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Abstract

Infrared (IR) spectra of complexes consisting of an alkali halide salt (MX)
molecule and one or more protic solvent molecules have been recorded for the
first time in this thesis. NaCl and Lil are the principal salts investigated and have
been combined with the solvents water and methanol to form complexes of type
MX(solvent), (n = 1-7) in liquid helium nanodroplets. IR spectra were recorded
using a depletion technique. For small complexes (n = 1 — 3) the spectra are
consistent with formation of contact ion-pair structures in which each solvent
molecule forms a single ionic hydrogen bond (IHB) to an intact M*X" ion-pair. For
n =4, the IR spectra suggest that multiple isomers of MX(solvent), are present in
helium nanodroplets. Ab initio calculations were used to support the results by

predicting possible structures and their corresponding IR spectra.

A mass spectrometric study of a variety of alkali halide salts with a variety of protic
and aprotic solvents in helium nanodroplets was also performed. The aim here
was to survey the mass spectrometric behaviour of species within the helium
nanodroplets in preparation for future IR spectroscopic studies. The salts chosen
for this study were NaCl, NaBr, NaF, Nal, Lil, LiCl, Csl and KF, while the solvents
chosen were water, methanol, acetone and acetonitrile, i.e. two protic and two
aprotic solvents. The ions observed in the mass spectra have been described
and assigned to be derived from the neutral species in helium nanodroplets

environment.
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CHAPTER 1
Introduction

1.1 Introduction

The behaviour of ions in solutions has been the subject of much study over many
decades.[*8l The importance of understanding the behaviour of ions in solution
derives from the critical role they play in general solution chemistry, as well as in
specific areas such as environmental chemistry, electrochemistry,[* and
numerous other chemical disciplines.® Biologically, ions are essential in the
function and structure of nucleic acids, proteins, and lipid membranes.® lon-
selective chemistry is derived from the non-ideal behaviour of ions, such as that
seen for cell signaling using K* and Na*,[”- & and reflect the fact that solutions
under quite modest ionic strengths have significantly different properties from the
infinite dilution limit.¥! Such deviations from ideality are strongly affected by ion-
pairing effects.

Information about ion-pairs is usually extracted from the properties of bulk
solutions, such as their relaxation response, thermodynamics and ion transport,
but these measurements are unable to describe the intricate behaviour of ion-
pairs at the molecular scale.[®1% On the other hand, simulation methods like
molecular dynamics or Monte Carlo calculations are widely used to provide
valuable complementary information. Unfortunately, an accurate simulation of the

properties of even simple electrolytic solutions is still difficult.[1]

A challenge in the experimental study of ion-pairs is to find techniques for making
these ion-pairs and analyzing their properties. Also, the experimental technique
must be capable of observing and identifying various types of ion-pairs. The work
in this thesis will address the interaction between cation-anion pairs and a
solvent, such as water or another polar solvent. The ion-pairs will be salts in
molecular form, such as alkali halide molecules. The specific targets are
complexes derived from ‘salt’ molecules, such as NaCl, with attached solvent

molecules. Infrared (IR) spectroscopy is a good option for recording spectra,
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since the OH stretching region is a sensitive probe of hydrogen bonding networks.
The aim will therefore be to use IR spectroscopy to determine the structures of
the isolated solvated alkali halide complexes. The ultimate motivation is to see if
there is any evidence for ion separation into distinct M* and X ions with an
increasing number of solvent molecules. As will be seen later, helium
nanodroplets were used as the interaction medium in which to trap these salt-

solvent complexes.

1.2 Salt-Solvent Interactions

Since this work deals with the ion-pair/solvents interaction, it is worth discussing
the Hofmeister series, in brief, as a way of characterising ion behaviour in
solution. It's well known that ions have a significant effect on solvent properties,
such as the liquid surface tension and the solubility of proteins.l'21% The effect of
ions on the latter was studied for the first time by Hofmeister in 1888.11¢! The focus
was on studying the ability of different cations and anions to “salt in” or “salt out”
proteins from aqueous solutions, giving rise to the so-called Hofmeister series.

