet Tnuc) = X(Cnuc) P(rer) (23)

The Born-Oppenheimer approximation originates from in the great difference
between masses of electrons and nuclei. Because of the difference, electrons are
assumed to react instantaneously to displacements of the nuclei. From the point-of-view
of the electrons, the nuclei can thus be treated as classical point masses. The electronic
wavefunction still depends on the nuclear positions, but only parametrically—the

electronic wavefunction can be solved separately for each given nuclear configuration.
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The Born-Oppenheimer approximation is very reliable for calculations of electronic
ground states, although it is less reliable for excited states.

There exist two main families of methods capable of providing electronic energies
accurate enough for energetic and structural predictions. The ab initio methods first
iteratively solve the Schrodinger equation for electronic wavefunction ®(r,;) for a
system of electrons that move in each other's static average potential. This so-called
Hartree-Fock wavefunction does not include the effects of correlation, and it can
subsequently be improved upon. The other approach is density functional theory (DFT)
pioneered by Hohenberg and Kohn [84] and developed by Kohn and Sham [85], in
which the Schrédinger equation is reformulated in terms of the electron density, and
exchange and correlation interactions are included via an exchange-correlation

functional.

2.3.3 Ab initio methods

In ab initio methods, two major approximations to the form of the electronic
wavefunction have to be made before the Schrodinger equation can be solved. The first
main step is to describe the (3N-dimensional) electronic wavefunction in terms of a set

of one-electron spin orbitals. The most common expansion is the Slater determinant:

1 $1(r1) o Pn(ry)

D(ry) = \/7 2.4)

oi(n) e Pn(rn)

where n is the number of electrons in the system and ¢, (r,,) are the one-electron
spin orbitals. Slater determinant is the simplest combination of one-electron orbitals that
fulfils the requirement of the Pauli exclusion principle that the electronic wavefunction
is antisymmetric with respect to the exchange of two electrons. In spin-restricted
calculations, the spatial components of the spin orbitals are assumed to be identical for
each pair of electrons. In spin-unrestricted calculations, two complete sets of molecular
orbitals are used for a and £ spin electrons.

The Schrédinger equation solved for a single Slater determinant yields the Hartree-
Fock wavefunction. If desired, further determinants corresponding to various electronic
excitations can then be generated from it. Accurate treatment of some systems such as
biradicals may require the use of multireference methods. In multi-configuration self-

consistent field method, a set of coefficients of both the determinants and the basis
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functions are varied to obtain optimal total electronic wavefunction. Since
multireference methods have not been used in any of the papers included in this thesis,
they will not be treated further here.

The second major approximation regards the basis-set expansion, in which each one-

electron spin orbital is expressed as a linear combination of basis functions f;:

m

¢i(r;) = z ¢ jfi(ry) (2.5)

j=1
where ¢; ; are called orbital expansion coefficients. A brief introduction regarding
basis set concept is presented in a Section 2.3.5.

The solution of the electronic wavefunction is based on the variational principle,
which states that any approximate solution to the Schrédinger equation has an energy
above or equal to the exact energy (see e.g. [82]). Thus, the set of coefficients ¢; ; that
give the best approximation to the true ground-state energy and wavefunction are those

that minimize the energy, so that for every ¢; ;

O0E
ac, 0 (2.6)

Application of the variational principle to a single-determinant wavefunction leads to
a set of Hartree-Fock equations, which for practical calculations must be converted into
the Roothan-Hall equations. In a matrix form these are
FC = SCE 2.7)

where C is the matrix of orbital expansion coefficients (see equation 2.5), E is a
diagonal matrix containing the orbital energies ¢;, and F and S are called the Fock and
overlap matrixes, respectively.

However, as the wavefunction and energy of each electron is dependent on the
wavefunction and energy or every other electron, the Roothan-Hall equations must be
solved iteratively, starting out from some initial guess trial wavefunction. The trial
wavefunction can be used to compute a new, improved set of orbital expansion
coefficients and a new F matrix. Repeating the process is done until convergence yields
the Hartree-Fock energy and wavefunction. In most applications, the Roothan-Hall
equations are not solved in straightforward fashion. Instead, various sophisticated
algorithms are used to reduce the number of iterations (or the computational time and/or

memory) required for convergence. In practice the scaling factor (the factor by which
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the computational cost grows as a function of the system size) of the Hartree-Fock
methods is usually close to N’ (N is the number of basis functions) [82], what can be
considered moderate.

As the HF approach assumes that each electron moves in the average potential of the
other electrons, the correlation between the electrons is neglected, because the effect of
the n—1 electrons on the electron of interest is treated in an averaged way. The electron
correlation can be divided into dynamical correlation (caused by Coulomb repulsion
between the electrons) and static correlation, which is related to systems which cannot
be described correctly by a single determinant. While the correlation accounts for only a
small fraction of the total energy, it is vitally important for accurate simulations of
chemical reactions and bonding.

Several methods have been developed to include correlation within wavefunction
theory: configuration interaction (CI), Meller-Plesset (MP) perturbation theory and
coupled-cluster theory (CC). Despite their deep theoretical difference, all methods work
in a similar way in terms of the wavefunctions. First, a Hartree-Fock calculation yields a
set of occupied and virtual orbitals. Second, a set of additional Slater determinants is
formed by substituting one or more occupied orbitals for virtual orbitals in the original
Hartree-Fock determinant, and calculation continues. The number of simultaneous
substitutions per Slater determinant is determined by the level of the method: singly
excited Slater determinants contain only one substitution, doubly excited ones contain
two and so on. Physically, this corresponds to exciting a number of electrons to higher
energy levels.

In configuration interaction calculations the ground- or excited-state wavefunction
for a specific state is represented as a linear combination of n-electron Slater
determinants. Full CI corresponds to allowing all possible excitations, however, it scales
as NI, and in practice the CI is restricted to single, double and triple excitations, for the
CIS, CISD and CISDT methods, respectively. It should be noted that the CIS energy
does not represent an improvement over the HF method. The truncated CI methods are
not size-consistent, meaning that the energy calculated for a system is not equal to the
sum of energies of its isolated parts. For this reason, CI methods are seldom used in

energy calculations.
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Moller-Plesset (MP) perturbation theory [86] is based on treating electron correlation
as a small perturbation of the HF Hamiltonian:
Hy-p = Hyp + A(Vee — 2(V,e)) (2.8)

where Hyp is the Hartree-Fock Hamiltonian operator, / is an arbitrary constant, 7, is
the potential energy operator corresponding to electron-electron interactions (see
equation 2.2) and the "( )" brackets indicate an expectation value. The expression for
the n-th order perturbative energy and wavefunction can be obtained from perturbation
theory. The methods are indexed as MPn by the level of perturbation. It can be shown
that, just like for CI, the first real improvement over the ground state HF energy is given
by the second order correction energy. MP2 scales as N°, recovers around 90% of the
correlation energy [82], and is the most cheap (and probably the most popular)
correlated ab initio method. MP3 does not usually significantly improve upon the MP2
result. The only other perturbation-based method that is commonly used, MP4, recovers
about 98% of the correlation energy, however it scales already as N°.

Coupled-cluster methods [82] are based on the assumption that the wavefunction can
be described as
Wee = T Dy 29)

where @ is the HF reference configuration (the Slater determinant of equation 2.4)
and cluster operator T is defined as T = T; + T, + T, +... +T,, with T, corresponding
to single excitations, T, to double excitations and so on. In practice, the cluster operator
expanded in a Taylor series is truncated at some point by neglecting higher-order terms.
The level of truncation is indicated by letter indexes. For example, CCD contains only
double, CCSD both single and double, and CCSDT single, double and triple excitation
operators. When HF wavefunction is a good basis, CCSD(T) (where the triple
excitations are evaluated non-iteratively) is considered to be the state-of-the art method.

Unlike CI the CC methods and MP theory are size-consistent. The fraction of the
correlation energy recovered (and the accuracy of the results) is significantly higher for
CC than for MP methods of same order. Unfortunately, coupled cluster calculations are
computationally expensive and extremely time consuming, with N’ scaling. The studied
water clusters are therefore clearly too large for these methods to be used, and the
wavefunction-based methods are usually limited to MP2 at best. Alternatively, DFT

methods proved to be cheap but still good solution, with scaling around N°.
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2.3.4 Density functional theory

The central tenet of the theory is the assumption that for an arbitrary system of
electrons, moving in an external potential V,,;(r), the ground state electron density p(r)
uniquely determines the external potential. Since the electron density also determines

the total amount of electrons

N = fp(r) dr (2.10)

it also determines the Hamiltonian of the system and thus its full ground-state
wavefunction. The ground-state energy is therefore also a functional of p(r). Since the
functional for the ground-state energy is unknown, the electron density has to be

expressed in terms of one-electron orbitals analogously to equation (2.4):

N
p() = ) 13, @11
i=1

with the one-electron orbitals further expanded in terms of a basis set just like in
equation (2.5). The idea of expressing the electron density in terms of an orbital basis
was first proposed by Kohn and Sham [85]. Analogously to ab initio methods, DFT
methods can be either restricted or unrestricted depending on the treatment of electron
spin. In the latter case the total density is expressed as a sum of two components, p(r),
and p(r)g.

Next the energy functional E[p(r)] is expressed as
Elp(D)] = Eext + Ekin + Ecour + Exc (2.12)

where the first term accounts for the interaction between the nuclei and the electrons,
the second term is the kinetic energy of a noninteracting system of electrons with
density p(r), and the third term is the Coulombic repulsion between the electrons.
E,.[p(r)] accounts for the exchange and correlation interactions, and it is the only
unknown term in the functional. There is no systematic way to develop or even improve
the exchange-correlation functionals in DFT; so various approximate forms similarly to
HF calculation have to be used. Similarly to the variational principle, Hohenberg and
Kohn [84] proved that the true ground-state density corresponds to a minimum value for
the energy. According to Kohn and Sham, the best approximation to the ground-state
density and energy is obtained by minimizing the energy with respect to the expansion

coefficients of the Kohn-Sham orbitals. This leads to the set of N Kohn-Sham
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equations. In computational applications, the Kohn-Sham equations are solved like the

Hartree-Fock equations—self-consistently, using linear algebraic techniques.

According to classification by Perdew [82, 87], exchange-correlation functionals can
be divided into five rungs, according to the types of terms they contain as follows:

I. The first rung corresponds to LDA, the local density approximation, where
Exc[p(r)] is approximated by the exchange-correlation energy of a homogeneous
electron gas. While the performance of LDA is satisfactory for some metallic
systems, it is useless for modelling gas-phase molecules.

II.  The next step up are the generalized gradient approximation, or GGA, functionals,
which in addition to terms proportional to p(r) also contain gradient terms
proportional to Vp(r). GGA functionals are very popular, as they are relatively
simple to evaluate and may provide near-chemical accuracy (often defined as an
accuracy of 1 kcal mol™' with respect to the reaction or binding energies of
molecular systems).

II. The third rung corresponds to the meta-GGA functionals, which in addition to
terms proportional to p(r) and Vp(r) also contain the second derivative of the
density (or some related term), which is obtained from the occupied Kohn-Sham
orbitals. This increases the computational cost, but may improve the
correspondence with higher-level ab initio results or experimental data.

IV. The fourth rung presented by hybrid DFT functionals, which contain the Hartree
Fock exchange interaction in addition to the above-mentioned components. Most
hybrid functionals (such as the extremely popular B3LYP functional) contain both
HF and DFT exchange components, with the exact fraction of each determined for
example by fitting to experimental results.

V. In the classification the fifth rung corresponds to DFT functionals that include
terms containing the unoccupied (virtual) Kohn-Sham orbitals. This allows the
treatment of dispersion (non-local correlation) effects, which are underrepresented
in level 1-4 functionals (see e.g.[88]). Alternatively dispersion effects may be
included in form of dispersion correction schemes [89] and long-range corrections,

as done for example in CAM-B3LYP [90].
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2.3.5 Basis sets

The basis set is the set of mathematical functions from which orbitals are
constructed. Several different types of basis functions have been developed for various

tasks, but the most common choice is use of gaussian type orbitals (GTO)

fenim (@, 8,0) = Ne¥, (8, @)rCn2"De=4r" (2.13)

where N, is a normalization constant, », / and m are quantum numbers (see e.g. [81]),
Y, m (6, 9) is a spherical harmonic function and { is a constant. The co-ordinate system
in equation (2.13) is normally atom-centered, and each atom type is normally
represented by a certain number of basis functions. Slater-type functions, which
resemble gaussian functions except that the exponential term is proportional to —r
instead of —, are also used. Numerical grids fitted to the appropriate exact atomic
wavefunctions, or plane waves, are also commonly used as basis sets, though they are
rarely used for molecular cluster studies. Slater-type functions are exact solutions to the
Schrodinger equation for isolated one-electron atoms. They show correct behaviour at
the nucleus and a correct exponential decay with increasing r, and are therefore much
more accurate per basis function than GTO. However, Gaussian functions are
computationally much more efficient, therefore the majority of quantum chemical
studies on gas-phase molecular systems use gaussian basis sets. A common procedure
to reduce the errors appearing from the incorrect behaviour of the — - exponential term
is to group several GTOs to form contracted Gaussian functions. Each contracted
Gaussian is taken to be a fixed linear combination of the original or primitive Gaussian
functions, centered on the same atomic nuclei.

The simplest type of basis set is a minimal basis set in which a single function is
used to represent each electron pair or an electron. In most studies requiring accuracy,
the basis set has to be larger than minimal, and two kinds of one-electron spin orbitals
are generated: occupied and virtual. The virtual orbitals are used in the treatment of
electron correlation.

The way to improve basis set is to increase the number of basis functions per atom.
Double-{ basis set contains two basis functions per electron pair, triple-{ contains three,
etc. Next, the basis functions describing valence orbitals involved in chemical bonding
need more flexibility than basis functions for core orbitals. Thus additional basis

functions are often added for the valence electrons only, while each inner-shell atomic
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orbital is represented by a single basis function, which leads to the valence double-,
valence triple-(, etc. Widely used basis sets arising from the group of John Pople can be
presented as X-YZg for split-valence double-zeta basis set or X-YZWg for split-valence
triple-zeta basis sets (e.g. 6-31G and 6-311G, consequently).

When bonds form in molecules, atomic orbitals are distorted (polarized) by adjacent
atoms. Split valence basis sets allow orbitals to change size, but not to change shape. To
improve the description of chemical bonding, polarization functions (corresponding to
orbitals with higher values of the angular momentum quantum number) need to be
added to the basis set. The addition of these polarization functions to e.g. double-{ basis
set results in a double-{ plus polarization basis set. For common applications the
number of polarization functions varies between one and four per atom. For accurate
descriptions of weakly bound clusters, diffuse functions (corresponding to low values of

{) are also often added to the basis set. Diffuse functions can be visualized as

corrections for the too fast decay of the e~ term in the gaussian basis functions far
away from the nucleus as compared to the real e™" decay of the exact one-electron
orbitals. The corresponding erroneous behaviour of GTOs close to the nuclei is
corrected for by the contraction procedure described above.

At this point it would be useful to discuss in more details the two most popular
families of basis sets based on contracted GTOs: those of Pople and Dunning. The
Pople style basis sets first include the STO-3G basis set, [91] a single-{ basis set where
each contracted GTO consists of 3 primitive Gaussian functions. As already mentioned,
split-valence basis sets developed by Pople et al. include 3-21G, 6-21G, 4-31G, 6-31G
and 6-311G where the first number indicates the number of primitives used in the
contracted core functions and the numbers after the hyphen state the numbers of
primitives used in the valence functions so two and three numbers indicate a valence
double-zeta and triple-zeta basis set, respectively. Polarization functions are quoted by a
star (*), diffuse functions by a plus (+), e.g. 6-311+G*. The second widely-used family
of basis sets are the correlation consistent polarized valence n-zeta (cc-pVnZ) basis sets
of Dunning and co-workers where n ranges over D (double) [92], T (triple) [93], Q
(quadruple), efc. Correlation consistent implies that the exponents and contraction

coefficients were optimised not only for HF calculations but also for use in calculations

31



including electron correlation methods. In the Dunning family of cc-pVnZ basis sets,

diffuse functions on all atoms are indicated by prefix "aug".

2.3.6 Practical considerations on quantum chemistry
simulations

The level of theory needed for a computation depends both on the property of
interest and the accuracy required [82]. Simple Hartree-Fock calculations with small
basis sets are often enough to produce qualitatively reliable molecular geometries. For
covalently bound systems, third- or fourth- generation density functionals with
polarized valence double-{ basis sets often give qualitatively very reliable molecular
geometries and energies, though valence triple-{ basis sets with multiple polarization
functions may be required for quantitative accuracy. For weakly bound systems (such as
the molecular clusters), pure DFT methods are less reliable, and dispersion corrections
or correlated ab initio methods are sometimes needed. Unfortunately, post-Hartree—
Fock methods have a very unfavourable scaling of the computational cost, while
accurate energy calculations with correlated methods may require basis sets as large as
quadruple-{ or higher. On the other hand, in case of ab initio methods increasing the
basis set will always increase the reliability of the results. This does not necessarily
apply for DFT methods—there is no guarantee that the largest basis set corresponds to
the best result. Indeed, as many DFT functionals have been parameterized using
computations with modest basis sets, it is believed that medium-size basis sets are
preferable for many DFT calculations.

The goal of a computational study is to obtain the maximum possible accuracy of the
properties of interest with the lowest possible computational effort. The main task is
then to choose the model chemistry (i.e. a combination of method and basis set) based

on experience and knowledge of its strengths and weaknesses.

2.4 Cluster ions in the laboratory and calculations

Molecular clusters are highly interesting in their own right, since they represent an
edge between single molecules and bulk. By using clusters as model systems, it is
possible to study stepwise solvation mechanisms of ions, and to extract information on

thermodynamic properties and dynamics. Kebarle [94] and Castleman [95] provided
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important chemical thermodynamic information about water clusters. The stability of
charged water clusters in a given size range can be probed with molecular beam
experiments.

Proton exchange reactions represent a special class of chemical reactions. Because of
its fundamental importance as a model for ion- or ligand-exchange reactions [96] and in
atmospheric chemistry [97] proton exchange in the gas phase as well as in bulk water
has been thoroughly studied employing various experimental and theoretical
approaches.

The present chapter opens with Section 2.4.1 that deals with size distributions of
water-containing molecular clusters and discontinuities in them—magic numbers. Then
we continue by discussing ion-molecular reactions with DO and a concept of
proton/deuterium exchange (Section 2.4.2). Finally, we finish with a section on proton

transfer, as studied by experimental and theoretical means (Section 2.4.3).

2.4.1 Clusters distributions, magic numbers

An abundance spectrum presents essentially a measure of abundances of clusters of
different sizes in a produced distribution. Cluster abundances can be produced and
measured in different experimental setups, and the distribution can have different
properties. Figure 4 shows an abundance spectrum of pure protonated water clusters
H'(H,0),, produced in the QTOF?2 instrument (see Chapter 3). A distribution of water
clusters like this one is formed by successive evaporation of water molecules from
larger clusters.

Total intensity and overall shape of the reported cluster distributions—the width,
height and curvature of the mass spectrum—are dependent upon experimental
conditions: the cluster source conditions, instrument settings, concentration of the
solution, efc.), e.g. [98]. In contrast, the fine structure of the distribution as well as
"magic numbers" are dependent upon the properties of the specific clusters themselves;
they appear in different experimental sessions and seem to persist under all
experimental conditions used.

The question concerning the structure of ionic clusters has received a lot of attention,
as evident from the many experimental and theoretical studies [40]. For example, the

tetramer of protonated water, H'(H,0)4, has a particularly stable trigonal structure
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corresponding to each of the three waters acting as hydrogen bond acceptors for the
three hydrogens of the central hydroxonium ion. Evaporation of H,O from H'(H,0),
therefore requires considerable energy, and Figure 4 reveals no peaks below n = 4, in

agreement with this simple reasoning.
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Figure 4. Abundance spectrum for pure water clusters H'(H,0),. The clusters with specific #

are marked.