For cations, the common order of the Hofmeister series is[*": 18l
Cs*> Rb* > NH* > K* > Na* > Li* > Ca*? > Mg*? > Zn*?
while for anions, the order is usually giving as
F- > HPO42 > acetate > Cl- > NO3" > Br > CIO3 > | > ClO4 > SCN-

The ions on the left side of the series increase the surface tension of the solvent
and thus decrease the solubility of nonpolar molecules by strengthening the
hydrophobic interaction (salting out). By contrast, the ions on the right side of the
series increase the solubility of nonpolar molecules by weakening the
hydrophobic effect (salting in). More details about the effect of ion size on the
dissolution behaviour, kosmotropic and chaotropic behaviour, will be discussed

in Chapter Four.

The stepwise process by which a salt molecule dissolves can be explained within
the context of the Eigen-Tamm model.[*®! This is actually more usually used as a
means of describing the stages of ion association in solution but here it will be

viewed in reverse, i.e. as a dissolution process. The basic underlying idea is that
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an association or dissociation process involving two oppositely charged ions in
the presence of a solvent can go through several different states corresponding
to different energy minima. The concept is illustrated in Figure 1.1, which focuses

on a salt (MX) in an aqueous solution.

Q ~0® -~ 00 -~ OB

SSIP 2sIp Free ions

Figure 1.1. Schematic representation of salt dissolution in solution showing the four notional
stages. The blue shading is intended to indicate the solvent medium immediately

around the solute.

The (MX)/water dissolution process has four steps. The starting point is the
bringing together of MX and solvent molecules. The first energy minimum is a
hydrated contact ion-pair (CIP). In this state, the cation and anion are in direct
contact and are surrounded by solvent molecules. The cation-anion distance will
tend to be longer than that of the bare MX molecule because of the interaction
with the solvent. Some solvents, and most obviously water molecules, can
eventually insert between the two ions. When a single water molecules inserts
between the two ions we get a second potential energy minimum known as a
solvent-separated ion-pair (SSIP). The third state of ion-pair dissociation is the
(double) solvent separated ion-pair (2SIP), where both ions have complete
primary solvation shells. Finally, the complete dissolution state occurs when ions

drift apart, as is typical in a dilute aqueous solution.?°!

This mechanism is supported by different experimental and theoretical studies of
salts in water. Molecular dynamics and Monte Carlo simulation studies!?! 22 show
that these ion-pairs do indeed correspond to energy minima but in fact the
barriers, separating one state from another, depend strongly on the identity of the
salt and the solvent.

The transition from CIP to SSIP reflects the beginning of ionic dissolution. The
identification of a SSIP in a bulk solution using spectroscopic methods, such as
Raman spectroscopy, is difficult because of the small difference in signals

between the SSIP/2SIP states and the bulk solvent molecules. This is
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compounded by the limited spectral resolution available in bulk liquids because
of the rapid collision rates.[?1

Numerous experimental and theoretical studies have addressed the effect of ion
size on the structures of CIP and SSIP.[?3-27] A significant study that focused on
the effect of ion size and the hydration number on formation of CIPs has been
reported by Liu et al.l?”l Using classical molecular dynamics calculations, Liu et
al. suggest that the relative cation and anion sizes are vital in determining how
many water molecules must be added before formation of an SSIP complex
becomes plausible. This study found that the CIP structure of Lil(H20)n exists
between n =1 and n =4 and thereafter a SSIP-like complex forms for n = 5. In
marked contrast, for Csl a CIP-like structure for the salt is maintained up to about
n =20, i.e. the salt is less willing to ‘dissolve’ in a small quantity of water than Lil.
Liu et al. claimed that the main reason for the difference between the CIP
structure of Csl(H20)n and Lil(H20)n complexes is likely a result from the weak
interaction of Csl with water compared to the strong interaction of Lil with
water.[?”l Also, the calculations illustrate that water molecules prefer to interact
with the alkali cation rather than with the negative ion like iodide. In other words,
the water molecules in the SSIP complex surround the positive ion while the
negative ion is located at the cluster surface. Several other studies will be

discussed later in the following chapters.