Next, the fine structure in the abundance spectrum of protonated water clusters in
Figure 4 includes the so called "magic numbers", or ionic cluster signals with
reproducible enhanced intensities with respect to the neighbouring intensities, with the
most famous representative at » = 21. Magic number clusters are generally assumed to
be thermodynamically or kinetically more stable than the average and less likely to
fragment, which would make for their higher abundance. The magic number cluster
H'(H,0),; was first noted by Lin [99], later confirmed in a large number of
experiments, and has been the subject of high scientific interest since then. Experiments,
even though confirming the anomalous behaviour and enhanced stability of the n = 21
cluster, gave no information about its structure. Originally it was treated in terms of a
particularly stable dodecahedral clathrate structure of 20 water ligands around a central
hydronium ion, with each of 20 oxygen atoms located in the corners of the ideal
structure [100, 101]. This concept became the standard explanation for magic numbers
in mass spectra of ionic water clusters, and has frequently been used to explain the

magic numbers in the mass spectra of hydrated metal ions [102-104]. Further, reactions
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of the preformed protonated water clusters have shown that the » = 21 species can bind
up to 10 dimethylamine molecules, presumably attached to the 10 dangling O—H bonds,
in consistence with the proposed dodecahedral structure [105].

Upon closer look the “clathrate” dodecahedral structure explanation appears less
convincing. Although water is well known to form clathrate solids with cage-like
cavities, this enclosing of a “guest” occurs only under high pressure. Further, the
“guests” in these clathrates are hydrophobic species, while the hydronium ion prefers to
form strong bonds specifically to three water ligands. Lastly, quantum chemical studies
have found that for H'(H,0),; a distorted dodecahedral structure is indeed stable,
however, with several other compact structures at essentially the same energy and with
all of them exhibiting 10 dangling O—H bonds [106].

Only recently, experimental studies and theoretical methods became powerful
enough to provide interesting insights into the problem of the geometric structure of
hydrated ions. Infrared spectroscopic studies of the free O—H stretching vibration of
protonated water clusters have revealed that for the » = 21 magic number cluster, the
frequency is the same for all water molecules, indicating that they are all bound in
equivalent positions. However, the n = 22 cluster shows the same signature, and does
not exhibit special stability [107, 108]. Iyengar et al. performed atom-centered density
matrix propagation dynamics at the DFT level and showed that the proton is not
attached to a water molecule encapsulated inside the dodecahedron but is integrated into
the surface of the cage, while the ideal dodecahedron arrangement is significantly
distorted [109]. Ab initio investigation performed by Kus et al. has indicated that in
addition to the dodecahedron structure, other equally stable and relevant energy
structural forms may also exist [110]. When discussing preferred geometrical
configurations, it is important to remember that it is difficult to make a clear distinction
between the structural and fluctuant dynamical features due to the low energy
constraints for rapid rearrangement of the hydrogen bond network between the
energetically allowed forms [109, 111]. In addition, the increased abundance of
H'(H,0)s5; can to some degree be explained by decreased dissociation energy of the next
larger cluster H'(H,0),, which will then have a larger tendency to evaporate and form

the magic number entity [112].
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Extending the hydrated proton studies to larger clusters has clearly revealed a
distribution anomaly for the n = 55 cluster, which is almost as clear and prominent as
that of the n = 21 structure (Figure 4). Any proposal of a concrete structure of the
H'(H,0)ss ion would naturally be speculative. As a note, relatively large amplitude of
the abundance variations around » = 55 for the negatively charged water OH (H,0),
clusters is also clearly observed [113].

Strong magic number behaviour among alkali-ion—water clusters [102, 103, 114], for
instance stability of M"(H,0)y (with M = Li, K-Rb) has also been observed. A usual
explanation, formation of cage inclusion compounds, in particular a dodecahedron of
water molecules surrounding the cation for » = 20 appears to be inapplicable [115]. In
the paper by Schulz and Hartke [116], the global minimum energy configurations of
hydrated alkaline cations M (H,0),, with M = Na, K, Cs, have been optimized. Among
other structures, the authors do observe dodecahedral cages as local minima, but they do
not explain the occurrence of magic numbers. For example, authors [117] completely
reject the dodecahedron hypothesis, stating that, on the basis of global optimization
using genetic algorithms and the TIP4P/OPLS model potential, the magic number »n =
20 (but also others) observed in K'(H,0), and Cs'(H,0), are due to several different
lowest-energy cage structures that are less susceptible to dissociation and association
reactions, therefore having longer observed lifetime. Further, remarkable lack of magic
numbers of Na'(H,0), clusters, as compared to other alkali-metal-water clusters,
according to experimental and theoretical investigations [118, 119], is believed to be
due to unique structural features of these clusters. For instance, according to the results
[117], due to the stronger “structure breaking” effect of sodium cation, the stable cage
structures collapse quickly to very different off-centered structures. These three-
dimensional networks follow totally different build-up principles in the case of
Na+(H20),1 and hence do not show the magic number pattern of the other alkali-metal—

water clusters, that favour formation of cage structures.

2.4.2 Cluster ions reacting with D,O, H/D exchange

Gas-phase reactions of clusters with various other molecules have been extensively
studied. Comprehensive information about the properties and reactivity of water clusters

can be found in Refs. [40, 115, 120]. Ion-molecular reactions with H,O, although
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appealing and promising for providing interesting insights, do not allow the detection of
products, and reactions involving isotopic labelling are commonly used instead.
Reactions with heavy water are particularly interesting and informative because they
provide data on H/D isotope exchange. Fortunately the molecules DO and H,O are
similar from several points of view to consider any results of mentioned reactions as
interchangeable with H,O.

The experimental studies presented in this thesis mainly focus on the reactions
between ionic aqueous clusters with ammonia and heavy water, performed in a cluster
beam experiment.

The cross section is a concept that is related to the probability of collision or reaction
between two interacting species in the gas phase, in our case between a molecule and a
cluster. The cross section for collision between a cluster and a gas molecule can be
written
o = -1In(l/ly)/(cL) (2.14)

where /]y is the ratio of the cluster abundance exiting and entering a volume, c is the
concentration of the gas in the volume, and L is the length of the cluster's path through
the volume (see e.g. [121]).

In case of the reaction of aqueous cluster ions with heavy water, the products formed
have masses that are one or two atomic mass units (u) greater than the reactant ion,
depending on whether one or two protiums are exchanged for deuterium. In an
experiment, where the products are detected by their difference in mass-to-charge ratio
relative the parent ion, it is convenient to refer to the abundance of a specific product as
I(m/z + x), where m/z is the mass-to-charge ratio of the parent ion, and x is the shift in
mass-to-charge ratio of the product. We define the fraction of exchange to be the sum of
normalized product intensities due to the reaction channels, @ = )}, I(m/z + x).

A few comments may be in order at this point. In the physical meaning the cross
section refers to the effective area perpendicular to the path of a photon, molecule or
particle that constitutes the target for collision. The cross section is a somewhat abstract
property depending not only on actual size of the target of the collision; it can also
depend on other properties of both colliding particles. It should also be mentioned that
there is a difference between the collision cross section, i.e. the probability of collision

between two species, and the reaction cross section, i.e. the probability to have a
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reaction between the two, since a collision does not necessarily mean that a reaction will
occur.

The first detailed account of proton transfer reactions within water clusters was given
probably by Ryan et al. [96] who reported occurrence of H/D isotope exchange in
jon/molecule reactions between H;0" and D,O in a crossed beam experiment. For
example, they observed formation of H,DO", an indication of that the encounter
intermediate is capable of facilitating several proton/deuteron transfers to occur.
Anicich and Sen [122] observed similar isotopic exchange in their Fourier transform ion
cyclotron resonance experiments. Smith ef al. [97] studied small protonated clusters
H(H,0)," (n = 1-3) reacting with heavy water in a selected ion flow tube instrument.
They reported complete statistical distribution of H and D amongst the product ions and
neutrals (H/D scrambling), however, as the result of successive cluster-ion/D,O
collisions rather than in one single encounter. Honma and Armentrout [123] performed
energy resolved guided ion beam experiments of the types H(H20)," + DO and the
"mirror" system D(D,0)," + H,O (n = 1-4), reporting extensive H/D exchange within
systems studied. Yamaguchi ez al. [124] using a similar experimental setup found that
the cross section for H/D exchange decreases with collision energy for n= 1-11.
Further, an FT-ICR study of proton transfer in ionic water clusters [125] confirmed
statistical isotopic distribution for H'(H,0),, but reported absence of proton transfer in
related water clusters, (H20),, O2(H,0), .

The reaction between the cluster and heavy water occurs involving a short-lived
reaction intermediate [123, 124]. Addition of a D,O molecule to the cluster leads to
release of binding energy, which elevates the temperature of reaction intermediate. As a
consequence, the reaction intermediate will decompose by evaporation of a molecule

[126]. For a cluster of type X*(H,0), the reaction can be written:

X*(H,0), + D20 — [X'(H0),(D,0)]* (2.15)
The formed reaction intermediate decomposes in less than 1 us [126]:

[X*(H20),(D20)]* — X*(H20), + D20 (2.106)
[X*(H20),(D20)]* — X*(H,0),.1(HDO) + HDO (2.17)
[X*(H;0),(D,0)]* — X*(H,0),.1(D,0) + H,0 (2.18).

While the first reaction pathway gives back the original reactants, the second and

third pathways results in product clusters that have exchanged one or two of their
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protium atoms for deuterium, producing a mass increase in the product clusters of 1 u
and 2 u respectively. Obviously, the reaction pathway (2.17) requires the formation of
HDO molecules inside the cluster intermediate, and is a result of O—H bond activation
and an intermolecular H/D exchange mechanism catalysed by the presence of a free H'
or a proton hole in the cluster ([126] and Paper I, II). This process is believed to
progress through a series of fast individual rearrangement steps on the time scale of 50—
500 ps [111]; the barriers for rearrangements are quite low, and the rate coefficients
appear to be nearly constant in the temperature range 150-300 K. If the lifetime of the
intermediate is sufficiently long compared to the time scale of the intermolecular H/D
rearrangements, a complete isotopic randomization may be achieved with respect to
hydrogen. As a result when water molecule leaves, all three possible products—H,0,
HDO and D,O——can be formed by this process. The expected abundances of for
example product HDO can easily be calculated with combinatorics (Figure 6). For a
cluster with 2n + 1 protium atoms—Ilike a pure protonated water cluster—the
randomized abundance is 2/(2 + n).

The Reaction 2.18 can also occur in the absence of a free proton or hydroxide ion in
the cluster, without any H/D rearrangements. The product is then formed through intact
ligand exchange mechanism where D,O enters the cluster and H,O evaporates to form
X*(H0),-1(D,0). Since Reaction 2.18 can happen through both the H/D exchange
mechanism and the ligand exchange mechanism, but Reaction 2.17 only by H/D
exchange, it is possible to compare the relative abundance of the two products to the
values predicted for a completely randomized intermediate, and determine which of the
two exchange mechanisms is active in the reaction in question. In the present work, this
is done by calculating the ratio xupo relation of abundance of products from Reaction

2.17 and the products from Reaction 2.18. The kupo ratio can be expressed as
B Im/z+1)
KHpo = I(m/z+ 1)+ 1(m/z + 2)

(2.19)

If there are clusters of certain size allowing for complete hydrogen scrambling in the
reaction intermediates, i.e. they do not react through ligand exchange, then the
experimentally obtained value of kupo will be the same as the one calculated from the
probabilities for random emissions of molecules, e.g. Figure 6. If a fraction of the
clusters reacts via ligand exchange, then the measured abundance of products from

Reaction 2.17 will decrease and the measured abundance of products from Reaction
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2.18 will increase, with the consequence that the value of xupo will be lower than the
randomized one. The xupo value thus varies from 0 (for a cluster that reacts solely
through ligand exchange (swapping a H,O for a D,0), up to a maximum value that
corresponds to the xupo for emission of a water molecule with random isotopic
composition. The measured values for kypo can then be used to gain some insight into,
for instance, the proton mobility in the specific clusters. Honma and Armentrout [123]
showed in experiments on the mirror reaction D'(D,0), + H,O, for n = 1-4, that there
were no indications of an isotope effect on the branching ratio of reaction pathway
(2.17) to (2.18). Further, the authors of Ref. [126] performed careful theoretical analysis
of possible contributions in isotope shifts, and reported that these factors must be
negligible.

The methodology described above was used to interpret outcome of reactions of
various ionic clusters with D,O. Andersson et al. [126], using a modified QTOF mass
spectrometer, reported the outcome of low energy (0.1 eV) collision reactions between
H'(H,0), (n=2-30) and D,0. It was observed that H/D randomization becomes close
to statistically complete for larger clusters, while this is not the case for n < 8. This can
be seen in Figure 5 by comparing the experimental curve for H'(H,0), with the curve
corresponding to a statistical loss of a water molecule from a cluster with complete H/D
scrambling. On the basis of RRKM calculations this behaviour was attributed to a rapid
increase in the lifetime of the intermediate [H(D,0)(H,0), ]* with size, in agreement
with results of Honma and Armentrout [123]. At the size of » = 10 the lifetime was
estimated to be 1 ps, allowing for numerous H/D exchange reactions to occur within the
cluster before it dissociates. On the basis of the RRKM estimates one obtain a rate
coefficient of the order 10® s™' for this process. In the same paper, H/D exchange in
ammonia-containing protonated water-clusters reacting with heavy water was also
investigated. For any value of n, the total cross sections for reaction of D,O with
NH4(H0), 1~ or H(H,0),", were essentially the same. However, the former cluster
reacted mainly by ligand exchange (intact H,O for D,0). The absence of H/D exchange
in the ammonia containing clusters was attributed to the lack of movable protons

resulting from the persistence of an NH;" core.
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Figure 5. The ratio xupo, being the fraction of products where a HDO molecule leaves the
reaction intermediate after addition of D,O to the clusters H'(H,0), and NH4 (H,0),. The
statistical line corresponds to the expected value for a cluster having complete hydrogen
scrambling, also corrected for background contaminations in the collision gas. Based on data
from [126]
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Figure 6. Values of xupo for protonated water clusters reacting with D,O through: H/D
exchange mechanism (solid lines), and ligand exchange mechanism (dashed lines) calculated
for 0%, 4%, and 8% HDO contamination in the D,O collision gas. Courtesy of Dr. M. J.
Ryding.
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When performing experiments X“(H,0), + DO, main concern is possible
contamination of the D,O gas by HDO. The presence of HDO makes it difficult to
discriminate between proper H/D exchange due to O—H bond activation according to
Reaction 2.17 and ligand exchange according to the reaction X*(H,0),+ HDO —
Xi(HDO)(HZO),H + H,0O. The measured xupo value will increase from its actual value
to a value reflecting the degree of contamination. In case of a cluster that reacts by
ligand swap, if 4% of the gas phase D,O molecules are in fact HDO, then 4% of the
abundance /(m/z + 2) will be detected as I(m/z + 1) and the xppo value will be 0.04. For
the type of cluster that supports complete hydrogen scrambling, expected values for
Kupo can be estimated using combinatorics for different degrees of contamination, as
can be seen in Figure 6.

Other issue that must be considered is the possibility of double collisions. It is clear
from Reactions 2.15-2.18 that the experiment assumes that the cluster experiences only
one reaction with D,O. However, it is in principle possible for the product clusters of
Reactions 2.16-2.18 to collide with another molecule on their flight through collision
cell. As will be explained in the Chapter 3.1, the pressure of D,O can be kept low in
order to minimize double collisions. In short terms, using same combinatorics it is
possible to show that the majority of clusters experiencing a second collision will not
influence the kypo value in the way it is estimated in our work.

In essence the reaction between the ionic aqueous cluster and D,O can be seen from
the viewpoint of different timescales. The relationship between the H/D rearrangement
timescale (which is of the order of 10 picoseconds [111]) and the intermediate lifetime
(of microsecond order [126]) serves to establish possibility of occurrence of a complete
hydrogen scrambling before evaporation. H/D rearrangement timescale may include
several individual proton transfers, which occur on femtosecond scale [127]. Another
consideration concerns the evaporation of the cluster, which should be slow enough
process, compared to the intermediate lifetime, or the experiment (Reactions 2.15-2.18)
would otherwise be meaningless by this design. On the other hand, the intermediate's
lifetime should also be so short that evaporation will occur during the experimental
timescale, since detection of the intact reaction intermediate would not yield
information on the degree of hydrogen scrambling. Experimental timescale (time from

selection of a particular cluster size to detection of products) is of the order of 10* us.
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Since the cluster velocity through the cell varies as the square root of the reduced mass
when the center-of-mass energy is kept constant, the experimental timescale is

essentially the same for all cluster sizes in the investigated range.

2.4.3 Proton transfer from experiment and calculations

Historical retrospective shows that experimental and theoretical methods may be
exceptionally useful in rationalizing proton transfer events both in bulk systems and in
clusters. In one of the first endeavours in the field, Goldschmidt and Udby proposed that
the extra proton is attached to a water molecule [128], in the form of H;O" now known
as the hydroxonium ion. Mann et al. fulfilled the first experimental verification of the
idea of hydroxonium ion in the gas phase in 1940 [129]. Since then, a large number of
studies on behaviour of H;O" and its associations with water have been performed.
Eigen suggested the importance of proton migration dynamics and the role of the three
waters of the first hydration shell around the hydroxonium ion [130], while Zundel
suggested the central role of the proton bonded dimer on the basis of spectroscopic
evidence [131].

However, the molecular details of fast proton migration in water were outlined much
earlier by Grotthuss in 1806 [132], although in an intuitive manner. The Grotthuss
mechanism can be defined as “a sequence of proton transfer reactions (proton hops)
between water molecules”. It is described as “structural diffusion of excess protons
(protonic charge defects) in a hydrogen-bonded network”, which can not be fully
described as an individual entity (e.g. H, H;O" or OH") migrating through the network
[127, 133]. The idea that proton transfer occurs through a hydrogen bond network has
been elaborated over many times since then.

The mechanism deduced from experiments [133] and observed in the simulations
[134] can be presented as incoherent step-by-step proton migration from one water
molecule to the next and involves a “special pair dance” of water molecules in the
solvation shell of the proton. According to this mechanism the motion of the proton
more resembles gliding than hops between water molecules. The elementary process is
initiated by the rupture of a hydrogen bond in the second solvation shell and detachment
of single water molecule followed by addition of another molecule to the second

solvation shell from the other side. As a result, the proton is displaced from the original
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central H;0" and transferred to the neighbour H,O. This type of process involves
oscillation between Eigen (HoO4") cations through Zundel (HsO,") cations as an
intermediate. Proton transfer characterized by this mechanism was estimated to occur at
a rate corresponding to a characteristic lifetime of 1 ps [135, 136].

In spite of the fact that Grotthuss mechanism is strongly modified nowadays [133,
134, 137], the mechanism in its original form still may provide a formal model useful
for proton transfer rationalization [138], especially in acid—base chemistry [139, 140].
For ionic reactions occurring in the isolated gas phase it has been shown that water
molecule rearrangements are related to reactions like proton transfer [141-143]. In
addition, a reaction may be catalysed by water mediated proton transfer from one local
site having lower proton affinity than water to one having higher. Elementary steps of
proton transfer process can be studied by applying suitable mass spectrometric methods
to ionic water clusters, in combination with analysis of cluster size trends in
hydrogen/deuterium isotope exchange rates.

Theoretical work by Mella and Ponti shows how reactions with D,O can be used to
gain insight into proton transfer phenomena. Molecular-dynamics simulations done
using the OSS2 force field propose the mechanistic details of the H/D exchange process
during an encounter between the reacting species [111], a process summarised as:

H(H,0)," + D,0 S [H(H,0),(D,0)]* — HHDO)(H,0),.,;" + HDO.

The following order of events was observed in the simulations upon reaction (Figure
7): a) formation of the collision intermediate [H'(H,0),D.0]*; b) consecutive
molecular shifts that eventually integrate the DO molecule in the region of the proton
containing cluster core in the form of an Eigen tetramer (H,0)3;(HD,0)" or a Zundel
dimer (D,O-H-OH,)"; ¢) additional molecular shifts and displacement of a D* from the
(HD,0)" core to a neighbour H,O molecule; d) successive molecular shifts bringing a
HDO molecule to the periphery of the cluster; e) loss of the HDO molecule.