Given the limited experimental evidence available for CIP and SSIP complexes
in bulk solutions, this study approaches the problem in a different way. As
mentioned above, the ion-pairs in contact with a small number of solvent
molecules will be studied inside liquid helium nanodroplets. Helium nanodroplets
will be used for this purpose for two reasons. First, they provide a convenient
method for forming complexes, including very weakly bound complexes. Second,
it is possible to record optical spectra using a depletion technique (see later),

which is applicable to any absorbing species in helium nanodroplets.
1.3 Helium nanodroplet properties

Helium nanodroplet technology is derived from the combination of two powerful

experimental techniques.l?8! The first technique is cryogenic matrix isolation,
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which has been used for several decades to study transient species, such as
molecular radicals?® and ions.*% The second technique derives from seeded
supersonic beams, which have also been used to cool free molecules to produce
transient species such as molecular complexes and clusters.*2 Helium

nanodroplets essentially combine these ideas into a single technology.

The most significant properties of helium nanodroplets in this context are their
low temperature (0.37 K), their ability to rapidly cool added molecules and their
chemical inertness. In addition, helium nanodroplets do not interact with radiation
below 20 eV.[¥] Furthermore, helium nanodroplets have the ability to easily pick
up atoms and molecules to form new species on their surfaces or in their interior,
providing a means of combining different molecules at low temperatures.[?8 All of
these properties mean that helium nanodroplets provide a fascinating nanoscale

laboratory for a variety of fundamental experiments.

Helium as an element has two isotopes, “He and 3He, with “He being by far the
more abundant element isolated in nature. The very weak attractive interaction
between helium atoms, which arises from the small atomic size and the closed
1s shell, means that helium only liquefies at very low temperatures. For “He the
critical temperature is 5.2 K. This means that helium cannot be liquefied at
temperatures above 5.2 K, even with a large excess pressure.?4 Another
remarkable property of “He is that it will not solidify at pressures near that of
atmospheric pressure even at a temperature of absolute zero. This property
comes from the small atomic mass of helium in combination with the very weak
attractive interatomic forces, which means that the zero point vibrational energy
exceeds the binding energy required to fix the helium atoms at specific lattice

sites.[3%]

In the bulk, “*He shows another significant property. At a temperature below 2.18
K, the liquid changes phase from a normal liquid to a superfluid.?? The normal
fluid phase is often labelled as the He | phase. In the superfluid phase, referred
to as He ll, the liquid possesses some remarkable properties such as the absence

of viscosity and an exceedingly high thermal conductivity.
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The other isotope of helium, 3He, can also form a superfluid phase. However,
because *He atoms are fermions (half integer net spin), whereas “He atoms are
bosons (integer) zero (net spin), formation of the superfluid phase requires a
much lower temperature for He as the fermions must pair up to make quasi-
bosons. The transition temperature is 0.003 K and this, coupled with the very low
abundance of 3He (making it very expensive), means that He is rarely used in
helium nanodroplet experiments. Everything that follows is therefore focused on

4He nanodroplets.
1.3.1 Helium nanodroplet formation

Helium droplets were observed for the first time about 100 years ago as a fog
during the cooling of helium gas.[®8 Other experiments have produced very large
droplets with diameters varying from 10 mm to 2 cm in vacuum. Weilert et al. [7]
formed helium droplets in a trap as a mist by pumping on helium liquid placed in
the lower part of the cell to make it boil violently. Droplets in the mist then
agglomerated to form a large drop. The large droplets were then levitated by
applying a high static magnetic field since helium is diamagnetic. The size of
liquid helium drops using this technique was about 2 cm in diameter. Weilert et
al., in a different study,®® used the same method of forming helium droplets but
in this case, a laser beam was used to levitate droplets of 10-20 um diameter. In
a different experiment,®d large positively charged helium droplets were made by
field ionization of a liquid in an electrospray experiment. More recently helium
droplets were formed using a pulsed expansion of cold helium gas into a helium

bath cryostat.[*0]

Helium droplets can also be formed using a supersonic (free jet) expansion
through a pinhole into a vacuum. Such expansions naturally produce cooling but
in the case of helium the interatomic forces are so weak that this is insufficient to
cause condensation. Consequently, in order to form helium droplets, cooling of
the gaseous helium prior to expansion is essential. The expansion process itself
is an adiabatic process, also called an isentropic expansion since the system
entropy remains constant during the gas expansion. The random kinetic energy
of the gas atoms is converted into directed supersonic flow via two-body or three-

body collisions. Two-body collisions can exchange energy but do not allow an
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initial Hez dimer to form. To achieve this, a third body is needed to remove excess
energy and trap the system in the dimer potential energy well. This dimer provides

the seed for subsequent condensation.*!]

There are different expansion regimes for helium droplet formation depending on
the stagnation pressure and temperature, namely sub-critical and super-critical
regimes. Figure 1.2 shows a phase diagram which helps to explains these
regimes. The dashed lines refer to different isentropes, which reflect the helium
behaviour during the expansion process at different temperatures from 40 K to
2.6 K. Figure 1.2 also illustrates a boundary line which almost overlaps with the
isentropic line at 11 K. This line is critical for defining the expansion regimes
because it separates the gas phase and the liquid phase (He | phase). The sub-
critical regime occurs at about To > 11 K, when helium crosses the gas — liquid
boundary line into the superfluid phase from the gaseous side. This means helium
droplets are formed by the accumulation of helium atoms by two- and three-body
collisions in the region just after the nozzle orifice. The super-critical regime exists
at To < 11 K when the expansion isentrope passes the gas-liquid boundary line
from the liquid side to form droplets by fragmentation of the fluid. This
fragmentation happens downstream from the nozzle aperture at a temperature of
about 6 K. Above 6 K and after leaving the nozzle, helium droplets are
accelerated from sub-sonic to supersonic while expanding and cooling (see the
dotted line in Figure 1.3). When To is below 6 K, helium is present in new regime

and ejected from the nozzle as a liquid after passing the velocity separation line.
[42-44]
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Figure 1.2. Pressure-temperature phase diagram of “He. The dashed lines are the isentropic
lines of droplet formation at a stagnation pressure of Po = 20 bar and various

temperatures. Reprinted from ref [43].

At distances of about 1000 orifice diameters from the pinhole, collisions between
the expanding atoms largely ends and the helium beam consists of a mixture of
helium atoms and droplets. 42

The binding energy of a single helium atom within a droplet is approximately 5
cm® and at least this quantity of energy is removed from the droplet with the loss
of each helium atom. Helium atoms can continue to evaporate from the droplet
until the droplet temperature reaches the equilibrium temperature at 0.37 K, at

which no further net evaporation occurs. [45 46l

At present, the majority of liquid helium droplet experiments have been performed
with droplets produced in supersonic expansions. Helium droplets by this route
were made for the first time by Becker et al. in 1961.147] The experiment involved
cooling a nozzle by a liquid helium bath. Helium was then expanded from the
nozzle to produce droplets and then converted into a beam using a skimmer. The
velocity distribution was then determined by a time-of-flight method in order to
demonstrate that the helium droplets have been successfully formed. In more
recent studies the ready availability of commercial closed-cycle cryostats makes
helium droplets more convenient to make.*248-50 Helium droplets are now

produced by expanding helium, pre-cooled by a closed-cycle cryostat to a
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temperature in the range To = 5-20 K and at a high source pressure (Po = 20—
100 bar), into a vacuum. The typical nozzle diameter is approximately 5 um, as
illustrated in Figure 1.3. Such an approach was used in the current work and so

the next section will discuss this technique in some detail.

Po= 20 bar
To< 20K

Figure 1.3. Schematic representation of the formation of helium droplets via a supersonic

gas expansion.