Two very interesting points of this mechanism is the fact that the shifts that occur by
a single water molecule swinging from one position to the next (always being connected
via at least one hydrogen bond) have small activation energies, and that the key
proton/deuteron transfer hardly require any significant activation energy. Regarding the
latter, it is a well-known fact that in the Zundel dimer the proton is mid-way between

the two oxygen atoms. This observation is in good accord with Car—Parrinello
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simulations of proton migration in bulk water [144]. Furthermore, the simulations of
Mella and Ponti indicate that isomerisation due to water shifts occur on the time scale
50-500 ps at room temperature, thereby not always allowing for full statistical energy
randomization [111]. The rate of water shifts was found to increase upon increasing the

size of the cluster.
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Figure 7. Intra-cluster rearrangements leading up to loss of a HDO molecule from the
reaction intermediate. Details in text. Courtesy of Dr. M. J. Ryding, based on Mella and Ponti

[111].

As already indicated, the H;O" core is primarily stabilized by interaction with the
three nearest neighbours of the first solvation shell, the Eigen cation. However, the
positive charge is effectively dispersed also to the second solvation shell and probably
beyond that, as demonstrated by Swanson and Simons [145] on the basis of a ab initio
energy decomposition analysis under dynamical as well as static conditions.

In a conclusion, study of proton transfer is a relatively young and rapidly growing
subdivision of physical chemistry, with many discoveries still to be made. Furthermore,
understanding the occurrence of proton transfer in finite clusters is of principal
importance for our qualitative picture of the chemistry of water clusters and their

relation to bulk aqueous solution.
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3 Methods

The work presented in this thesis is mainly concerned with different types of charged
clusters where the main component is water; more specifically clusters of the type
X*(H,0),, where X" can be various positively or negatively charged ions.

For the experimental part of the study we employed ESI-QTOF spectrometer
(described in Chapter 3.1). The methods that were used for the quantum chemical
modelling are briefly discussed in Chapter 3.2.

3.1 Experiments

The instrument is a modified mass spectrometer QTOF 2 from Micromass/Waters,
Manchester UK. A schematic overview of the instrument can be seen in Figure 8.
Cluster ions are produced by the electrospray source, and enter the main chamber
through an orifice. A specific cluster size can be selected by the quadrupole mass filter
and transferred to the collision chamber, where the clusters may react with a gaseous

sample. The products are analysed by the time-of-flight mass analyser.
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Figure 8. Schematic of the QTOF 2 mass spectrometer.
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The general operation principles of the electrospray unit (Section 3.1.1), linear
quadrupole analyser (Section 3.1.2), collision cell compartment (Section 3.1.3), and
time-of-flight unit (Section 3.1.4) are summarized from Refs. [146, 147]. This account is
followed by description of experimental procedure and experimental data treatment

routine (Section 3.1.5).

3.1.1 Electrospray ion source

Electrospray ionization is a soft ionization technique, and is particularly useful for
producing both ions of macromolecules and charged aqueous clusters. The introduction
of this technique to mass spectrometry in the 1970s and 1980s made a wide range of
studies of the properties and structures of large weakly bound water systems possible.
Electrospray ionisation is an excellent tool for producing both pure and, by introducing
different solutes (e.g. ammonia, pyridine, bisulfate, alkali metals, halogen ions), mixed
water clusters. Although electrospray ionization has become a very important technique
in many areas, the exact details of the ion production mechanisms in the electrospray
sources are still unclear.

ESI is produced by applying a strong electric field, under atmospheric pressure, to a
thin jet of liquid exiting under pressure from a small orifice (capillary). Commonly a
syringe feeds the solution at a typical rate of 5-20 pul min ' with help of a syringe pump.
The field induces charge accumulation at the liquid surface located at the end of the
capillary, which as a result will break to form highly charged aerosol particles. These
droplets then pass either through a curtain of heated inert gas, often nitrogen, or through
a heated capillary to remove the excess solvent molecules. Droplets experience
consecutive desolvation, ion evaporation and coulombic explosion events until most of
the solvent is removed and one gets the charged species of interest.

The electrospray design can also use other gas streams, for instance nebulizer gas
(coming from behind the needle) which enables higher flow of solvent (Figure 9). It is
usually possible to heat the desolvation gas and different parts of the electrospray, like
the capillary. Conversely, if desired, the desolvation of the ions can be left incomplete,
which useful for production of the clusters studied in this work. The operating
parameters of the source can be optimized for production of a wide distribution of

charged molecular clusters containing both the solvent and the solute. In contrast to the
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operating conditions typically employed for biomolecular applications, in our work we
lowered the drift field of the ion source to reduce desolvation, which resulted in
enhanced survival of larger clusters. Upon leaving the ion source region and entering
the high vacuum region of the apparatus, the cluster ions are no longer heated by

collisions, but continue to decompose spontaneously (evaporative ensemble).

nebulizing gas —» .

sample solution —p- D @ ® ®

Figure 9. Illustration of an electrospray capillary [146].

The spray produced in this fashion is then transferred to the low-pressure
compartments of the source through a series of skimmers or capillaries. Clogging of
small opening of capillary or skimmer can be a problem, especially if the sprayed
solution contains inorganic salts. To reduce this problem, the QTOF 2 used in this work
is fitted with an electrospray with the so-called z-spray configuration. In such a
configuration, a skimmer is placed orthogonal to the spray plume and extracts the
charged droplets with the help of the electric field between the needle and the skimmer,
while the rest of the plume containing mostly solvent is removed. Behind the first
skimmer is a second skimmer positioned orthogonal to the first skimmer, again
extracting part of the spray, which further transported to the ion optics in the high

vacuum region and proceeds to mass analyser unit.

3.1.2 Linear quadrupole mass filter

The quadrupole analyser is a device, which uses the stability of the trajectories in
oscillating electric fields to separate ions according to their m/z. A quadrupole has
several attractive properties: high scan speed, high throughput of ions, compact design
and low price. A linear quadrupole consists of 4 perfectly parallel metallic rods (each
usually 1-2 cm in diameter and 15-25 cm in length) placed symmetrically around the
axis traversed by the ion beam (z-axis). A voltage applied to the each opposite pairs of
rods consists of a DC part (U) and an AC part, the latter typically varying with a radio
frequency (RF) as Vxcos(wt), where w/(2m) is the frequency of oscillation (Figure 10).
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Figure 10. Schematic of a linear quadrupole mass filter [146].

The voltages result in time varying electric fields in the quadrupole, causing the path
of an ion moving between rods to oscillate around the z-axis. In case the motion is
stable, and depending on the amplitude of the oscillations, the ion will either discharge
on the rods or exit the quadrupole on the other side. So the quadrupole acts as a mass
filter with properties determined by the applied voltages. Increasing U and V at constant
U/V ratio allows the ions with the higher m/z ratio to pass through. The width of a
window around m/z in which ions have stable trajectories is determined by the ratio
U/V. Increasing U relative to V results in a narrower window, i.e. higher resolution. But
a relatively high resolution can only be achieved at the cost of significantly reduced
transmission. Therefore, a typical quadrupole is operated at a resolution sufficient to
separate ions with a unit difference in mass, m/z + 0.5 u, i.e. unit resolution.

Another useful quality of the quadrupole is possibility to use it as a high pass filter
by setting the DC voltage U to zero, which is referred to as RF-only mode, in which

essentially all ions are transmitted.

3.1.3 Collision cell

In some cases characterization of the ions is facilitated by means of activating or
reactive collisions within the mass spectrometer. For instance, by colliding the beam of
ions with argon at high collision energies, fragmentation of the ions is observed,
allowing to obtain additional information about the composition and structure of the

ions.



The collision cell is a 16 cm long compartment situated inside the QTOF 2 along the
path of the ion beam right after the quadrupole mass analyser. A hexapole ion guide
inside the collision cell is used to transport the ions through the cell. A collision gas
inlet tube connected to the cell allows for a reactant to be introduced into the
compartment. In the instrument used, the gas inlet may be fitted with a small stainless
steel container containing high purity D,O. The water container is cooled by an
ice/water mixture to obtain a constant vapour pressure above the D,O sample. Stainless
steel tubing connects the container to an ultra-high vacuum leak valve that regulates the
flow of D,O into the collision cell. Also connected is a baratron manometer, used to
monitor the vapour pressure, and a rotary pump that can be used to evacuate the gas. In
the experiments where ammonia is used as reactant gas, the D,O container is replaced
by a gas cylinder containing high purity NHs.

One of the biggest practical problems is water (and other molecules) adsorbing on
metal surfaces, resulting in contaminants covering the walls of the collision chamber.
These contaminants can react with the clusters or with the collision gas forming new
impurities. An example of this is formation of HDO from H,O and D,O complicating
interpretation of experimental results (Section 2.4.2). The presence of contaminants can
be reduced by conditioning of the collision cell with a comparably high flow of pure

D,0 vapour for a period of few days.

3.1.4 TOF mass analyser

The TOF analyser is used to separate the ions after their initial acceleration by a
strong electric field according to their velocities during their drift in a free-field region.
The ion accelerates as the potential energy of the ion in the field is converted to kinetic
energy. After exiting the electric field, the velocity of the ion on the drift in a free-field
region is related to its mass. Thus, ions can be separated in time according to their mass-
to-charge ratio m/z if they move along a certain distance at constant velocity. For a
flight length / the time-of-flight of the ion becomes: 1 = (m/z)"* x I/(2eU)"?, i.e. the
time-of-flight depends on the square root of the mass-to-charge ratio of the ion. At the
end of the flight path the ions are detected, and the recorded time-of-flight values are

then converted to an m/z spectrum.
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The ions in the beam will have a kinetic and spatial distribution that will lead to a
lower mass resolution, due to a spread in flight times of ions with the same m/z. As was
mentioned in Section 2.2.2, many TOF instruments include a reflectron, which in
essence is a series of concentric rings perpendicular to the flight path (Figure 8). In the
reflectron, the ion flight is reversed by a retarding field. Ions with higher kinetic
energies will spend longer times in the reflectron as they can penetrate deeper into the
field, thus reducing the velocity spread and improving the overall resolution.

In the case of an orthogonal acceleration TOF instrument (Figure 8), part of a
focused continuous ion beam is orthogonally pushed into the top part of the time of
flight unit. The separated part of the beam is then accelerated through the drift tube by a
continuous field (typically 5-10 kV), which is orthogonal to the original beam path and
parallel to the pulsed field. However, the ions still keep their velocity component in the
original direction, leading to the flight path of a shape that reminds of the letter "V".

A high vacuum is essential for operating a TOF unit in order to avoid adsorption of
water and other vapours on the detector, since this could cause degrading and possibly
electric discharge. The pressure also influences the probability of ions colliding with the
background gas molecules. The mean free path of the gas molecules at the typical TOF
operating pressure is about 1 km, which by far exceed a couple of meters of the flight
tube.

The TOF possesses several attractive properties: the mass range is in principle
unlimited, and the mass resolution is relatively high. Resolution is often given as n/Am,
FWHM (Full Width at Half Maximum), where m/Am is the ratio between the ion mass
and the width of the peak measured at half the height of the peak. A typical resolution
obtained in our studies is m/Am = 5000 (FWHM), which is sufficient for most purposes.
For the unit resolution often used by quadrupoles (Section 3.1.2) the width of the ion
separation is always unity, meaning that the resolution is m/Am = 200 for ions of mass

200 u, m/Am = 500 for ions of mass 500 u, and so on.

3.1.5 Experimental procedure

The following Section relates the procedure by which the experiments presented in
Paper I, II, VI and VII were performed utilizing the QTOF 2 mass spectrometer

described in the preceding sections.
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The cluster ions were produced by the electrospray ion source, using various aqueous
solutions that were fed to the electrospray through a capillary connected through a
syringe in a syringe pump (flow rate 5-20 pl min™"). Careful conditioning of the syringe
and connecting capillary by washing it with solvent or solution was required before and
after experiments or when switching solutions. Some corrections to the typical settings
of an electrospray were necessary to produce a wide distribution of water-containing
clusters. Typically, the electrospray was operated without heating of the capillary or the
desolvation gas. The cone gas was turned off and the desolvation gas flow was low,
especially when dealing with the largest water clusters. Special attention to the
adjustment of the nebulizer gas was necessary, as production of cluster ions was very
sensitive to this gas flow.

After production, the ions entered the QTOF 2 high vacuum region. In the
quadrupole mass filter either a broad mass range (0-1500 u) was allowed to pass
through in order to record an abundance spectrum, or a single cluster size was selected
to be reacted with the reactant gas. In the latter case, the number of water molecules in
the clusters studied ranged from 0-38, depending on the specific cluster. The voltages
on the quadrupole mass filter were set to allow for selection of a given m/z value
corresponding to a particular cluster at a mass resolution high enough to avoid passage
of ions with m/z £ 1.

In a part of experiments, after passing the quadrupole, size selected clusters entered
the collision cell and were reacted with high grade D,O or NH3. The clusters selected in
this way were decelerated to a common center-of-mass collision energy (Ecom) 0.1 €V.
Alternatively, in cases where the cluster mass was less than 100 u, collision energy in
the lab-frame (1) Was kept at 0.6 eV, due to the notable loss in beam intensity for lab-
frame energies lower than 0.6 eV. Residence times in the collision cell were between
110 and 160 ps for these energies. The pressure of the reactant gas was kept so that the
number of clusters reacting was less than 10%. On the one hand, a low concentration of
collision gas reduces the number of multiple collisions between gas and clusters. On the
other hand, a too low gas pressure will lead to lower product intensity, so problems may
arise due to poor signal-to-noise ratio of the mass spectrum product peaks thereby

increasing the uncertainties of the measured abundances.
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Conditioning of collision cell included several steps. The day before heavy water
was introduced, all vacuum lines were heated up to ~100°C for several hours and
evacuated using the supplementary rotary pump. After liquid D,O was added to the
container in the external gas inlet, cycles of freezing, pumping and heating were
performed repeatedly on the container to evacuate any dissolved gases from the heavy
water. To condition the collision cell and remove impurities, the cell was flushed with
D,0 vapour for about 2-3 days. As mentioned above (Section 3.1.3) contamination of
the collision gas in the form of HDO still was expected. When using ammonia as
reactant gas, a gas cylinder containing high purity NH; was fitted to the gas-inlet
system. For the measurements performed with an empty collision cell, all connections
from the gas-inlet system were closed, ensuring sufficient time to allow the collision
cell to be evacuated.

Upon exiting the collision cell, the reaction products and remaining reactants were
accelerated before entering the orthogonal acceleration TOF unit operating in single-V
mode, using a 9.1 kV acceleration voltage pulse for positive ions and —7 kV for negative
ions. Flight times for ions of mass 55-700 u in the TOF were 10-37 ps. The resolution
of the TOF was set to m/4m = 5000 (FWHM). A pair of chevron microchannel plates
was used for the detection of ions in the TOF. The settings of the detector were adjusted
beforehand so that it was sensitive enough to correctly reproduce a wide range of peak
intensities without giving too much noise to the signal and discriminating relative
intensities. To check if the dynamic range of the detector was acceptable, pure sodium
chloride clusters were produced from a 17 mM solution and used for calibration. For
each Na'(NaCl), or CI"(NaCl),, cluster a distribution of peaks arising from the chlorine
isotopes were observed. By comparing the ratio of detected intensities in the
distribution to values calculated using literature natural isotopic abundances [148], it is
possible to estimate detection bias towards smaller or larger peaks.

Upon impact of an ion on the detector, there is a relaxation time in the detector
system during which no other ion can be detected—so called "dead-time". While this
time is small (5 ns) it can distort the measured intensity of peaks, since only one of
several ions arriving at the same time is detected. The software platform that comes
with the QTOF 2 (MassLynx MS v 4.0) can compensate for this effect. The correction

was minor and essentially only affected the parent ion peak. To avoid pulse pile-up the
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electrospray source voltages were adjusted to keep the ion count of the parent ion peak
at below 300 counts per second during the sampling time of typically 2 min. If major
peak intensity was lower than 300 counts, acquisition times much longer than 2 minutes
had to be used.

Throughout the experiments, reference measurements were performed regularly
(typically each 7th or 10th measurement). In our experiments, H'(H,0),1, OH (H20)10
or H'(pyridine)(H,0);; ion was used as reference substance. Analysis of the reference
ion spectra can be used to compensate for varying reactant gas pressure in the collision
cell, which normally had a slow exponential decay with time towards a constant value.
On a separate occasion a background measurement was performed for each cluster, with
an empty collision cell. The reported abundance spectra were also measured with empty
collision cell.

The spectra from the experiments with size selected cluster ions were first treated
using the program MassLynx MS, and dead-time correction was made. The spectra
from MassLynx MS were processed by a Matlab program that allowed us to calculate
the total number of ions detected during the sampling time for a number of specified
peaks in the spectrum. Alternatively, in cases when mass identification was
complicated, spectra were processed in similar fashion by hand.

Spectra obtained in different measurements were normalized to the total ion intensity
in each spectrum, calculated as sum of all peaks in spectrum. The reference experiments
were analyzed and corrections were made to compensate for the slow variation in
collision gas pressure if the slow exponential decay was considered to be non-
negligible. For each peak the corresponding normalised intensity in the background
measurement was deducted. The abundance spectra that were measured were analyzed
using MassLynx MS by combining the peak intensities of all scans, and correcting for
dead-time intensity loss. Finally, the evaporation of water molecules from the clusters

was calculated from the background measurements.

3.2 Calculations

The chapter provides brief account on computational methods and procedure
(Section 3.2.1) used in quantum chemical calculations. This is followed by a discussion

on accuracy and performance of computational methods of choice (Section 3.2.2).
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3.2.1 Computational procedure

Quantum chemical calculations were carried out using the program suites
GAUSSIAN 03 and GAUSSIAN 09 [149]. All relevant structures (reactants, transition
structures, and products) of ionic or neutral water clusters were characterised by
complete geometry optimisation using MP2 (Paper I), B3LYP (Paper I, II),
CAM-B3LYP (Paper VI). These levels of theory were used in conjunction with the 6-
31G(d) and 6-311+G(d,p) (Paper I), B3LYP/6-311++G(2d,2p) (Paper 1I), aug-cc-pVDZ
(Paper VI) basis sets. MP2 is short for Maller-Plesset perturbation theory to second
order (Section 2.3.3), a quantum chemical post-Hartree—Fock ab initio method. B3LYP
denotes hybrid density functional (Becke, three-parameter, Lee-Yang-Parr), an
exchange-correlation functional, consisting of weighted combination of various density
functionals together with a fraction of exact (Hartree-Fock) exchange. The three fitted
parameters define the hybrid functional, specifying how much of the exact exchange is
mixed in. This is one of the most popular density functionals, known to give rather
reliable results for systems of different nature. Lastly, CAM-B3LYP functional
developed by Handy and co-workers [90] presents a long range corrected version of
B3LYP functional; correction is performed using the Coulomb-attenuating method.

Various basis sets have been employed in our studies, both of the Dunning and Pople
type. Well-known that polarization is important aspect of bonding, especially for
description of hydrogen bond, so typically polarized functions have to be used as a part
of common basis sets. The name 6-31G(d) indicates that polarized d functions were
added to heavy atoms to improve the 6-31G basis set. Another polarized basis set 6-
311+G(d,p) adds p functions to hydrogen atoms in addition to the d functions on heavy
atoms. Further, diffuse functions are important for negative ions, molecules with lone
pairs and other systems where electrons are relatively far from the nucleus. It also
known to improve description of large, "soft" molecular systems and systems with weak
bonds, like molecular clusters. The 6-311+G(d,p) and aug-cc-pVDZ basis sets are
respectively the 6-311G(d,p) and cc-pVDZ sets with added diffuse functions.
Additional set of diffuse functions on hydrogen atoms like in 6-311++G(2d,2p) basis set
usually do not make significant difference in accuracy of results, but are relatively
cheap to include into the calculation anyway. Finally, basis sets like 6-311++G(2d,2p)

add multiple polarization functions per atom and are practical for many uses, for
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example they improve description of electron correlation. Also, basis sets like cc-pVnZ
include polarized functions by design.

For previously well-known clusters (see Chapter 4), starting geometries could be
taken from the plentiful of computational studies. The generation of initial geometries
for other kinds of clusters was done by hand based on the number and types of
hydrogen bonds in the cluster as well as the arrangement of the molecules within the
cluster. Up to 50 different geometries were generated this way and submitted for
geometry optimization. In several cases it turned out that the same minimum structure is
obtained from different initial geometries. The proton transfer energy barriers were
probed by performing transition state calculation with the same computational method
as employed for geometry optimization. The character of each stationary point
(transition structure or minimum energy structure) was identified from vibrational
analysis, and relative energies for each point were corrected by including unscaled zero-
point vibrational energies (ZPVE). Furthermore, intrinsic reaction coordinate
calculations for each transition structure was performed to ensure that they connect the
actual minimum-energy structures. When the IRC routine occasionally failed
numerically, we were careful to verify the connections not only on the basis of the
vibrational motion of the reaction coordinate at the TS but also by showing that
extrapolation in the forward and backward directions, respectively, led to geometries

that upon minimization gave the indicated minima.

3.2.2 Method validation procedure

The main purpose of our computational efforts was to see if it was possible to
establish models of the observed experimental trends, which first would require the
search for the global potential minimum for each aqueous cluster size. Undoubtedly this
is a tedious task involving geometry optimizations from a rather large set of realistic
isomeric trial structures.

As discussed in Chapter 2.3, for large systems DFT is the method of choice for
including electron correlation where post-Hartree—Fock methods are too expensive or
simply impossible. In light of the huge computational efforts, involving the treatment of
molecular systems as large as for example HSO4 (H20);1, use of density functional

theory based methods is attractive due to practicability and computational economy.
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Use of DFT-based method is computationally efficient and is capable of providing
qualitative results, although the accuracy of any functional in predicting a given
molecular property requires careful validation. For this reason, in our work we tried to
avoid heavily parameterized functionals constructed by extensive parameter fitting to
molecular datasets (e.g. M06-family or mPW-functionals), since their accuracy is
suspicious, if one is to calculate some substance or property beyond the fitting database
of those parameters. An alternative approach would have been to employ a semi-
empirical or molecular mechanical potential and perform simulated annealing molecular
dynamics runs to locate candidate structures for subsequent DFT geometry
optimization. However, this idea was abandoned in the absence of sufficiently accurate
potentials (Section 2.3.1). Further, assessment of density functionals and basis sets used
in Papers I, IT and VI is described.

First we will discuss the performance of B3LYP/6-311+G(d,p) used in many
calculations in Paper I and B3LYP/6-311++G(2d,2p) employed in Paper II. Widely
used hybrid functional B3LYP in conjunction with a sufficiently large basis set was
suggested to provide rather accurate structures and dissociation energies for water
clusters compared to a benchmark calculations and experimental results [16, 150, 151].
To probe these assumptions, test calculations of OH (H,0),, H,SO4 and H,SO4(H>0)
systems were performed in order to obtain information with regard to the accuracies that
can be expected for the clusters of interest (Paper II). The results show that
B3LYP/6-311++G(2d,2p) method underestimates dissociation energies by ca. 20 % but
that bond lengths and angles of test systems as well as cluster size variability are well
reproduced. “Calibration” of B3LYP/6-311+G(d,p) (Paper I) has also been done
(although on a smaller set of test subjects, namely (H>O),, n = 1-5), and the accuracy of
this model chemistry is very similar, since, as was discussed in Section 2.3.6, DFT
methods are to some degree insensitive to quality of basis set. Nonetheless, diffuse and
polarized functions were considered to be important for correct description of structure
of most of clusters studied and were added to basis sets when necessary, as described in
Section 3.2.1.

A possible reason for the discrepancy between B3LYP and accurate CCSD(T)/CBS
[150] dissociation energies could lie in improper description of dispersion interactions

in the B3LYP functional, resulting for example in poor description of weak hydrogen
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bonds [152-154]. Therefore, the long-range corrected version of BALYP, CAM-B3LYP
[90] along with augmented double-zeta basis set, recently shown to give good results
for aqueous clusters [155], was also tested. The increase in computational cost going
from B3LYP to CAM-B3LYP is relatively small. However, the computationally
predicted trends with regard to size-variability are rather consistent for both functionals.
In addition, we tested CAM-B3LYP/aug-cc-pVDZ on a dataset from Paper II; it was
found that error in dissociation energies was reduced at least by a factor of two. All
these attractive features made CAM-B3LYP/aug-cc-pVDZ the method of choice in
Paper VI.

In light of this discussion, we  consider B3LYP/6-311+G(d,p),
B3LYP/6-311++G(2d,2p) and CAM-B3LYP/aug-cc-pVDZ to provide reasonable
structural and energetic insights of sufficient accuracy for the present purposes, in
particular for reproducing qualitative trends. It should be mentioned that in order to
reach the necessary accuracy required for reproducing the weak size variation observed
in the experimental evaporation data, values better than = 2 kJ mol ' are required, which
appears to be impractical and unrealistic. In addition to the method accuracy
considerations, it is important to note that entropic factors are not accounted for in the
computed set. It is not possible to provide accurate estimates of entropy from standard
ab initio calculations based on the rigid rotor/harmonic oscillator approximation since
anharmonicity must be accounted for if quantitatively reliable formation free energies
are desired. In conclusion, on the basis of the immense computational cost of
calculation of anharmonic vibrational frequencies, especially for water clusters with up
to n =11, entropy effects are ignored in all of the calculations presented in this thesis.

As a note, the performance of MP2/6-31G* method used in some calculations in
Paper I, was never tested in our work. We may speculatively estimate its accuracy as
rather unreliable due to large basis set superposition error, a consequence of
insufficiently large basis set. MP2 method in conjunction with reasonably big basis set
proven to be much more accurate method (e.g. [16]), but we considered it to be too

computationally demanding for studies of large water clusters.
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4 Results and discussion

Present chapter summarizes the experimental results that are given in the papers
attached to this thesis. Chapter 4.1 deals with the unimolecular decomposition of the
selected clusters as presented in Papers I-1V, VI and VII, including the findings of the
quantum chemical calculations regarding the cluster structures and stability. The
results of cluster reactions with heavy water are covered in Chapter 4.2. The same
chapter contains the results of the computational studies aimed at unravelling the
proton transfer mechanism in the clusters studied in Papers I, II, VI and VII. Chapter
4.3 describes cluster reactions with ammonia (Papers III-1V), as well as application of
the results to kinetic modelling for atmospheric ion composition. Finally, Chapter 4.3

also deals with magic numbers of pyridine-containing water clusters.

4.1 Cluster distributions and structures

The chapter provides mass-spectrometric observations on cluster distributions and
evaporation patterns (Section 4.1.1 and 4.1.2, respectively) with special interest in
magic numbers. This is followed by description of theoretical investigation of cluster

hydration (Section 4.1.3).

4.1.1 Abundance spectra

Abundance spectra for all cluster ions studied were collected using the ESI-QTOF
instrument (Chapter 3.1) with an empty collision cell. The quadrupole mass filter was
operated in the RF-only mode.

A typical abundance spectrum from Paper I is shown in Figure 11.
H'(pyridine),,(H,0), clusters with m= 1-3 and n= 0-80 were produced using a
100 mM pyridine solution. The signals for H'(pyridine);, H (pyridine),, H'(pyridine);
and H' (pyridine);(H,0) ions have high intensity. Li ef al. [156] observed similarly high
intensities of the clusters with m = 3 and n= 1 to that seen in Figure 11. The other
pyridine clusters exhibit weak intensity variations with size, although it would be
difficult to assign particular magic numbers within the series, resulting in a rather

smooth size distribution.
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Figure 12. Abundance spectrum of H'(NH;),(H,0), and H'(NH;),(pyridine),(H,0), clusters
(Paper IV). The H'(NH3),(pyridine),(H,0), clusters are shown with the intensity increased by a
factor of 10 to improve readability. Some peaks in the series are labelled indicating the number

of water molecules in the cluster.
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Next, the abundance spectrum (Figure 12) was obtained by electrospraying solution
containing 30 mM ammonia and 2.5 mM pyridine (Paper IV). Only the
H'(NH3)1(H,0), and H'(NH3),(pyridine);(H,0), are shown, and the other ions are
ignored. In agreement with previous studies [126, 157] magic number clusters are
observed for H'(NH;);(H,0), with » = 18, 20, and 27, displaying the characteristic
z-shaped kink in the curve with their larger neighbour having lower than expected
abundance. Interestingly, clusters containing both ammonia and pyridine,
H'(NH;),(pyridine);(H,0),, show magic numbers for the same number of water
molecules as the H'(NH3)1(H,0), clusters. We observe that the addition of a pyridine
molecule to H'(H,0), and H'(NH;);(H;0), [126] cluster types results in
H(pyridine);(H,0), and H'(NH3),(pyridine);(H,0),, respectively, where the former
loses its magic numbers and the latter retains them. This feature will be discussed
further in Section 4.3.2.

Figure 13 (Paper II) shows the abundance spectrum of HSO,4 (H»0),, OH (H,0), and
SO4* (H,0), clusters obtained from a solution of 15 mM NaHSO, and 15 mM crown
ether. Addition of the crown ether was supposed to suppress sodium-containing ions,
thus enhancing intensity of bisulfate series. Use of sulphuric acid solution for
production of bisulphate series was avoided for fear of damaging the instrument. In
addition to the exceptionally high abundance displayed by the bisulfate molecular ion
and its hydrate, weak magic numbers could be implied by the increased intensity for n =
5, 12, 14, 20, 26 and 28. The OH (H,0), abundance in Figure 13 shows peaks that
might be considered as weak magic numbers: » = 11, 13, 17, 21 and 30, which is in
reasonable agreement with previously published data [113, 158]. The clusters
containing SO4”~ show an odd/even effect with alternating higher and lower intensities
due to overlap with a water cluster series containing an unidentified singly-charged ion.
This unfortunate pattern made further studies of this ion series possessing a wide
spectrum of appealing properties ([159-162]) impossible. It should be noted that due to
the fact that SO42’(H20),, clusters carry double charge, their actual mass is twice that of
the other cluster series in the spectrum. Also, the mass spectrum recorded in the
negative mode usually exhibits large variety of X* (H,0), ions [40], as can be seen in
inset to Figure 13. These “chemical noise” peaks originate from O (H,0),, O2 (H20),,

HO, (H20), and various water clusters containing nitrogen and carbon compounds. For
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this reason special care had to be taken when analysing and attributing peaks in the

negative mode.
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Figure 13. Abundance spectrum from Paper II, showing HSO, (H,O),, OH (H0), and

SO42’(H20),, clusters. The numbers above the peaks indicate the amount of water molecules in

the clusters. The inset shows a magnified region of the spectrum.
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Figure 14. Abundance mass spectra obtained by electrospray ionization of solutions
containing a) 2,2’-bipyridine, b) 4,4’-bipyridine, c¢) 2,2’-cthylenebipyridine or
d) 4,4’-ethylenebipyridine; the collision cell was empty. The intensities of some peaks have

been reduced for clarity.
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Figure 14 provides cluster distributions obtained by electrospray ionization of 5 mM
aqueous solutions of 2,2’-bipyridine, 4,4’-bipyridine, 2,2’-ethylenebipyridine or
4,4’-ethylenebipyridine. While there are some intensity variations with size, no clear
"magic numbers" can be seen. Molecular ions of each substance give strong signals in
the spectra, while ions MoH' sometimes being the dominant signal. In the spectrum of
4,4’-ethylenebipyridine, the intensity of the protonated monomer and dimer had to be
decreased by a factor 4 for the sake of readability. Dimer water clusters MoH'(H,0), are
generally lower in intensity compared to MH'(H,0), and are exceptionally low in case
of the 4,4’-species.
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Figure 15. Abundance spectra of water clusters with alkali metal core-ions, M'(H,0),. Lines
between peaks are drawn only to guide the eye. The numbers above the spectra correspond to

the number of water molecules in the cluster.
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Lastly, the abundance spectra reproduced in Figure 15 (Paper VI) for M'(H,0), (with
M = Li, Na, K, Rb or Cs) reveal distinct and reproducible sets of magic numbers for
ions K—Cs. For n < 30 the observed patterns are in general in good agreement with
previous studies [102, 103] despite the different methods used for cluster production
and mass analysis. For 30 < »n < 60, the size range unique to our study, where intensity
variations with size are also present but are less pronounced than for the smaller

clusters.

4.1.2 Water evaporation patterns

The unimolecular decomposition of size-selected clusters during flight through an
empty collision cell was studied. Except for the smallest clusters (m/z < 100) examined
at a fixed lab collision energy (E, = 0.6 €V), mass-selected clusters were decelerated to
a center-of-mass collision energy (Ecom) of 0.1 eV. This setting also ensured that the
flight time is virtually the same for all cluster sizes (see Section 2.4.2). What presented
is essentially the ratio between the signal intensity of the product of evaporation ion and
that of the reactant ion of size-selected clusters as a function of n (Figures 16—18). The
general trend for the relative intensity of the loss of one H,O molecule from the cluster,
regardless a nature of an ion, is that the tendency for evaporation of a water molecule
increases with cluster size in a nearly linear fashion. This would be expected if the rate
for H,O loss were independent of cluster kind and all water molecules in a cluster were
equally likely to evaporate. In general, the evaporation patterns displayed in Figures 16—
18 clearly mirror the abundance spectra in that evaporation is suppressed for a magic
number and is enhanced for the clusters being one size larger than a magic one.

Figure 16a shows the fraction of H'(pyridine); 3(H20), cluster ions (Paper I) giving
evaporation of one water molecule during their flight through the QTOF 2 instrument
collision chamber. No clear magic numbers are indicated for these pyridine-containing
clusters, in agreement with the abundance spectrum. In addition to a mentioned general
size trend of linear enhancement of evaporation with the number of water molecules »
in the clusters, evaporation also increases with the number of pyridine molecules
present in the cluster. Virtually no evaporation of pyridine molecules was observed for
any of the H (pyridine),,(H,0), clusters with n > 0, even from clusters with as many as

three pyridine molecules.
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The loss of H,O from the H'(NH3),(pyridine);(H,0), cluster (Paper IV) is presented
in Figure 16b as a function of the total number of molecules in the cluster, H,O or NHj.
A marked decrease in evaporation is evident for clusters having 19, 21 and 28 water or
ammonia molecules, in agreement with the findings from the abundance spectrum.

The unimolecular decomposition pattern of HSO4 (H,0O), clusters shown in Figure
16¢ again complement the abundance spectrum (Figure 13), although the deviations
from the straight line due to magic numbers are relatively small. For example, there are

shallow dips for » = 5, 14 and 20 observed in Figure 16c¢ that correspond to the

increased intensity for these clusters in the abundance spectrum.

Figure 18. The relative abundance of size-selected M'(H,0), clusters that evaporate one
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Figure 17 provides the evaporation measurements of size-selected water clusters
MH(H,0), (with M = 2,2°-BiPy, 4,4’-BiPy, 2,2’-EtBiPy or 4,4’-EtBiPy) as a function
of »n during flight through mass spectrometer. Inspection of Figure 17 reveals no major
fine-structure features; abundance spectra (Figure 14a—d) are featureless either.

Figure 18 shows the loss of H,O from size-selected clusters M (H,0), (with M = Li,
Na, K, Rb or Cs) as a function of n. As for any other studied system, the over-all curve
shapes appear to be proportional to cluster size, with an approximately linear
dependence. Being no exception, alkali-metal-water clusters show consistent agreement

between the abundance spectra and the corresponding evaporation patterns.

4.1.3 Cluster structures

The most favourable geometrical configuration found for each cluster size for
H'(pyridine),,(H,0), (m = 1, 2 and n = 0-6), HSO4 (H,0), (n = 1-10) and A(H,0),
(A =H,0, Li", Na", n = 3-8) clusters are reported in Papers I, II and VL.

A careful search for the global potential minimum for the smallest
H(pyridine),,(H0), clusters revealed that only a limited number of stable isomers
exist. All structures in general had easily recognizable binding motifs, all having in
common the tendency for maximizing the number of hydrogen bond interactions,
although usually preferring formation of 4-membered rings over more tight or more
loose formations. On this basis it became easier to locate the presumed global minima
as well as gave valuable hints for the larger structures. A few examples of geometrical
structures of most stable isomers are displayed in Figure 19. In all instances, pyridine
essentially acted as a Bronsted base, strongly binding the extra proton. This was the
case even when the initial geometry for complete optimization contained the proton on a
water molecule. For m = 1, the water molecules form an interconnected network of
hydrogen bonds associated with a pyridinium central ion through a hydrogen bond
(Figure 19). For clusters containing two pyridines (m = 2) the two pyridine molecules
are separated by bridge of one or two water molecules, which are surrounded by extra
water molecules in larger clusters (Figure 19). Cluster structures with the two pyridines
directly connected by a proton bridge (proton bonded dimer) with the water molecules

surrounding the ionic core are disfavoured by having high total energies.
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H+ Py2W5

Figure 19. The selected most stable water/pyridine clusters, obtained with

B3LYP/6-311+G**. In the labelling scheme of the clusters Py is pyridine and W is water.

Figure 20. The most stable isomers found for HSO, (H,0),, calculated with
B3LYP/6-311++G(2d,2p). B = bisulfate and W = water.
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The search for the most stable isomer for each of the HSO4 (H,0), clusters resulted
in configurations displayed in Figure 20. The smallest HSO4 (H,0), structures (n = 1—
5) were reproduced from those obtained in earlier studies [16, 163, 164]. In all
instances, the water molecules form an interconnected hydrogen-bonded network
centered at a HSO4™ ion, in agreement with, e.g. [165]. No evidence of protolysis giving
(SO47)(H30")(H,0), clusters could be obtained in our calculations, although a similar

event is known to occur [166].

4.2 Reactions of clusters with D,0 and hydrogen
exchange

This section describes the outcome of reactions of the clusters containing
H' (pyridine),_s, protonated bipyridines, bisulfate or alkali metal ions with heavy water,
analyzed in terms of value of fraction of exchange (Section 4.2.1) and the xupo ratio
(Section 4.2.2). Definitions of these quantities are given in Chapter 2 and 3.

Computational study of proton transfer mechanism is discussed in Section 4.2.3.
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Figure 21. Peaks observed for the hypothetical reaction M'(H,0), + D,O. Peaks are

indicated by their mass relative the parent ion peak m/z.

Figure 21 shows a constructed partial mass spectrum of the typical product peaks

resulting from the hypothetical reaction M"(H,0), + D,O. As seen in the figure, the
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mass spectrum is dominated by the parent ion (m/z), the m/z — 18 peak is the product of
evaporation from the reactant cluster. The m/z + 1 and m/z + 2 peaks represent the
exchange products; in this case m/z + 1 is comparably small, indicating that cluster
reacts mainly by ligand exchange. The post reaction evaporation results in loss of
intensity from the m/z + 1 and m/z + 2 product peaks for the m/z — 17 and m/z — 16

peaks, respectively.

4.2.1 The fraction of exchange and relative cross section

Regarding the reaction of a cluster ion with D,O the fraction of exchange for the
selected cluster reads: @ = I(m/z + 1) + I(m/z + 2) (Section 2.4.2). As mentioned
previously, post reaction evaporation of water molecules from a product cluster reduces
the observed fraction of exchange. Adding the intensities of the m/z— 17 and m/z — 16
peaks to the fraction of exchange @ yields the corrected fraction of exchange
Do = I(m/z + 1) + [(m/z +2) + [(m/z — 17) + [(m/z — 16)

Since the D,O pressure in the collision cell is not accurately known, only a relative
cross section can be obtained. This was done by normalizing the cross sections for a
water clusters of interest to a cross section for reference cluster: OH (H,O);o or

H'(H,0);; reacting with D,O under the same conditions. The relative cross section

becomes
~_o@ _AD

o.() = o) A 4.1)
where the absorbance 4 = — In(//ly), i denotes a cluster of interest and » denotes the

reference cluster. Further, the entity I/l can be expressed through the fraction of
clusters that react in the collision cell //Iy = 1 — @, and —In(1 — @) = @ , as generally in
our studies @ < 0.1. The relative cross section provides a consistent measure of the
cross sectional size dependence, and makes it possible to compare cross sections
between different cluster types and experiments.