1.3.2. Droplet sizes

The size of helium droplets depends on the source temperature, helium gas
pressure and nozzle diameter. Figure 1.4 shows the dependence of the mean
droplet size and the droplet diameter on the source stagnation conditions for Po
= 20-100 bar and To=5-20 K using a nozzle with an aperture of several microns
diameter.[?8] The smallest droplets are made under subcritical expansion
conditions (see bottom image in Figure 1.4). Larger droplets with N1e>>104 atoms
are formed by expanding liquid helium in a supercritical expansion after leaving
the orifice, where the liquid fragments into fairly large droplets (10°-107 helium
atoms; middle image in Figure 1.4). Larger droplets with about 10'° atoms can
be produced by forming a liquid microjet at source temperatures below about 4.2
K (top image in Figure 1.4).128 351 This microjet fragments into large droplets by

Rayleigh oscillations after travelling for a short distance.
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Figure 1.4. Diagram showing how the mean droplet size (N helium atoms) and liquid-droplet
diameters (Do) of “He droplets vary under different expansion conditions.

Reprinted from ref [28].

Assuming spherical droplets and a density of helium comparable to that of bulk
liquid helium, the average number of helium atoms (Nue) contained in one droplet
is linked to the droplet radius (R/ A) by equation [1].[4%

R =0.22 (Nue)'3 [1]

The sizes of helium droplets have been investigated experimentally under
different source conditions. Harm and Toennies determined the average number
of helium atoms by deflecting a helium droplet beam by collisions with a
secondary gases beam formed in another free jet expansion source. The helium
droplets were formed under different source pressures (Po = 40-80) bar and
nozzle temperatures between To = 13-26 K with a 20 pm nozzle diameter. The
secondary beam consisted of Ar or Kr gas. The two beams were crossed at an
angle of 40° and the deflected droplets were then ionized using an electron beam.

Helium clusters ions were then detected using a magnetic sector mass
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spectrometer, which can be easily rotated around the scattering area in the plane
of the two beams. The number of helium atoms in the droplets was found to be
about 2600 at a source temperature of 25 K and a stagnation pressure of 80

bar.

The sizes of larger droplets (NHe>10°) have been studied by attaching an electron
to the droplet and then deflecting the charged droplets in an electric field for
analysis.[®? Droplets have also been formed with sizes in the range of 10%-10°
atoms using pulsed droplet sources.*053-55] Here the helium droplets were
produced using a pulsed nozzle at different pressures and nozzle temperatures.
The helium droplets were then passed through a pick-up cell to attach
phthalocyanine molecules. Laser induced fluorescence (LIF) was then used to
detect the phthalocyanine and the droplet size was derived from the
phthalocyanine LIF signal under specific conditions of helium partial pressure and
nozzle temperature. The average size of the droplets was found to be about 1.8x
10* and 1.4x 10* atoms at To = 11 and 12 K, respectively, and Po = 20 bar.[53

In our apparatus, the average number of helium atoms for each droplet has been
assumed based on the aforementioned detailed studies of helium droplet sizes
and the associated scaling laws, which can be used to predict how the size
changes as the source conditions are altered. Typical conditions that were used
are a helium stagnation pressure of 32 bar, a nozzle temperature of 16 K and a
nozzle diameter of 5 ym. Under these conditions we expect helium nanodroplets
to contain a mean number of ~5500 atoms, a typical size for spectroscopy

experiments (see later).
1.3.3. Dopant pick-up by helium droplets

In general, helium droplets have the ability to pick up almost any species or
impurities present in the gas phase during their journey through the vacuum
system. Whether the dopant is located inside or on the surface of helium droplets
depends on the dopant properties. The earliest studies of dopants attached to
helium droplets was by Gspann et al.[5%-%2 The first such experiments [57:58.60]
focused on measuring the loss of Cs or Xe atoms when produced as a beam

which crossed a helium droplet beam at a range of crossing angles between 15°-
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90°. The extinction of Cs and Xe beams were then calculated with the help of a
time-of-flight (TOF) mass analyzer for droplet sizes around 4x10° atoms. The
data showed that helium can easily pick-up Cs or Xe atoms in or on the helium

droplets but no information was provided about the location of these dopants.[62!