Since the general trends of corrected relative cross sections are similar for the cluster
ions studied (although actual values and slope of the line may differ), only an example
from Paper I is given. Figure 22 presents the relative cross section corrected for post

reaction evaporation for an experiment where H' (pyridine)o_3(H,0), clusters react with
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D,0 at Ecom = 0.1 eV. The cross sections are given relative to the uncorrected cross

section of the H'(H,0),; cluster measured repeatedly during same experimental session.
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0t
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Number of water molecules, n
Figure 22. Relative cross sections for the reaction between clusters H'(pyridine)o_s(H,0),

and D,0 at 0.1 eV reduced collision energy.

The general trend is that the cross sections increase with the number of water
molecules. The number of pyridine molecules in the cluster seems to have little effect
for a given number of water molecules. Generally speaking, similar behaviour of the
cross-section values is a common tendency for all studied species, and is an indication
of a structural resemblance and broadly similar energetics of binding.

It is interesting that none of our studies gave any indication of correlation of the
relative abundance of magic-number clusters neither with relative cross section nor with
the degree of H/D exchange observed. It remains possible that such an influence might
emerge in the limit of a comparably short reaction intermediate lifetime, where changes
in cluster stability associated with magic numbers could allow for additional H/D
rearrangement steps. Next, as discussed in Chapter 2.4.1, idea of a firm cluster structure
is of limited value in this connection, since the clusters are floppy, allowing low energy
routes for water molecule rearrangements and proton transfer. The occurrence of magic

numbers has to invoke the entropic factor as well as the detailed kinetics of water
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evaporation during cluster formation, which was discussed by Hansen ef al. [113] It
appears that only two requirements that have to be fulfilled for efficient H/D exchange
is a chemically favourable mechanism for proton migration plus a sufficiently long

lifetime of the collision intermediate.

4.2.2 The kypo ratio and H/D exchange

In order to obtain a quantitative measure of the amount of single proton (H/D)
exchange events relative to intact water ligand exchange, we analysed all cluster series
measured based on the ratio (Equation 2.19). The ratio xupo is expected to vary from 0
(for a cluster with no H/D exchange) to a value representing evaporation of a random
water molecule from a cluster with a completely random H/D distribution.
Alternatively, as discussed previously (Section 2.4.2), in the presence of HDO
contamination the “bottom” line for xupo is shifted from 0 upwards.

Figure 23 shows the results of H/D exchange in reactions between size-selected
clusters H'(pyridine) 3(H,0), and D,0O (Paper I) studied at Econ = 0.1 €V (Ejgp = 0.6 eV
was used for clusters < 100 u). Also shown are the two theoretical curves corresponding
to a purely randomized protium/deuterium exchange for an aqueous cluster containing
2n + 1 hydrogens reacting with pure D,O, and with D,O having an impurity of HDO,
estimated to be around 4%. As seen in Figure 23, the H'(pyridine),(H,0), clusters in
reactions with D,O behave similarly to the H'(NH3);(H20), clusters [126], allowing one
to assume that the proton is immobile in this cluster. This can be explained on the basis
of the high basicity of pyridine as in the case of ammonia. This also agrees with results
of theoretical investigation of H'(pyridine);(H20)1_¢ given in Section 4.1.3, with regard

to the extra proton being strongly bound to the nitrogen site.
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Figure 23. xupo for clusters H'(H,0), and H'(pyridine),_3(H,0), reacting with D,0. Also
included are curves representing expected xupo values for a water cluster with a completely

randomised hydrogen distribution in the case of 0% and 4% HDO contamination.

The most remarkable result of the present study is that the protonated clusters
containing two or three pyridine molecules exhibit complete hydrogen scrambling in the
same way that H'(H,0), clusters do [126]. At first sight this appears surprising, since
chemical intuition would predict that the presence of an extra basic molecule would
decrease acidity, thereby suppressing the acid catalysed H/D exchange process even
more. This result may indicate that the proton in H'(pyridine), 3(H,O), clusters
becomes free to move around, thereby inducing H/D rearrangements in the reaction
intermediate.

Next, the xppo for the reaction between MH'(H,0), (M = bipyridine, » = 1-30)
clusters and heavy water are given in Figure 24 (Paper VII). This set of species is meant
to resemble H'(pyridine),(H,0), structurally, and may exhibit similar H/D-exchange
characteristics. First, the fraction of exchange reactions leading to loss of HDO for
clusters containing 4,4’-BiPy or 4,4’-EtBiPy is systematically low (see Figure 24). On
the other hand, according to the data presented in Figure 24, water clusters with
2,2’-BiPy and 2,2°-EtBiPy exhibit significant activity for H/D exchange, particularly for
the latter.
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Figure 24. The fraction of exchange-reactions leading to loss of HDO from the reaction
intermediate (xupo) for the reaction between MH'(H,0), (M = 2,2’-BiPy, 4,4>-BiPy,
2,2’-EtBiPy, 4,4’-EtBiPy) with D,0. The solid line represents the theoretical kypo curve for a
cluster with 2n + 1 protons and 2 deuteriums after complete H/D scrambling. The dashed line is

corrected for the 4% HDO contamination of the heavy water in the collision cell.

Figure 25 depicts the xupo ratios measured for the bisulfate containing water clusters
HSO4 (H20), (Paper II). Inspection of the plot reveals that the xupo ratio is initially
small, however it increases in the transition region » = 8—13, and then seems to follow
statistically randomized line for the larger clusters. Thus, the experiments suggest that
hydrogen rearrangements are ineffective in HSO4 (H20), clusters, unless the degree of

hydration reaches a specific level.
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Figure 25. The kupo ratios for the bisulfate-containing clusters HSO, (H,0O), reacting with
D,0. The solid line represents the theoretical kypo curve, the dashed line is corrected for the 4%

HDO contamination.

Given features of proton transfer in water clusters containing pyridine, bipyridine
and bisulfate ions will be discussed in the next section on the basis of quantum chemical
simulations in terms of relation between proton transfer properties of this particular

group of clusters and the intrinsic properties of the central ion.

4.2.3 Quantum chemical calculations of proton transfer
mechanisms

With regard to the H/D-experiments described above it would be useful to get insight
into the energy requirements for proton transfer from one site to another within cluster.
As discussed, swift proton mobility within the reaction intermediates is a requirement
for H/D exchange to take place [111, 123, 124].

A set of quantum chemical calculations was done on small pyridine-containing
clusters (Paper I) to interpret the experimental observations regarding the reactions with
D,0. As discussed in Section 4.1.3, the most stable cluster structures for
H'(pyridine);(H,0); s have the extra proton firmly bonded to the nitrogen atom, which
explains the absence of proton transfer within the intermediates. As such, the proton is

not free to facilitate H/D exchange reactions, and these clusters will consequently react
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with D,O mainly by ligand exchange, resulting in consistently low values for xupo.
Thus, the quantum chemical observations and experimental results are in good
agreement at this point.

Our next aim was to explain the unexpected activity of H'(pyridine),(H,0), in H/D
transfer reactions. The experiments indicate particularly high xppo values for the
smallest clusters with two pyridine molecules, which is an evidence for enhanced proton
mobility, while the calculations indicate that there are no stable structures with the extra
proton attached to a water molecule (Section 4.1.3). Although all optimum structures
found for H'(pyridine),(H,0), clusters have the proton bound to one of the pyridine
cores (just like for H'(pyridine);(H20), clusters), a search for a mechanism of proton
transfer through the water network of the cluster was performed. It is known that
protons transfer quickly along hydrogen bond wires [133]. This picture seems to be
realized for the transition structures depicted in Figure 26, where the proton is relocated

from one pyridine onto another by a pronounced relay mechanism.

{3t o

H+PY2W1_TS H"Pysz_TS
4 @ & <
[#) <

H+PyzW3_TS H+PYZW4_TS

Figure 26. Transition structures (TS) for reversible relay proton transfer in clusters with 2

pyridine molecules (Py) and 1-4 H,O (W). The arrows indicate proposed reaction coordinate.
The results show that for a H'(pyridine),(H,O); cluster the barrier for reversible

transfer of protonation between the two nitrogen atoms is essentially zero. Increasing

the length of the wire to two molecules results in an increased value of the barrier
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height, although the barrier is still permeable (Table 1). This means that the proton in a
cluster containing two pyridines is sufficiently free to support a complete H/D
randomization, exhibiting itself in the high values of kuypo observed for

H(pyridine),(H,0), clusters.

Table 1. Barrier heights (energy difference between TS and minimum energy structure, in

kJ mol™) for proton transfer in H'(pyridine),(H,0),, calculated with B3LYP/6-311+G**.

n Label (Figure 26) Barrier height
1 H'Py,W, TS -1.6
2 H'Py,W, TS 5.9
3 H'Py,W; TS 8.0
4 H'Py,W, TS 14.9

At this point it is useful to revisit the results of H/D experiments on bipyridine water
clusters mentioned in Section 4.2.2. In the experiments with D,O it was found that for
4,4’-bipyridines only a small portion of the reactions is likely to involve O—-H bond
activation and intra-cluster H/D rearrangements during the lifetime of the reaction
intermediate. This can be understood from the fact that the two nitrogen atoms in the
4,4’-bipyridines are spatially separated, and unable to effectively support the above-
mentioned relay mechanism through a short bridge of water molecules. In other words,
in line with the conclusions of the previous studies (Ref. [126] and results from Paper I)
we propose that the low proton exchange observed in these clusters is likely due to
hindered proton migration; a consequence of the unfavourable steric arrangement of the
nitrogen atoms in 4,4’-BiPy and 4,4’-EtBiPy.

On the other hand, the high activity of 2,2’-bipyridines in H/D exchange reactions is
most likely a consequence of the ease of formation of hydrogen bond wires enabled by
the favourable spatial arrangement of nitrogen atoms in these clusters. The wires, in
turn, serve as a perfect medium for proton migration. Generally lower xupo values of
2,2°-BiPy compared to 2,2°-EtBiPy can be explained in terms of the cavity that exists
between the nitrogen atoms, which in the case of 2,2°-BiPy is unlikely to be wide
enough to effectively accommodate one or two water molecules. The flexible ethylene

bridge in 2,2’-EtBiPy most likely enables the molecule to adjust the size of the cavity to
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comfortably house water molecules in a conformation that allows proton hopping
between the nitrogen atoms, and thus hydrogen exchange. Inspection of simple
molecular models using standard values for bond distances and angles shows that this is
possible (Figure 27).

The results present strong support for the proposed mechanism of concerted proton

migration through a wire of water molecule hydrogen bonds bridging the two basic

»

centers.

Figure 27. Schematic presentation of a cluster consisting of 2,2’-ethylenebipyridine, one

water molecule, and a proton, built with Avogadro 1.0.3 molecule editor.
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Figure 28. Proposed mechanism for H/D exchange in water clusters containing two pyridine

molecules.
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On the basis of the structural and energetic findings reported above, we can propose
a general mechanism for H/D exchange during the existence of the intermediate formed
upon encounter between H'(pyridine),(H,0), and D,0. The mechanism is sketched in
Figure 28, and is in full agreement with the results obtained from the quantum chemical
calculations (Paper I).

The search for a similar H/D exchange mechanism for bisulfate-containing clusters
was also performed (Paper II). The transition state geometries are presented in Figure
29. According to the calculations, the transfer process in clusters » = 2—10 generally
involves a common structural motif consisting of a hydrogen bond bridge of two water
molecules and the bisulfate molecule. The proton is transferred from HSO4 through a
water wire and back to the bisulfate ion according to pendular variant of the Grotthuss
mechanism. The barrier height values for these transition structures (the difference
between energies of the transition structure and the most stable structure) are given in
Table 2. The size dependency of the barrier heights for proton transfer according to this
relay mechanism has a noticeable decreasing feature, implying that effectiveness of this
transfer mechanism should increase for larger clusters, » =9 and 10. It appears that H/D
exchange is promoted in large clusters relative to small; thus the model explains the
size-dependence of proton mobility observed experimentally for the bisulfate-
containing clusters.

Interestingly, the energy barrier for this mechanism (Table 2) reaches its minimum
value for n = 9, exactly the size where transition to higher xupo in Figure 29 happens.
Also, energy requirement for concerted proton migration for HSO4 (H20)9_19 is around
just 15 kJ mol™, which is notably close to barrier height observed in similar calculations
on H'(pyridine),(H20), 4 in Paper 1 (taking into account the slightly different
computational methods used and margin of errors). It therefore seems that proton
transfer processes with barrier height below 15-20 kJ mol ™' are likely to be highly
effective and observed in the reaction results and vice versa. However, this is just an

observation, requiring careful validation.

79



¥ e Qe .8

I . g

BW, TS B'W,_TS B W3 TS B W4 TS
> ¢ \? )
e a 5»
O
B'W,_TS B W,_TS B'W,_TS

‘2

e ®c /‘"&-\
AT a

DY IR
"ﬂ&a %&

B"W,_TS B"W,_TS B W, TS

Ly

Figure 29. Transition states for proton transfer in bisulfate-containing clusters, from Paper II.

Labelling: B = HSO,, W = water.

Table 2. Barrier height (at 0 K) for the transition structures in Figure 29, as calculated in

Paper II. Values are given in kJ mol™' for a variable number of water molecules in the cluster, 7.

n 1 2 3 4 5 6 7 8 9 10

barrier height | 43.1 | 49.2 | 60.3 | 39.8 | 39.2 | 343 | 31.8 | 30.5 | 15.1 | 174

4.2.4 Alkali metal clusters. HDO contamination correction

Finally, the results of a separate study on H/D exchange in reactions between size-
selected M (H,0), (M = Li, Na, K, Rb and Cs, n = 1-30) clusters and heavy water are
presented. Figure 30 shows xupo for all the clusters studied in Paper VI. The fraction of
exchange-reactions leading to loss of HDO for all the studied clusters is systematically
low. This indicates that the great majority of the exchange reactions come from intact

ligand swap resulting in loss of H,O molecules from [M*(H,0),D,0]* intermediates.
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A series of quantum-chemical calculations provides insight. Geometries of A(H,0),
(A =H,0, Li', Na", n = 3-8) clusters, studied in Paper VI adapted from [167-171] and
recalculated at CAM-B3LYP/aug-cc-pVDZ, allow one to make an important
observation. In the pure water clusters the water molecules form interconnected
networks of hydrogen bonds, while in the small M"(H,0), clusters (M = Li, Na) the
alkali metal ion occupies the central position, thereby disrupting the network. Only for
larger clusters, above n = 4, the water molecules in the solvation shell are sufficiently

free to form hydrogen bonds.

0.6
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Figure 30. The «yupo ratio for alkali-metal-water clusters M'(H,0), reacting with D,0.

On the basis of our results on pyridinium and bisulfate water clusters (results from
Papers I and II), we decided to search for the most likely mechanism for synchronous
transfer of protons along preformed wires of water molecules interconnected by
hydrogen bonds. It turned out that this, at least in principle, can be found in ring
structures consisting of four or five water molecules.

The lowest energy transition structures located for each cluster size according to this
relay mechanism are shown in Figure 31 for (H,0), and for Li"(H,0),. The geometries
for Na'(H,0), are closely similar to those for Li‘(H,0), and not shown. The
corresponding barrier heights are given in Table 3. For water clusters containing alkali-

metal ions the barrier height is significantly higher than in pure water clusters of the
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same size, especially for the smallest clusters. These trends are caused by the fact that in
order to form the ring structures necessary to promote the relay mechanism, water
molecules need to move out of the inner solvation shell of the alkali-metal ion. By
increasing the size of the M"(H,0), cluster up to n = 7 the barrier height decreases and
approaches that of pure water clusters since it is no longer necessary to adjust the inner
solvation shell. Although we do not claim high accuracy in the figures listed in Table 3,
the trends appear clear since our findings agree well with the isotope exchange
experiments (Figure 30). H/D exchange is catalysed by the presence of free protons,
since the barrier height for proton transfer in a protonated water cluster is about
10 kJ mol ™' [111, 127, 133]. Judging by huge values of barrier height (Table 3), alkali
metal ions do not promote isotope exchange to any degree. On the other hand, based on
relatively high values for barrier height for (H,0), clusters (Table 3), it is likely that
these clusters appear to be a less favourable medium for proton transfer reactions than

protonated water clusters and for example clusters containing 2 pyridine molecules.

) qoet 44
O

3 5 W,

o+ ot ot
LI W3 Ll W5 Ll W7
Figure 31. Proton transfer transition structures for clusters a) (H,0), and b) Li'(H,0), as

calculated with CAM-B3LYP/aug-cc-pVDZ. The hydrogens displacing along the reaction co-

ordinate are indicated. In the labelling W stands for water.
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Table 3. Barrier heights E* (0 K), in kJ mol™ for proton transfer within M'(H,0), and
(H,0),.

(H20), Li'(H0),
3 86.2 3 186.9
4 67.3 4 143.5
5 61.3 5 121.9
6 55.8 6 86.7
7 55.2 7 67.4
8 57.7 8 68.2

From the experiment the xupo ratio was estimated for all alkali-metal-water cluster
series measured. However, the measurements were all performed at slightly different
conditions, most notably the level of HDO contamination of the D,0 reactant gas varied
from experiment to experiment. If ligand exchange is the only exchange mechanism
possible within a cluster then the apparent kypo should increase linearly with the actual
amount of HDO impurity, i.e. a contamination level of 5% will increase the measured
kupo value by 0.05. By calculating the xupo value of the reference cluster (H (H,0)11)
measured throughout the series at regular intervals and comparing to the expected value
for a cluster with full hydrogen scrambling at 0% HDO contamination an effective
degree of contamination could be estimated at certain points along the series » = 1-30.
These points were then linearly interpolated, creating a curve with the degree of HDO
contamination as a function of »n. The contamination curve was subtracted from the
measurements, producing a “normalized” xupo curve. Some data points were removed
due to having a too low signal-to-noise ratio, and the selected resulting datasets for each
core ion are shown in Figure 30.

As seen, even with the correction for varying levels of HDO contamination, the
curves are found to lie slightly above the zero level. This might be due to a number of
reasons, in principle including the possibility that the clusters actually exhibit H/D
exchange to some degree. However, it should be noted that the reference cluster used in
all these measurements, H'(H,0),;, tends to fall closer to the statistical 0% HDO curve

than to the corresponding curve corrected for the HDO contamination [126]. That is, use
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of this particular reference cluster is likely to result in underestimating the calculated
HDO contamination level. Contamination-corrected xupo values for alkali-cluster series

can further be used as benchmarks in further studies of H/D-exchange reactions.

4.3 Reactions of clusters with NH;

This chapter brings the most important findings from our experiments with NH; as
reactant gas done using the QTOF mass spectrometer. The investigated species are:
H'(H,0),, H (pyridine);(H:0),, H (pyridine),(H,0), and H (NH3)(pyridine) (H;0),..
First, the results for clusters with n up to 15 were used to improve a comprehensive
model of ion concentrations in the troposphere (Section 4.3.1). Then size range of n =
16-27 was thoroughly investigated to unify findings with regard to magic cluster
numbers (Section 4.3.2).

4.3.1 Reactions with NH; and kinetic modelling

Reactions between pyridine containing water cluster ions, H'(pyridine), »(H,0), and
H' (NH;)(pyridine),(H,0), (7 up to 15) with NH; have been studied experimentally.

According to the model of Beig and Brasseur [45], pyridine-containing clusters are
of possible substantial importance for the chemistry of the lower troposphere. The
authors suggested two reaction pathways for the formation of these pyridinated cluster
ions from protonated water clusters. The reactions are given below, where X represents

pyridine, picoline or lutidine.