Subsequent work has shown that most dopants reside inside helium
droplets.l?8:3550 To systematically add a dopant the helium droplet beam is
passed through a pickup cell where the chosen dopant is deliberately added, in

gaseous form, as shown in the cut-away image of a pickup cell in Figure 1.5.

Figure 1.5. Schematic illustration of the pickup procedure.

Dopants will be trapped inside helium droplets after losing their initial kinetic
energy and their internal energy during the impact with the droplet. As they do
so, the droplet shrinks via the evaporation of helium atoms. Since each helium
atom is bound to the droplet by a minimum of 5 cm, every 1 eV of injected energy

leads to evaporation of up to 1600 He atoms.[?8 64

If a fixed helium droplet size is assumed (i.e. ignoring evaporation of helium
atoms by the pickup process), the probability Px of picking up k dopant particles
can be expressed in terms of a Poisson distribution (equation [2]). 4]

l k

P == exp(—pol)  [2]

Here p is the number density of the dopants, o is the cross sectional area of the
droplet and [ is the length of the pickup cell. The dependence on how the number
of dopants atoms/molecules (k) which are picked up by helium droplets is affected
by the dopant partial pressure is shown in Figure 1.6. The assumption of a
Poisson distribution of the helium droplets was shown to agree well with

experimental studies of helium droplet sizes.[28 4°]
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Figure 1.6. The dependence of the number (k) of dopant atoms/molecules picked up by

helium droplets with different partial pressure values. These plots assume a

Poisson distribution and a mean helium droplet size of 5500 atoms.

The gaseous dopants or vapour derived from volatile liquids are easy to capture
by helium droplets.[® Equally, atoms and molecules from low-vapour-pressure
species, such as metals or large organic molecules, can also be picked up using
a heated cell. Depending on the droplet size, a vapour pressure of about 10—
10° mbar is sufficient to pick-up a single atom or molecule.[%6671 The pick-up of
highly volatile materials such as refractory metals can also be achieved using a

pulsed laser ablation source.[®3
1.4 Infrared spectroscopy of dopants in helium droplets

Helium droplets provide an opportunity for spectroscopic studies of dopants since
helium is transparent across a wide wavelength range, including the infrared (IR).
There are other benefits to recording spectra using doped helium droplets. A
significant one is the chemical inertness of helium. Another property is the very
low temperature, which makes it possible to explore the interactions between very
weakly bound species inside a helium droplet. The low temperature also helps in
terms of simplifying spectra through the reduced population of excited quantum

states.[68]
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The majority of spectroscopic studies of molecules in liquid helium droplets have
used a depletion technique for recording IR spectra. If the dopant molecule
absorbs a photon, then the added energy will eventually be dissipated into the
droplet, leading to the evaporation of helium atoms. About 1600 helium atoms will
be evaporated for every eV of added energy.[®% The depletion spectrum can then
be observed by recording the reduction in helium droplet size after absorption of
light by the dopant using a bolometer, a sensitive heat measuring device, or by
recording the reduction in the ion signal in a mass spectrum (see below and
Chapter Two). In this way the optical spectrum is recorded as an action spectrum,
i.e. the consequence of light absorption on the ion signal. For the optimum
depletion signal, the helium droplets must not be too large, otherwise the
percentage change in the ion signal becomes too small. Typically the preferred

droplet size is a few thousand helium atoms.[6°]