Pathway A

H'(H;0), + mNH; — H'(NH;),,(H,0), (4.2)
H'(NH3),,(H20), + X — H'(X)1(NH3),,«(H20),., + xXNH; + yH,0 4.3)
Pathway B

H'(H,0), + X — H'(X),(H,0), + xH,0 4.4)
H'(X),(H,0), + mNH; — H'(NH3),(H0), + X (4.5)
H'(NH3),,(H,0), + X — H'(X)1(NH3)(H20),.-, + xNH; + yH,0 (4.6)

The rate of Reaction (4.5) is unknown, therefore the experimental investigation of
Paper III aimed to identify its products and to find the reaction rate coefficient for it.
The other reactions presented above have been studied by Viggiano et al. for X =

pyridine [70, 172].
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The relative reaction rate coefficients determined in the experiments in Paper III are
given in Figure 32 as a function of the number of water molecules in the cluster, n. They
were measured at a center-of-mass collision energy of 0.085 eV (8 kJ mol ™) and are all
expressed relative to the total rate coefficient for H (H,0)s + NH; from [70]. Overall,
the obtained rate coefficients increase rapidly for » = 1-4 and level off at » = 5 for any
cluster type.

It was found that addition reaction between the clusters and ammonia led to
subsequent loss of water molecules: 2-3 H,O in the case of pure water clusters and
generally 2 H,O for pyridine-containing clusters. Our experiments have not indicated
any significant degree of evaporation of pyridine from clusters. The estimated
maximum relative rate coefficient for loss of pyridine was 50 times lower than the rate
assumed in [45]. Further, we have not seen any indication that clusters containing two

pyridine molecules should be less stable than clusters with one pyridine.
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Figure 32. Relative rate coefficients for the clusters H'(pyridine),,(H,0), (with m = 0 to 2)
and H'(pyridine);(NH;),(H,0), reacting with NH; normalized to the rate coefficient for
H'(H,0), + NH;.

The results obtained from this study were used to construct a kinetic model for the

growth rates and abundances of cationic clusters at ground level (see details for Model
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A in Paper III). The model is a modification of one employed by Beig and Brasseur
[45], and includes two adjustments based on experimental results. Firstly, Reaction
(4.5) was replaced with the reaction H'(X)(H,0), + NH; — H'(NH3)1(X):(H;0),, for
which the experimentally determined rate coefficient was used. Secondly, we included
reactions leading to clusters containing two amines (pyridine, picoline and lutidine).
The modelling results (Figure 33) were in good agreement with those of Beig and
Brasseur with regards to the modelled concentration of pyridinated clusters. However,
the model of Beig and Brasseur only allowed for a single pyridine in a cluster. While
from Figure 33 it is clear that more than one pyridine molecule may be present in the
cluster ions in the atmosphere for the high pyridine concentrations. According to the
measurements, the pyridine concentration can be as high as 7x10” cm™ at 298 K [49].
Our modelling work suggests that at these pyridine concentrations clusters containing

two pyridine molecules could be the dominant cluster ion in the troposphere.
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Figure 33. Results from the tropospheric cation model for ground level conditions from

Paper III (Model A): concentration of cluster ions given as a function of the tropospheric

pyridine concentration.
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4.3.2 Branching ratios and magic numbers

The abundance spectra and evaporation patterns (Sections 4.1.1 and 4.1.2) show that
H'(NH;),(pyridine);(H,0), clusters have magic numbers for the same number of water
molecules observed for H'(NH3),(H,0), clusters, and may share similarity with the
magic numbers for H'(H,0), [126]. However, H'(pyridine),,(H,0), clusters do not
exhibit any magic-number behaviour. Measurement of branching ratios for cluster
reactions with NH3 allowed us to investigate this matter further.

As discussed in Paper III and IV, there may be overlapping peaks in mass spectra
between product ions due to the fact that parent ion can lose several water molecules
before reaction. It is possible to correct the measured branching ratios for the
contribution of evaporation of water prior to reaction. However, for the sake of
consistency with Paper III, where no such correction was performed, Figure 34(a—d)
shows the uncorrected branching ratios for reactions with NH; for all clusters
investigated: H'(H,0),, H(pyridine)(H,0),, H(pyridine)2(H,0), and
H'(NH3),(pyridine);(H,0), (n = 16-27) calculated from the peak intensities measured
in the experiments and shown on a linear scale. It is evident from Figure 34 that the
magic numbers have a big effect on branching ratios for evaporation.

Addition of NHj to pure water clusters (Figure 34a) results in the loss of two or three
water molecules. However, several irregularities attract attention: for example for the
H'(H,0)s; cluster, formation of H'(NH3);(H,0)y is clearly preferred over formation of
H+(NH3)1(H20)19. The branching ratios are significantly enhanced for reaction channels
leading to the magic cluster ion H'(NH;3)(H,O),0, for example, both H'(H,0),, and
H'(H20),3 mainly give H'(NH3)(H20)20 upon reaction with ammonia. In addition, the
fact that the H'(H,O),; cluster is itself a magic number cluster does not seem to
influence the branching ratios. The branching ratios are in agreement with the results
obtained from the abundance spectra and the evaporation patterns for H+(NH3)1(H20),1
[126].

From Figure 34b—c we see that reactions between clusters containing one and two
pyridine molecules and ammonia for » < 22 are dominated mainly by pick-up of
ammonia and loss of two water molecules. However, remarkably high branching ratios
are found for reaction channels leading to H (NH;)(pyridine),,(H,0),, with » = 18, 20,

22, i.e., for the channels producing the magic numbers. For example, for reaction
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H+(pyridine)1,2(H20)20 + NHj the —2H,0 branching ratio is greatest, showing formation
of the H'(NH3),(pyridine); »(H,0);s cluster. Further, —3H,O is the dominant product for

the reaction H'(pyridine);»(H,0),; + NH3, indicating formation of a magic number

cluster for H'(NH;),(pyridine); »(H,O)4 (Figure 12).
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Figure 34. Branching ratios for clusters reacting with NH; as measured in the experiments,

without correction for the peak intensity.

The reaction H (NH;),(pyridine),(H,0), + NH; (Figure 34d) mainly leads to the loss
of one or two water molecules. The trends in the branching ratios again show enhanced
branching ratio for the reaction channel forming clusters with » = 18, 20 and 22, while
the adjacent reaction channel is suppressed. However, in this case, the product magic
clusters all contain two NH3 molecules.

The computational results of Paper I show that in H'(pyridine),,(H,0), clusters the

proton is attached to the nitrogen of one of the pyridine molecules, while a separate
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network of water molecules is attached to the pyridinium ion by a hydrogen bond
(Section 4.1.3). It could therefore be possible that the removal of the proton from the
water network is responsible for the loss of magic numbers in pyridinated cluster ions.
On the other hand, quantum chemical calculations (Paper IV) indicate that
protonated water clusters containing one ammonia and one pyridine molecule have the
general formula (pyridine)(NH4")(H,0),, stabilized by hydration of the ammonium
core. This would also explain the reoccurrence of magic numbers; the proton is now
back in the hydrogen-bonded network, attached to NH; molecule. However, it is
necessary to note that proton-free alkali-metal-water clusters with pronounced magic-

number behaviour (M = K-—Cs) do not fit into this simple speculation.
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5 Conclusions

The occurrence of magic number peaks in the mass spectra has been investigated for
all clusters of interest. No clear magic numbers were observed for H'(pyridine),_3(H,0),
clusters or clusters containing bipyridines, except there is increased intensity of the
molecular ion signal. However, magic numbers were observed for clusters of the type
H'(NH3)(pyridine),,(H20), (m = 1, 2) and for clusters of the type
H (NH;),(pyridine);(H,0),. Furthermore, these magic numbers coincide with the magic
numbers for H (NH;),(H,0),, previously found for n» = 18, 20 and 27 [126].

A proposed explanation for the difference in terms of magic numbers between
H'(pyridine),,(H,0), and H'(NH;),(pyridine),,(H,0), is the possible difference in
structure between these closely related species. According to calculations
H(pyridine),,(H,0), has the proton attached to the pyridine molecule—outside the
hydrogen bonded water network. The pattern of the observed magic numbers and results
of high-level ab initio calculations of small protonated pyridine/ammonia/water clusters
suggest that H"(NH;)(pyridine)(H,0), have structures consisting of a NH,"(H,0), core
with the pyridine molecule hydrogen-bonded to its surface, in analogy with H'(H,0),
and H'(NH3),(H,0), clusters.

Reactions of water-containing clusters with D,O indicate how easily various clusters
are able to transfer proton between different protonation sites. Inclusion of basic
compound like ammonia [126] or pyridine prevents hydrogen scrambling in water
clusters, due to tight bonding of the extra proton to a basic molecule. However, addition
of a second or even third pyridine molecule provides two equally attractive sites of
protonation and returns proton mobility to a level corresponding to a completely
statistical composition of the leaving water molecule. Proton transfer capability was
evidenced from the emission of HDO from the reaction intermediate and is supported
and explained by a quantum chemical study. Quantum chemical calculations also
suggest that proton mobility in clusters containing two pyridine molecules is due to a
relay mechanism whereby the site of protonation is transferred from one nitrogen atom
to the other along a pre-aligned wire of hydrogen bonds. A similar mechanism was
suggested to play a role in H/D-exchange activity of 2,2’-bipyridines, maintaining

proton transfer through a preformed wire of water molecules. In accord with
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expectations, 4,4’-bipyridines show little to no proton mobility in reactions with D,O,
probably due to steric complications in forming a wire of water molecules between
nitrogen atoms.

A relay mechanism was also suggested as the explanation for the proton scrambling
taking place in bisulfate-containing clusters, HSO4 (H,0),. In present case the same
bisulfate ion provides both termini for proton transfer. Bisulfate-water clusters exhibit
full hydrogen scrambling only when the degree of hydration reaches a level n = 8 and
higher. This size coincides with changes in the energy barrier associated with the proton
transfer mechanism, which drops from 50-30 kJ mol™ to around 16 kJ mol™ for n =9
and 10.

Reactions of size-selected M"(H,0), (n = 1-30, M = Li, Na, K, Rb or Cs) with D,O
show that the rates of protium/deuterium exchange, when properly corrected for
contamination of the D,0, are consistently extremely low. These results support the fact
that alkali-metal-water clusters are essentially inert in H/D exchange reactions with
water, making them ideal for benchmarking in future studies.

The degree of hydrogen scrambling or reaction cross section was not affected by
magic numbers in any experiment. However, the magic numbers did influence the
degree to which clusters lost additional water molecules after fragmentation of the
reaction intermediate.

Results from cross section measurements for the reaction of protonated
pyridine/water clusters with NH; were used to improve an existing kinetic cluster ion
model under tropospheric conditions [45]. The improved model indicates that the
positive cluster-ion spectrum at ground level may be dominated by clusters containing

more than one pyridine molecule, in addition to water and ammonia.
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Abstract. Reactions between pyridine containing water
cluster ions, HT(pyridine);(H,0),, H(pyridine);(H,0),
and H*(NH3)(pyridine);(H,0), (n up to 15) with NH3
have been studied experimentally using a quadrupole time-
of-flight mass spectrometer. The product ions in the reac-
tion between HT (pyridine),,(H,0), (m=1 to 2) and NHj3
have been determined for the first time. It is found
that the reaction mainly leads to cluster ions of the form
H™(NH3)1(pyridine),,(H,0),_,, with x = 1 or 2 depending
on the initial size of the reacting cluster ion. For a given
number of water molecules (from 5 to 15) in the cluster ion,
rate coefficients are found to be slightly lower than those for
protonated pure water clusters reacting with ammonia. The
rate coefficients obtained from this study are used in a ki-
netic cluster ion model under tropospheric conditions. The
disagreement between ambient ground level measurements
and previous models are discussed in relation to the results
from our model and future experimental directions are sug-
gested.

1 Introduction

Atmospheric ions are initially formed by solar radiation,
galactic cosmic rays and radioactive decay. The ions are
found in the entire atmosphere, although the formation mech-
anisms vary with altitude, region and time of day. The main
products of the ionisation of air are O;’, N;’ and free elec-
trons (Wayne, 2000). Attachment of neutral polar molecules
to the ions leads to charged molecular clusters. Subsequent to
cluster formation and growth, ion-ion recombination of pos-

itively and negatively charged cluster ions may occur. For
small clusters, this is believed to be associated with exten-
sive fragmentation; for large clusters coalescence may occur.
These larger neutral clusters formed by the recombination
are suggested to be large enough to continue to grow sponta-
neously into new aerosol particles by condensation (Yu and
Turco 2000; Yu 2003).

Several air ion mobility measurements have identified
cluster ions in the troposphere. However, the chemical na-
ture of these cluster ions is often difficult to identify (Horrak
et al., 2000; Vana et al., 2008). By contrast, there have been
measurements and identification of molecule ions in the tro-
posphere during the last two decades. A large fraction of the
molecule ions observed in these studies has likely originated
from cluster ions that fragment before mass analysis (Eisele,
1983, 1986, 1988; Eisele and McDaniel, 1986; Eisele and
Tanner, 1990; Schulte and Arnold, 1990). The first ground
based measurement of atmospheric ion composition was per-
formed by Perkins and Eisele in 1983 (Eisele, 1983; Perkins
and Eisele, 1984). In the measurements, several unidentified
positive ions were observed (Perkins and Eisele, 1984). Im-
proved measurements conducted a few years later revealed
the unidentified ions that had a mass-to-charge ratio of 80,
94 and 108 to be protonated pyridine (CsHsNH™), pro-
tonated picoline (methyl-pyridine) and protonated lutidine
(dimethyl-pyridine), respectively (Eisele, 1986, 1988). Sev-
eral other ions have been identified in the troposphere in
addition to these, although pyridinium and its derivatives
are often found to dominate the mass spectrum. For exam-
ple, Schulte and Arnold (1990) identified pyridinium as the
dominating ion in air-plane based measurements in the free
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troposphere over Europe. Recently, Junninen et al. (2010)
measured day-time air ions at an urban site (the SMEAR III
station in Helsinki), using an Atmospheric Pressure Inter-
face Time-of-Flight instrument. They identified protonated
poly(alkyl) pyridines as one of the main positive compound
types. Ehn et al. (2010) measured day and night-time air
ions at a remote site (the SMEAR 1I station in Hyytidld) us-
ing the same instrument. They observed pyridine ions and
alkyl substituted pyridine ions in both the day and night-time
ion spectra, with approximately a factor two higher concen-
tration during night-time.

Sources of atmospheric pyridine and pyridine derivatives
are supposed to be biomass burning, automobile exhaust,
coal tars and tobacco smoke (Clemo 1973; Saintjalm and
Moreetesta, 1980; Beig, 2008). The main atmospheric
sink is considered to be reaction with OH radicals (Eisele,
1986; Atkinson et al., 1987; Eisele, 1988; Yeung and El-
rod, 2003). Yeung and Elrod (2003) calculated atmospheric
lifetimes based on experimentally determined reaction rate
coefficients for pyridine and for various substituted pyridine
compounds to be 44 days and around 1 to 10 days, respec-
tively. Other suggested atmospheric sinks of significance
are reaction with HNO3 in polluted environments (Atkin-
son et al., 1987) and reaction with atomic chlorine (Zhao
et al., 2007). Due to the localised and sometimes irregular
nature of the sources — as well as the relatively short at-
mospheric lifetimes — the concentration of pyridine is ex-
pected to be highly variable with time and location (Beig
and Brasseur 2000; Yeung and Elrod, 2003). Few mea-
surements of pyridine concentrations in the atmosphere ex-
ist. Among these, Tanner and Eisele (1991) measured a
concentration of about 2.5 ppt£50 % (6.2 x 107 cm™3) of
molecular pyridine at Mauna Loa Observatory, Hawaii. In
the measurements by Junninen et al. (2010) about 1cm™3
of protonated pyridine was observed at the urban SMEAR
IIT station in Helsinki. However, in contrast to most previ-
ous measurements they found up to six times higher con-
centrations for ionic alkyl substituted pyridine compounds
HTCsH5N(CHy),,, 1 <n <6, including picoline and luti-
dine. The reason for this is unknown but interesting and the
findings show that there is a need to better understand the at-
mospheric chemistry of these compounds. Ehn et al. (2010)
reported average concentrations of pyridinium and alkyl sub-
stituted pyridine ions from the SMEAR I station in Hyytidld
during 4 days in early May 2009: pyridinium 36.4 cm ™3, pi-
colinium 57.3 cm™3, lutidinium 33.5 cm™~3. Also in this case,
alkyl substituted pyridine ions were higher in concentration
than the pyridine ion.

A kinetic cluster ion model by Beig and Brasseur (2000)
indicate that pyridine-containing clusters may be the dom-
inating positive ions in the lower free troposphere (from
1 to 6km above ground). More specifically, the pyridi-
nated cluster ions in the model were H*(X);(H>0), and
H+(NH3)p(X)1(H20)n, where X =pyridine, picoline or lu-
tidine. Beig and Brasseur proposed two reaction pathways
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for the formation of these pyridinated cluster ions from
HT(H;0), clusters. The first reaction pathway starts with
addition of NH3 to a protonated water cluster. The formed
cluster can thereafter react with a pyridine type molecule X:

H" (H20), + pNH3 — H* (NH3) ,(H20),, (R1a)

H+ (NH3)p(H2O)n +X— H+ (X) 1 (NH3)p7x (HZO)nfy

+xNH;3 + yH0 (R1b)
In the second reaction pathway, a pyridine molecule reacts
with a protonated water cluster. The pyridine is thereafter
ejected when ammonia attaches to the cluster in a second
step:

HT (H,0), + X — H"(X)1(H20),,_y +xH,0 (R2a)

H*(X)1 (H,0), + pNH; — HT (NH3),,(H20), + X (R2b)
The second step can thereafter be followed by Reac-
tion (R1b) above to form a cluster containing both ammo-
nia and pyridine. The driving force behind these reactions
— forming cluster ions containing ammonia and pyridine
derivatives — appears connected to the high basicities of am-
monia and the pyridine derivatives. Note that loss of water
is likely to occur also in the first step of the first mechanism
(Reaction R1a) and in the second step of the second mecha-
nism (Reaction R2b); however, this was not included in the
notation by Beig and Brasseur.

The rate coefficients for the first three reactions have been
determined by Viggiano et al. for the case X = pyridine (Vig-
giano et al., 1988a, b). The rate coefficients were found to be
approximately equal to the collision rate constant. The rate
of Reaction (R2b) is unknown; Beig and Brasseur assumed
10~ em™3 57! as an upper limit for the rate coefficient for
all pyridine derivatives in their study, this is two orders of
magnitude lower than the rate coefficient for Reaction (R1b)
at 298 K.

The pyridinated cluster ions, H*(X);(NH3) p(H20),,
which may be the dominating positive cluster ions in the
atmosphere, as suggested by Beig and Brasseur, could po-
tentially be an important source for new aerosol formation.
However, these cluster ions have to date not been measured
in the atmosphere. This discrepancy has motivated us to per-
form well controlled experiments to investigate the formation
mechanisms of these clusters. The reactions of two types of
cluster ions with NH3 in a cluster beam experiment are stud-
ied; the clusters being HT (pyridine),,(H,0), (m =1 to 2,
n < 15) and H" (NH3)1 (pyridine); (H,0), (also n < 15). The
results from the experiments are input to improve the present
kinetic model by Beig and Brasseur for atmospheric positive
ions. The importance of evaporation of pyridine from the
cluster ions is also studied in the improved model. Finally,
the atmospheric implications of the experimental results and
the results from the kinetic modelling are discussed.
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2 Methods
2.1 Experimental

The experiments were performed using a modified
quadrupole time-of-flight mass spectrometer (QTOF 2,
Micromass/Waters, Manchester UK). The instrument and
experimental procedure has been described in detail pre-
viously (Andersson et al., 2008; Ryding et al., 2011), and
therefore only a brief overview is presented here. The cluster
ions were produced from aqueous solutions at atmospheric
pressure by electrospray ionization (ESI) and thereafter
entered into the high vacuum part of the instrument. Two
different solutions were used: 2.5 mM pyridine(aq) for
production of HT (pyridine),,(H,0), (m =1 to 2, n < 15)
ions and a mixture with 2.5mM pyridine(aq) and 30 mM
NHj(aq) for production of HT(NH3)(pyridine);(H,0),
ions. A quadrupole mass filter (with better than unit resolu-
tion) allowed for selection of single sized clusters based on
their mass-to-charge ratio, m/z. The selected clusters then
entered the collision cell, where they were brought to collide
with gaseous ammonia at a centre-of-mass (COM) collision
energy Ecom = 8KkJ mol~! (0.085¢eV). The resulting
products were analyzed by a reflectron time-of-flight (TOF)
mass analyzer set at a mass resolution, m/Am, of about 5000
(full-width-half-height). The ammonia was introduced into
the collision cell through an Ultra-High-Vacuum (UHV) leak
valve giving a pressure of about 107> mbar. This pressure
of NH3 was chosen to keep the number of collisions below
10% to ensure single-collision conditions for the entire
range of cluster sizes. Reference measurements were col-
lected by measuring the cluster ion H (pyridine); (H>O); at
regular intervals during the experiment to make sure that the
collision gas pressure was constant. For each measurement,
a corresponding background measurement was collected
with an empty collision cell. Due to limitations with
the current setup the instrument is unable to accurately
measure ions below m/z=50; for this reason, the lightest
cluster investigated was H*(H,0)4. For the cluster ions
H (pyridine); (H20)19 and H*(NH3)i(pyridine); (H,0)10
measurements were also performed at various collision
energies between 1.45kJmol~! and 120kJ mol~! (COM).
A separate set of measurements were performed in order
to estimate the evaporation of pyridine from clusters:
H* (pyridine),(H20)s and H*(NH3)y(pyridine),, (H>0)s
with m = 1 to 4 was allowed to pass through the empty
collision cell at varying collision energies. In the first series,
the energies varied from 0.4 to 2.0eV (in the lab frame)
corresponding to 39 to 193kJmol~!, in the second series
the energies varied from 0.1 to 0.7 eV corresponding to 10
to 68 kI mol~!. For producing the clusters containing three
or four pyridine molecules, the pyridine concentration in the
aqueous solutions was increased to 1.5 M. Reagents used
in the experiments: HyO (no. 95270 for HPLC, Fluka),
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pyridine (99.5%, BDH Chemicals Ltd.), NHz (99.96 %,
AGA), 25 % NH3 (aq) (Pro analysi, Merck).

2.2 Positive ion model description

The positive cluster ion reaction schemes in this paper
are based on the aforementioned model by Beig and
Brasseur (2000). In their model, protonated water clusters,
HT(H;0),, are continuously produced in a series of reac-
tions starting from O; and N; Initially, ions O;r and Nz+
are formed by galactic cosmic rays and by radioactive decay
(close to ground). Charge transfer reactions with molecular
oxygen convert N2+ to O;r. The latter ion then forms Oj{,
which in turn reacts with H>O to form O;‘ (H,0). Additional
H>0 molecules add to the cluster, which forms H*(H,0),
via loss of O, and OH (Beig et al., 1993). Subsequent
to this, the protonated water clusters may then react with
ammonia, pyridine, picoline, lutidine, acetone and acetoni-
trile. The production of cluster ions is balanced by the
loss of cluster ions through ion-ion recombination and at-
tachment to aerosol particles. The concentration of nega-
tive ions in the model was set equal to the concentration
of positive ions. In our first model (Model A), we have
made two modifications to the model by Beig and Brasseur.
Firstly, we have included the experimental results from this
study. That is, in the reaction between HT (pyridine),, (H>0),
(m=1 to 2, n <15) and NH3 virtually no exchange of
pyridine for ammonia will take place. Instead, ammonia
is incorporated into the cluster ion with subsequent loss
of one or two water molecules, i.e. H (pyridine),,(H,0),
+ NH; —H*(NH3) (pyridine),,(H20),_x + xH,0. Hence,
the former reaction was excluded from the model and the
latter was added (the corresponding modifications were
made for the reactions with clusters containing picoline
and lutidine).  For simplicity, the rate coefficient for
H™ (pyridine); (H>0)4 + NH3 (obtained in this study) was
used for all pyridine/water clusters. Secondly, we have in-
cluded reactions leading to clusters containing two amines
(pyridine, picoline and lutidine). The reactions included in
Model A are shown in Fig. 1 and the corresponding rate co-
efficients are given in Table 1. In our second model, Model
B, we have omitted the amines picoline and lutidine since
pyridine-containing cluster ions are found to be the dominat-
ing cluster ions in Model A. We also allowed for up to five
pyridine molecules in each cluster. In this model we regard
pyridine as a representative for all amines as most amines
have high proton affinities and many other amine ions have
been found in the atmosphere. The reactions included in this
model are shown in Fig. 2 and the corresponding rate coeffi-
cients are given in Table 1. In the absence of detailed data for
evaporation of pyridine from protonated water clusters and
since we do not observe evaporation of pyridine under our
experimental conditions (see Sect. 3.1), we excluded evap-
oration of pyridine in most of the model studies presented
in this study. The differential rate equations were solved

Atmos. Chem. Phys., 12, 2809-2822, 2012
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Fig. 1. Tropospheric cluster ion reaction scheme used in Model A.
Dotted lines represent reactions removed from the model employed
by Beig and Brasseur (2000). Dashed-dotted lines represent reac-
tions not included in the model by Beig and Brasseur (2000).

in the program FACSIMILE (2007). All model calculations
in this paper were performed under ground level conditions
at a temperature of 298 K. Steady-state concentrations were
reached after approximately 500 s.

3 Results
3.1 Experimental results

Figure 3a shows the TOF mass spectrum obtained for mass
selected (by the quadrupole) HT(pyridine);(H,0O);; ions
passing an empty collision cell. The intensity of the par-
ent ion dominates but minor peaks corresponding to loss of
1 to 5 water molecules are also seen. The loss of water
is caused by evaporation from the parent cluster during the
flight time of about 160 us from the quadrupole to the TOF
unit. Evaporation is inevitable for the reactions studied here,
applying this experimental setup including the setting of the
collision energy. In agreement with a previous study by Ry-
ding et al. (2011), loss of pyridine does not occur for this
cluster. Figure 3b shows the TOF mass spectrum obtained
after reaction between the cluster ion H* (pyridine); (H>0)1;
and NHj at a collision energy of 8 kJ mol~! (COM). Evap-
oration of water molecules during the passage through the
QTOF 2 is found in approximately the same amounts as
in the background measurement. That is, the area of the
peaks at m/z 18, 36 and 54u smaller than the parent ion
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Fig. 2. Tropospheric cluster ion reaction scheme used in Model B.

is basically unaffected by the presence of NH3 in the col-
lision cell. For the reaction with NH3, the main prod-
uct formed is HT (NH3) (pyridine); (H,0)9 at —19 u relative
the parent ion mass. This means that NH3 is incorporated
into the cluster and typically two HoO molecules evaporate
from the short-lived collision complex formed. Product clus-
ters corresponding to loss of one, three, four and five H,O
molecules are also seen; however, these products are signifi-
cantly less abundant. Clusters H™ (NH3)(pyridine); (H,0),
are produced in small amounts due to multiple collisions with
NH;3. Essentially no pyridine is lost from the cluster ions
upon reaction, as seen by the absence of significant peaks
at the indicated locations in Fig. 3b: for the peaks found
at m/z 98 and 116u smaller than the parent ion the inten-
sity is only <4 x 107° compared to the total intensity in
the measurement. Figure 3c and d show the correspond-
ing mass spectra for the HT (pyridine)>(HO);; cluster. The
spectra of H* (pyridine),(H0)y; is in principle the same as

www.atmos-chem-phys.net/12/2809/2012/
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Table 1. Rate coefficients for the reactions used in Model A and Model B.

2813

Reaction

3

Rate coefficient, cm” s~ 1

Reference

Formation of H* (H,0),

H*(H,0), +¢CH3CN — HT(CH3CN), (H,0),

H*(H0), + pNH3 — H(NH3) ,(H,0),

Ht(H,0), + CH3COCH3 — Ht(CH3COCH3)(H,0),
H*+(CH3COCH3); (H20), + pNH3 — Ht(NH3) ,(H,0),
H*(CH3CN)4 (H,0),, + CH3COCH3 —H* (CH3COCH3) | (H,0),
H*(CH3CN)4 (H20), + pNH3 — H* (NH3) ,(H20),
HT(NH3) »(H0), + picoline — H*(NH3) p(picoline); (Hy0),
H*(NH3) ,(H0),, +lutidine — H+(NH3) , (lutidine) | (H,0),,
Ht (NH3 )p(HZO)n + pyridine — H* (NH3)[) (pyridine) (Hy0)n
Ht(H,0), + picoline — H* (picoline); (H,0),

HT(H,0), +lutidine — H* (lutidine); (H,0),,

H*(H,0),, + pyridine — H* (pyridine); (H,0),,

HT(X); (Hy0), + pNH3 — HT(NH3) ,(H0), + X

cluster + aerosol — aerosol ion

cluster + cluster recombination

H*(X) (H20), + pNH3 — HT(NH3) ,(X)1 (H20)n

HT(X); (Hy0), + X — HT(X)2(H,0),

H*(NH3) ,(X)1 (H20),, + pyridine — HT(NH3) »(X)2(H20),
H*(NH3) ,(X)1 (H20),+ picoline — H* (NH3) ,(X)2(H20)n
HT(NH3) »(X)1 (H20),, + lutidine — HT(NH3) ,(X)2(H20)p
H*(X),(H20), + pNH3 — H* (NH3) ,(X)2(H20)n
H*(NH3) p(X)2(H0),, + pyridine — HT(NH3) »(X)3(H20)n
H*(NH3) p(X)3(H20),, + pyridine — HT(NH3) »(X)4(H20),
H*(NH3) p (X)4(H20), + pyridine — HT (NH3) p(X)5(H20)n

Rate; =2 (unit: cm™3 5*1)
ky =3.06 x 107°(300/T)

ky = 1.91 x 10-9(300/T)%-39
k3 =2.04 x 1079(300/T)%-59

kg=2x107"

ks=1.8x 1077
ke=18x1077

k7 =2.6 x 107°(300/T)%7
kg=2x107

ko =2.1 x 107°(300/T)%7
kjp=2x10"
kip=2x10"°

k12 =2.08 x 10~2(300/T)0-89
kiz=kia=ki5=0°¢
kig=5x10"0

k17=6 x 10~8(300/7)0-5

Beig and Brasseur (2000) #
Viggiano et al. (1988a)
Viggiano et al. (1988a)
Viggiano et al. (1988a)
Hauck and Arnold (1984)
Hauck and Arnold (1984)
Schlager et al. (1983)
Viggiano et al. (1988b)
assumed P

Viggiano et al. (1988b)
assumed °

assumed P

Viggiano et al. (1988a)
assumed

Beig and Brasseur (2000)
Arijs and Brasseur (1986),

+1.25 x 1075 [MJ(300/T)* 9 Beig et al. (1993)

k13 =0.907 xky this work
k19 =k12 assumed
koo = kg assumed
ko1 =k7 assumed
koo =kg assumed
ko3 =k1g assumed
kog = kg assumed
ko5 =kg assumed
ko = ko assumed

Note that X = pyridine, picoline or lutidine.

2 The formation of H*(HZO),, was set to give the same rate as used by Beig and Brasseur (2000).

b The value is the same as used by Beig and Brasseur (2000).
¢ Avalue of 1 x 10~ em=3 s~! was used by Beig and Brasseur (2000).

d [M] is the neutral number density in em™3.

for H*(pyridine); (H,0);;, with the notable exception that
loss of a single pyridine molecule (m/z 79 u smaller than
the parent ion) and loss of a pyridine molecule accompa-
nied by loss of a water molecule (m/z 97 u smaller than
the parent ion) can be observed. The peaks are found with
approximately the same intensity in the background mea-
surement and in the measurement with NHj3 present in the
collision cell, with somewhat higher abundance in the for-
mer case. However, as will be discussed later, this loss of
pyridine is likely resulting from collision induced dissoci-
ation (CID) and not evaporation. Due to the above men-
tioned evaporation of HoO molecules from the parent ion,
some of the detected products will have originated from re-
actions of pre-formed evaporation products. In order to es-
timate the contribution of these reactions, we devised the
following simple model. The peak at m/z 1u smaller than
the parent ion represents the reaction AT (H,0), +NH3; —
AT(NH3)1(H20),—1 + H,0 (with AT =H™T, H*(pyridine);,
HT (pyridine), or H*(NHj3);(pyridine);). = We assume

www.atmos-chem-phys.net/12/2809/2012/

that all of the evaporation products AT(H,0),—y, x=1,
2, 3 in a mass spectrum would form the products
AT(NH3)1(H20),_x_1, x=1, 2, 3 to a degree that corre-
sponds to the relative intensity of the peak 1 u smaller than
the parent ion in a mass spectrum where AT (H0),,—,, x =1,
2, 3 is the parent ion. This gives a small contribution from
the AT (H,0),,—1 cluster to the AT(NH3)(H,0),_> peak, lo-
cated at m/z 19 u smaller than the parent ion. The remaining
intensity in this peak originate from the parent ion reaction
A*(HZO),, +NH3 — A+(NH3)1(H20)n_2 + 2H,0. We cal-
culated the magnitude of this reaction for all parent ion clus-
ter sizes, and applied it to the correspondingly sized evapora-
tion products as well. We were then able to estimate the mag-
nitude of the third parent ion reaction: AT (H,0), + NH3 —
AT (NH3)1(H20),,_3 +3H,0 in the same way. A more thor-
ough description of the procedure can be found in the Sup-
plement.

Atmos. Chem. Phys., 12, 2809-2822, 2012
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Fig. 3. Mass spectra of H (pyridine),, (HyO)1; with peak intensities expressed relative to the parent ion (PI) mass and height. (a) m = 1,
background measurement. (b) m = 1, the cluster ion reacting with NH3 at 8kJ mol 1. (¢) m = 2, background measurement. (d) m =
2, the cluster ion reacting with NH3 at 8kJ mol~!. The product H'*'(NH3)l(pyridine)l(HZO)ll,v peaks are designated by open blue
triangles. Red circles designate peaks arising from evaporation of HyO from the parent ion. Green vertical lines designate the m/z where a
possible NH3/pyridine exchange product, H (NH3) 1(H20)10—;, would appear. Loss of pyridine without exchange for NHj is designated

by orange stars.

Figure 4 shows the branching ratios of different products
from the H™ (pyridine),,,(H,0),, + NHj reaction (m =0 to 2)
at Ecom =8 kJ mol~!. For Ht (H,0),, + NH3 the main prod-
uct peaks represent incorporation of the NH3 molecule and
loss of two or three water molecules. The simple model de-
scribed above attributes the intensity of these peaks to reac-
tions of the parent ion (by 100 % and >90 %, respectively).
Peaks corresponding to addition of the ammonia molecule
and loss of four and five HyO from the parent cluster can be
seen; they tend to be higher for the larger clusters. A signif-
icant part of the abundance of these products is likely result-
ing from reactions of evaporation products; they have been
included for comparison. Loss of a single water molecule
after reaction with NH3 is effectively not observed for this
cluster type.

Atmos. Chem. Phys., 12, 2809-2822, 2012

The branching ratios of the H*(pyridine);(H,0), and
H™* (pyridine)>(H,0), clusters are rather similar, and are
dominated by loss of two water molecules after addition of
the ammonia molecule. For smaller clusters, loss of a single
water molecule occurs with a frequency similar to the loss of
two water molecules. However, the —H,O curve drops off
with size, giving about an order of magnitude lower abun-
dance compared to the —2H;O products as n approaches 15.
Both of these peaks are due to parent ion reactions, while the
peaks corresponding to loss of three or four water molecules
after addition of ammonia is likely to contain large contri-
butions from reactions of evaporation clusters. Again, we
notice that virtually no pyridine leaves the cluster ions af-
ter reaction with ammonia, neither for H* (pyridine); (H,0),
nor for H* (pyridine),(H,0),. This is in contrast to the as-
sumption made by Beig and Brasseur (2000).

www.atmos-chem-phys.net/12/2809/2012/
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Fig. 4. Branching ratios for the reactions of H (pyridine),,, (H,0),,
(m =0 to 2) with NH3 at Ecom =8KkJ mol L. The number of wa-
ter molecules, n, is indicated for some of the data points to im-
prove readability. Dashed lines indicate products likely resulting
from clusters that have lost water molecules prior to reaction.
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Fig. 5. Branching ratios for HT (NH3) (pyridine); (H,O),, reacting
with NH3 at Ecom = 8 kJ mol~1. The curves represent peaks cor-
responding to the parent ion incorporating NH3 and losing one to
four H>O. Dashed lines indicate products likely resulting from clus-
ters that have lost water molecules prior to reaction. The numbers
next to the curves indicate the number of water molecules, 7.

Branching ratios for the H™(NH3)1(pyridine); (H,0), +
NHj3 reaction are shown in Fig. 5 for n =1 to 15. As seen,
the products are dominated by incorporation of the reactant
NH3 and loss of one or two water molecules in more or less
equal amounts, except for n =2. Again, these reactions can
be attributed to the parent ion by 100 % and > 90 %, respec-
tively. Products with three or four water molecules fewer
than the parent ion are also observed and are likely formed
from evaporation product reactions. Common for all the
curves in Fig. 5 is that they show less size dependence than
the clusters in Fig. 4.

The reaction rate coefficients for the clusters
H*(H,0),, H (pyridine);(H>0),, H' (pyridine)> (H>0),
and H*(NH3);(pyridine); (HyO), reacting with NHj at
8kJmol~! (COM) are found in Fig. 6 as a function of the
number of water molecules in the cluster, n=1to 15 (n =4
to 15 in the case of pure water clusters). In the absence
of an exactly calibrated NH3 pressure in the collision
cell the reaction rate coefficients are expressed relative to
the rate coefficient of the HT(H,0)4 cluster. It should,
however, be mentioned that reference measurements show
the pressure to be constant during the course of the experi-
ments. The thermal rate coefficients for the reference cluster
Ht(H,0)4 is 1.91 x 1072 (300/7)%3 ecm?®s~!, (Viggiano
et al., 1988a). For the same cluster reacting with ND3 at
Ecom =8kJmol~! (0.085¢V) Honma et al. (1992) reported

a reaction cross section of approximately 1.5 x 10~ cm?.

Atmos. Chem. Phys., 12, 2809-2822, 2012
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Fig. 6. Relative reaction rate coefficients for clus-

ter ions H*(pyridine)m(HZO)n (with m =0 to 2) and
Ht (NH3) (pyridine); (HyO)y, reacting ~ with  NHj3 at
Ecom = 8kImol~!. The rate coefficients are normalized to
the rate coefficient for HT(HyO)4 reacting with NHz (1.91 x
1072 cm3 s~ ! at 298K (Viggiano et al., 1988a)). The numbers
1, 5, 10, 15 indicate the number of water molecules to improve
readability.

For the present case, given a velocity of 1090 ms™! through
the collision cell, this corresponds to a reaction rate coef-
ficient of 1.6 x 10~% cm3s~! for the reference cluster. As
can be seen in Fig. 6, pure water clusters exhibit a somewhat
higher reaction rate in the size range n =5 to 15 compared
to the pyridine containing clusters.

In order to estimate the rate coefficient for exchanging a
pyridine molecule in a cluster with an ammonia molecule
i.e. Reaction (R2b) above, we calculated the total abun-
dance of the peaks corresponding to incorporation of ammo-
nia and loss of pyridine and O to 2 water molecules. We
found that for H*(pyridine),,(H20), clusters with m =1
to 2 and n =1 to 15, the maximum relative rate coeffi-
cient for loss of pyridine was 8.0 x 107 (the standard de-
viation due to signal statistics is 2.4 x 10#) relative the to-
tal rate coefficient for H"(H,0)4 + NH3. Using the value
by Viggiano et al. (1988a) for the latter, this gives a rate
coefficient of 1.5 x 107 2cm3s~! (at 298 K) for the reac-
tion HF (pyridine); (H20), + NHz —H" (NH3)1 (H20), —x +
xH,O + pyridine. This is a factor of 7 lower than
1 x 107" ¢cm?s~! as assumed by Beig and Brasseur. How-
ever, for the majority of the clusters in our study the reaction
rate coefficient is even lower. Typical values of the rate co-
efficient for the above reaction is in the range of 1 x 107 to
4 x 107 relative H* (Hy0)a.
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Table 2. Initial concentrations in cm™> for the simulations
presented in Figs. 7 and 8.

Figure 7 8a-b 8c—d
Model A B B
NH3 2.46 x 1010 2.46 x 1010 492 x 108
H, O 4.61 x 107 4.61 x 1017 4.61 x 1017
Pyridine variable variable variable
Picoline [pyridine]/10 - -
Lutidine [pyridine]/10 N N
Acetone 3.69 x 1010 3.69 x 1010 3.69 x 1010
CH3 CN 492 x 108 492 x 108 492 x 108
Aerosol 1.0 x 103 1.0 x 103 1.0 x 103

Negative ions = [positive ions]  =[positive ions] = [positive ions]

Separate measurements were performed in order to esti-
mate the evaporation of pyridine from clusters containing
between one and four pyridine molecules and up to one am-
monia molecule. In the Supplement these measurements are
described. To summarise, we were unable to determine the
evaporation rate coefficients for loss of pyridine from neither
of the clusters since a potential weak signal from evaporation
could not be separated from collision induced dissociation
losses. However, we conclude that the evaporation rate coef-
ficient is of the order 0.1 s~! or lower under the experimental
conditions.

3.2 Modelling results

We have modelled the reaction kinetics using three different
models. First we performed a calculation using the model
of Beig and Brasseur applying their set of parameters,
and successfully reproduced their results. We thereafter
used Model A at different pyridine concentrations. The
concentrations used for all molecules in the model are shown
in Table 2. The results are shown in Fig. 7 on a linear scale
(in the Supplement the results are shown on a logarithmic
scale to include also ions with low concentrations). At
pyridine concentrations below 10*cm™3, clusters of the
type HT(NH3) p(H20),, dominate completely but already
at pyridine concentrations of 2.8 x 10® cm™3, 50 % of the
clusters contain both pyridine and ammonia. At concentra-
tions above 5 x 10° cm~3, clusters with ammonia, water and
two pyridine molecules dominate. Since the lutidine and
picoline concentration is 10 times lower than the pyridine
concentration, clusters containing both pyridine and lutidine
or picoline are found in concentrations about 10 times lower
than the concentration of HT(NHj3) p(pyridine); (H20),,.
In order to evaluate the importance of includ-
ing the reaction H¥(pyridine); (H,0), + pNH; —
H*(NH3),(pyridine); (H20),—y +xH,O in Model A,
we also performed calculations in which we substi-
tuted this reaction with HT(pyridine);(H,0), + pNH3
—>H+(NH3)p(H20)n,x +xH>O + pyridine, ie.

www.atmos-chem-phys.net/12/2809/2012/
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Fig. 7. Concentration of cluster ions as a function of pyridine con-
centration. The values were calculated using Model A and the ini-
tial concentrations are given in Table 2. The total concentration of
pyridinated cluster ions in the model by Beig and Brasseur (2000)
is also indicated. Py, Pic and Lu indicate pyridine, picoline and
lutidine, respectively.

Reaction (R2b). Essentially no difference in ion con-
centrations obtained from the two models were observed,
neither at an ammonia concentration of 2.46 x 100 cm=3
nor at an ammonia concentration 50 times lower.

A typical pyridine concentration in the troposphere is
around 4 ppt (9.9 x 107 cm™3 at 298 K) (Eisele, 1988; Tan-
ner and Eisele, 1991). From Fig. 7 it is clear that more than
one pyridine molecule may be present in the cluster ions in
the atmosphere provided that evaporation of pyridine from
the cluster is small compared to the formation mechanisms
(as assumed in the model). In order to study this in more
detail we constructed Model B, where up to five pyridine
molecules are allowed to be incorporated in each cluster.
In Fig. 8, we show the ion concentration as a function of
pyridine concentration at a typical ammonia concentration
(1.0 ppb, or 2.46 x 101% cm™3). Assuming no evaporation, a
pyridine concentration of 4 ppt (9.9 x 107 cm~3) would give
more than four pyridine molecules in most clusters (the max-
imum number of pyridine molecules in a cluster is five in the
model, but the number of pyridine molecules in such a clus-
ter should be regarded as five or more). Neglecting evapo-
ration of pyridine may not be realistic, but this model shows
that clusters with a multiple number of pyridine molecules
may be present in the atmosphere if evaporation is low (the
influence of the evaporation rate on the number of pyridine
molecules in the cluster is presented below). In Fig. 8b, the
concentrations from Fig. 8a are shown on a logarithmic scale.
The concentration of HF(CH3COCH3)(H,0),,, HF (H,0),,
and H+(CH3CN)q(H20)n are all below 0.1cm™> at all
pyridine concentrations used. The concentration of
HT (pyridine),,(H,0), 1 <m <5 are also well below
0.1 cm™3 at pyridine concentrations below 3 x 101 cm=3 and
an ammonia concentration of 2.46 x 10'® cm=3,
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Fig. 8. Concentration of cluster ions as a function of pyridine con-
centration. The values were calculated using Model B and the ini-
tial concentrations are given in Table 2. Panel (a) and (b) shows the
results using an ammonia concentration of 2.46 x 100cm=3 on a
linear and logarithmic scale, respectively. Panel ¢) and d) shows the
results for an ammonia concentration of 4.92 x 108 cm=3. Py, Pic
and Lu indicate pyridine, picoline and lutidine, respectively.
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Fig. 9. Concentrations of the most abundant cluster ions as a func-
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lated using Model B with inclusion of evaporation of pyridine. The
initial concentrations are given in Table 2 except the concentration
of pyridine that was kept at 9.84 x 107 cm—3.

We also studied the influence of the ammonia concen-
tration on the number of pyridine molecules in the clus-
ters using Model B. Decreasing the ammonia concentra-
tion 50 times (shown in Fig. 8c—d) gave no significant
change in the concentration of H¥ (pyridine),,(H,0), and
HT(NH3) p(pyridine),;(H,0),. However, the concentration
of HH(CH3COCH3) (H,0), is increased to about 2 cm ™3 up
to a pyridine concentration of about 10° cm™3. The concen-
trations of H (pyridine),,(H,0), 1 <m <5 are below 0.1
cm™3 except for HT (pyridine)s(H0), at pyridine concen-
trations above 3 x 10%cm

Neglecting evaporation of pyridine from clusters
H*(NH3) p(pyridine),,;(H20), is likely not realistic and we
therefore studied the importance of this evaporation using
Model B with a pyridine concentration of 4 ppt (9.9 x 107
ecm™3). The evaporation of pyridine was assumed to be
proportional to the number of unprotonated pyridine in the
cluster. We also assumed that H*(pyridine),,(H>0O),, have
one protonated pyridine and H™(NH3) p(pyridine),, (H20),
have none protonated pyridine. The results are shown in
Fig. 9. As seen in the figure, a desorption rate coefficient
as low as 1073s~! (3.6 h™!) will influence the cluster dis-
tribution. At desorption rate coefficients larger than around
1051, clusters containing pyridine are almost absent.

The above presented results from model calculations are
all calculated with an aerosol concentration of 1000 cm™3. In
order to study the sensitivity of the cluster ion concentration
with respect to the aerosol concentration we performed cal-
culations using Model A with aerosol concentrations varying
from 10? to 10* cm™> and used a fixed pyridine concentra-
tion of 4 ppt (9.9 x 107 cm™3). The results are presented in
Figure 10. In clean air (aerosol concentration of 10> cm™3)
the ion concentrations are slightly higher (around a factor
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2) than at intermediate concentrations (aerosol concentration
of 10% cm™3) but the relation between the cluster ion con-
centrations are the same. In polluted air (aerosol concentra-
tion of 10* cm™3) the ion concentration is significantly lower
(around a factor 30) than at intermediate concentrations
(103 cm™3) and the relation between the cluster ion concen-
trations are also different: the more pyridine molecules in the
cluster, the larger the decrease in concentration.

4 Discussion and atmospheric implications

Honma et al. (1992) studied the reaction of HT(H0)4 with
NDj3 and for all products where the ammonia-d3 molecule
entered the cluster all three deuterium atoms remained there
after evaporation of H>O. Effective H/D exchange between
molecules in the reaction complex requires a mobile pro-
ton (Yamaguchi et al., 2003; Honma and Armentrout 2004;
Andersson et al., 2008; Ryding et al., 2011). This observa-
tion must be the consequence of strong proton binding most
likely due to an adamant NHZ’ core ion, corresponding to
its comparably high pK, value. It has been shown that this
absence of H/D exchange extends to larger sizes (Anders-
son et al., 2008). Thus we expect protonation exclusively
on the ammonia molecule for all clusters formed in the re-
action HT(H,0), + NH3 —H"(NH3)(H20),—x + xH>0.
Since the pyridine molecule of a H*(pyridine); (H,0), or
H™(NH3)1 (pyridine); (H,0), cluster does not leave after ad-
dition of NH3, the product will contain two or three basic
molecules. This raises a number of interesting questions re-
garding the cluster structure, dynamics and protonation site.
In the case of pure pyridine water clusters, one pyridine
molecule in a protonated water cluster leads to locking of
the proton (i.e. the proton is bound to the pyridine molecule),
while with two or three pyridine molecules in the cluster the
proton becomes mobile (Ryding et al., 2011). The situation
is more complicated for the present mixed clusters, since we
are now dealing with two different types of nitrogen bases.
The gas phase proton affinity of pyridine is greater than that
of ammonia; they are 930kJ mol~! and 853.6kJ mol~!, re-
spectively (Lide, 2006c). However, in bulk water, ammonia
is the stronger base as indicated by the higher acid dissoci-
ation constant of its conjugate acid (pK, =9.25 for ammo-
nium, pK, =5.23 for pyridinium, Lide, 2006a,b). The re-
versal relation of proton affinities in gas phase and in bulk
is presumably a consequence of the ability of ammonium to
interact with water through four hydrogen bonds, while pyri-
dinium is limited to one hydrogen bond. Since molecular
clusters represent a bridge between the domains of gas phase
chemistry and bulk, it is difficult to determine the effective
proton affinities, and therefore to which degree the proton
will be mobile within the reaction complex. Further stud-
ies of clusters containing both ammonia and pyridine using
deuterated reactants — for instance D,O — should provide ad-
ditional clues.
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Fig. 10. Concentrations of the most abundant cluster ions as a func-
tion of aerosol concentration. The values were calculated using
Model A. The initial concentrations are given in Table 2 except the
concentration of pyridine that was kept at 9.83 x 107 cm™> and the
aerosol concentration that was varied.

The current setup of the TOF unit does not allow for ac-
curate quantification of product ions below m/z=50. For
the H*(H,0)4 cluster we were only able to measure the re-
action products HT(NH3)1(H0)3 and HT(NH3)1(H,0); at
m/z="72 and m/z =54, respectively. Consequently, the -3H,O
peak is missing for this cluster in Fig. 4a. The experiments by
Honma et al. (1992) indicate that the reaction leading to for-
mation of H"(NH3){(H,0); should represent no more than
a few percent of the total abundance; the main product is
in fact HT(NH3)1(H20)2 (—=2HO in Fig. 4a) which con-
stitutes almost the entire reaction cross section, which is in
good agreement with the results in Fig. 4a.

For the experimental setup described in Sect. 2.1, applying
collision energy in the lab frame below approximately 0.3 eV
was observed to result in inefficient ion transmission and ma-
jor loss of signal. Measurements are possible, although the
sampling time would have to be increased many times over.
The collision energy used in the measurements, 8 kJ mol~!
(COM), was chosen since it allowed for a satisfactory beam
intensity to be obtained for all cluster ions studied. This en-
ergy is a factor two higher than typical tropospheric collision
energies (~4kJmol~! at room temperature). However, the
heating of the formed reaction complex due to addition of
NHj3 (i.e. the dissociation energy) is larger still, with values
in the range of 65 to 120kJ mol~! depending on cluster size
(based on calculations for clusters with n =4 to 7 using data
from Meotner (1984) and Lide (2006c)). The use of higher
collision energies would therefore be expected to have only
minor effects on the results, as long as the collision energy
is sufficiently small compared to the dissociation energy of
NHj3 for the cluster in question.
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The above mentioned experiment by Honma et al. (1992)
show that the total cross section of the H* (H,0)4 cluster re-
acting with ND3 remains virtually unchanged up to collision
energies of 20kJ mol~! (COM). For all measured collision
energies in this range, the cross section is made up almost en-
tirely by the reaction forming the product H*(NH3)(H,0),,
indicating that the energy released into the cluster upon ad-
dition of an ammonia molecule corresponds to evaporation
of two H>O. Based on values calculated using literature ther-
mochemical data (Meotner 1984; Lide 2006c), the energy
released by introducing NHj into the HT(H,0)4 cluster is
120kJ mol~!. The dissociation energies for losing first one
H>0 and then a second H>O from the intermediate clus-
ter H*(NH3)1(H20)4 are 44kImol~! and 52kJImol~!, re-
spectively. For larger protonated water cluster that reacts
with NH3 at 8 kJ mol~! (COM) we see approximately equal
amounts of evaporation of two and three H,O from the reac-
tion complex (Fig. 4a), implying a somewhat different bal-
ance between the dissociation energies of NH3 and H;O.
As cluster size increases, the energy released into the clus-
ter when NHj3 enters the reaction complex becomes smaller
compared to the energy cost of evaporating first one and then
a second water molecule. For instance, for HT(H,0)7, the
former is 65kJmol~! while the latter two are 35 kJ mol~!
and 38kJmol~!, respectively. This is contrary to the ex-
perimental findings in Fig. 4a. The discrepancy could be
due to the fact that the experimental branching ratios do
not necessarily represent a sequential loss of HyO molecules
since there is also a possibility of loss of water as a dimer
or a trimer (dissociation energies of the dimer and trimer
are 20.7kJ mol~! and 21.7 kI mol~!, respectively, Santra et
al., 2007). Furthermore, the temperature is higher for larger
clusters in the beam, which might be part of the explana-
tion. For the pyridine containing clusters in Fig. 4b—c, the
tendency is loss of — on average — fewer water molecules
post reaction. Even fewer water molecules are lost from the
H*(NH3)1 (pyridine); (H,0), cluster, with the +NH3 —H,O
and +NH3 —2H;0 peaks being of equal size. The latter case
is likely to be a consequence of the cluster already containing
a NH3 molecule; a similar effect was observed by Viggiano
et al. (Viggiano et al., 1988b) for the cases HT(H,0),, + NH3
and HT(NH3) ,(H>0), + NH3.

Separate measurements of HT(pyridine);(H,0)19 and
HT(NH3) (pyridine); (H,0) 1o reacting with NHj at differ-
ent collision energies give further insights into the impact of
Ecowm on the respective branching ratios. In the case of the
former, the branching ratios are essentially unchanged be-
low 8 kI mol~!, with the branching ratio of —2 H,O chang-
ing from 0.64 at 8 kI mol~! to 0.60 at 3kJmol~!. The cor-
responding change for —H,O is from 0.23 to 0.31. For
the latter cluster, the changes are somewhat more signifi-
cant, with both curves having a branching ratio of 0.43 at
Ecom =8kImol~!. A change in Ecom to 3kImol~! re-
sults in the —2H,O curve dropping to 0.35 and the —H,O
curve increasing to 0.56. It would seem that for this cluster,
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the collision energy of choice (8 kI mol™!) also happens to
be the point where the two curves representing the colli-
sion energy dependence of the +NH3 —H;O product and
the +NH3—2H,0 product cross each other. Consequently,
for typical tropospheric conditions the +NH3—H>O product
would have a higher abundance than the +NH3 —2 H,O prod-
uct for this cluster.

The pure water clusters in Fig. 6 have a somewhat higher
reaction rate coefficient for collision with NH3 compared to
the pyridine containing cluster for a large part of the size
range. This is very similar to the behaviour exhibited by
these three cluster types when reacting with D, O, as reported
in a previous study (Ryding et al., 2011).

Model A gave results that were in excellent agreement
with those of Beig and Brasseur (2000) with regards to
the concentration of pyridinated cluster ions. Our model
is also in agreement with Beig and Brasseur in that the
pyridinated cluster ions dominates the tropospheric ion spec-
trum. Our experiments show that the reaction between
H* (pyridine); (H,0), and NH; does not result in loss of
pyridine and that the reaction have a higher rate coefficient
than assumed by Beig and Brasseur (by about two orders of
magnitude). However, this did not have any significant ef-
fect on the modelled cluster distribution. Model A allows for
two pyridine derivatives in each cluster ion, and the model
calculations show that it should be possible for these clus-
ters to form in the troposphere. In Model B we allowed for
up to five pyridines in each cluster ion. The model calcu-
lations showed that already at a pyridine concentration of
107 cm™3 the cluster ion distribution is dominated by clus-
ters containing ammonia, water and five (or more) pyridines
(or other amines) when evaporation of pyridine is neglected.
When including evaporation of pyridine the outcome de-
pends strongly, as expected, on the evaporation rate coeffi-
cient. We estimate that the desorption rate of pyridine was
below about 0.1 s~! under the present experimental condi-
tions. As seen in Fig. 9, at this desorption rate the major clus-
ter ions found in Model B are HY (NH3) ,(pyridine); (H,0),,
and HT(NH3) p(pyridine)2(H0),, in equal amounts. How-
ever, the temperature of our clusters in the experiments is
well below 298 K: hence the evaporation rate of pyridine
from water containing clusters at tropospheric temperatures
remains unknown.

Measurements by Junninen et al. (2010) and Ehn et
al. (2010) suggest that the ions of alkyl substituted pyridine
compounds may be more abundant than ordinary protonated
pyridine at ground level in urban and boreal environments.
This may seem contradictory when considering the atmo-
spheric concentrations of the compounds in question, as well
as the lifetime calculations (for instance by Yeung and El-
rod, 2003), both of which indicate pyridine as the more com-
mon neutral species. However, as pointed out by Junninen et
al., the transition from neutral molecule to cation takes place
by addition of a proton, which will lead to compounds with
higher proton affinity being relatively more abundant in the
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tropospheric ion spectrum. The proton affinities in question
are 930kJ mol~! for pyridine, 943.4 to 949.1kJ mol~! (de-
pending on isomer) for picoline and 955.4 to 963.0 kJ mol !
(depending on the isomer) for lutidine (Lide, 2006c). For
cluster ions, the type of pyridine or pyridine derivative that
enters the clusters (Reactions R1b and R2a) is likely more
dependent on concentration than proton affinity. In case
of larger water cluster ions with more than one pyridine
type molecule the actual protonation site becomes a matter
of basicity. Relevant pK, values are as follows: 5.23 for
pyridinium, 5.70 to 6.00 for picolinium (depending on iso-
mer), 6.15 to 6.99 depending on isomer for lutidinium (Lide
2006b). Since the transition from atmospheric pressure to
high-vacuum probably leads to a large tendency for frag-
mentation and/or evaporation of a cluster ion, actual mea-
surements of clusters containing both pyridine and an alkyl
substituted variant are likely to be detected as the latter since
both the proton affinity and the acid dissociation constants
are higher. If also ammonia is present — as indicated by our
calculations — the proton may also be situated on the am-
monia molecule (pK, =9.25 for ammonium). The location
of the proton is probably also dependent on the cluster size.
The fragmentation and evaporation upon sampling could be
areason why clusters containing both ammonia and pyridine
(or pyridine derivative) are not observed in the studies by
Junninen et al. and Ehn et al. However, our model simula-
tions also show that neglecting evaporation of pyridine in the
initial model by Beig and Brasseur may have overestimated
the importance of these clusters in the atmosphere. In order
to better understand the fragmentation and evaporation pro-
cesses of these ions during atmospheric measurements, we
suggest experimental studies on collision induced dissocia-
tion of water cluster ions containing two or more amines. We
also suggest detailed studies on evaporation of amines from
charged water-containing clusters under tropospheric condi-
tions.

As evident from the measurements by Ehn et al. many ions
are missing in order for our model to be universal. Including
all ions today is not realistic since many reactions with these
ions have unknown rate coefficients. We regard pyridine in
our model to represent most amines in the atmosphere and
our model should therefore be a good simplification of the
complex cluster ion reactions taking place in the troposphere.
However, we emphasise that there is a great need for new lab-
oratory measurements and innovative field measurements to
determine reaction- and desorption rate coefficients in order
to improve the model and our understanding of cluster ion
formation in the troposphere. For instance, during field mea-
surements of air ions we suggest that the concentrations of
neutral amines are also measured.
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