The first spectroscopic study of molecules in helium droplets was by Goyal et al.
691 In this experiment, SFs was the dopant and was excited using a tunable CO2
laser. A bolometer was used to detect the difference in the droplet thermal energy
as a result of shrinkage in droplet size after absorption. An IR depletion spectrum
was thereby recorded by scanning the wavelength of the laser while measuring
the bolometer output. Later, the group led by Toenniesl’” demonstrated that
droplet shrinkage could be registered using a mass spectrometer instead of a
bolometer. This can be achieved by following the ion signal produced by electron
ionization, which is related to the size of the helium droplets. Thus an optical
spectrum can be recorded by monitoring the ion signal in mass spectrometer as

the laser wavelength is scanned.
1.5 Previous work on salt-water complexes

The majority of the information on hydrated alkali halide complexes M*X"(H20)n
has come from ab initio calculations and molecular dynamics simulations.[?3: 71-80]
Nevertheless, several experimental studies have been performed. Photoelectron
spectra of [Lil(H20)n]" and [Csl(H20)n]" anions have been reported in combination
with ab initio simulations.[" This study shows new evidence for the transition from
CIP to SSIP in the structures of the corresponding neutral complexes, which are

significantly different from the anions. The Li-I distance in the [Lil(H20)s]™ anion
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is longer than that in the neutral complex and increases suddenly at n = 3,
whereas in neutral Lil(H20), this occurs at n = 5. This early separation in the
[Lil(H20)n]~ anion is derived from the additional electron, which weakens the
attraction between the Li*l" ion-pair. For [Csl(H20)n]" there is a significant
increase in the Cs—I distance at n = 3 and it reaches a maximum at n = 4, before
decreasing with an increase in n. For neutral Csl(H20)n, no significant change in
the Cs-I distance occurs for n = 0 to 6, presumably as a result of the weak

interaction of Csl with water.

Only a few spectroscopic studies of M*X(H20), complexes have so far provided
any structural information. An early study of NaCl(H20), complexes in an argon
matrix provided a vibrational spectrum of NaCl(H20). The IR spectrum of this
complex shows two bands in the O-H stretching region, in addition to two bands
between 400-700 cm™. These bands suggested a pyramidal structure in which
the sodium cation is linked to the oxygen atom of the water molecule, while the
chloride anion is located below the base of the pyramid.% A microwave
investigations of NaCI(H20), for n = 1-3 has also been reported and was used to
extract structural information on these complexes.[82 The structures of
NaCl(H20), complexes obtained from this study are different from those deduced
from the early matrix IR work. The spectra analysis are supported by theoretical
calculations and are consistent with a CIP complex with a steady increase of Na-
Cl bond with every additional water molecule. Also the computational chemistry
calculations illustrate that the structures contain a bond between the Na ion and
the oxygen atom, while the chloride ion is linked to the water molecule through
an ionic hydrogen bond (IHB). However, this finding illustrates that three water
molecules is insufficient to increase the distance between the Na* and CI™ ions

significantly.

Recently, the Leicester helium nanodroplet group recorded IR spectra of
NaCl(H20)» complexes in liquid helium nanodroplets. 7] The IR spectra were
recorded for n = 1-4 and the spectra for n = 1, 2, and 3 are consistent with
formation of the lowest energy CIP structures, in which each water molecule
forms a single (IHB) to an intact Na*Cl~ ion-pair (Figure 1.7). Through a
combination of the experimental findings and ab initio calculations, different
structures with hydrogen bonding between water molecules become
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energetically competitive for n = 4, and the IR spectrum indicates likely the

coexistence of at least two isomers.

Figure 1.7. The structure of the global energy minimum of NaCl(H20) showing an ionic

hydrogen bond between the water and the chloride ion in the Na*ClI- ion-pair.
1.6 The aim of the work in this thesis

This work builds upon the preliminary study of NaCl(H20), complexes described
in the previous section. It aims to extend the study of the formation and the
properties of ion-pairs in solutions by looking at different salts, as well as with

other solvents.

The remainder of this thesis is arranged as follows. In Chapter Two, details about
the helium nanodroplet apparatus will be provided. In chapters Three, Four and
Five, the IR spectra of NaCI(CH3OH)n, Lil(H20)» and Lil(CH3sOH)x, respectively,
are presented and discussed. Lil is an interesting alternative to NaCl because it
has a cation and an anion with very different sizes and therefore dramatically
different charge densities. This difference provides an opportunity to compare the

effect of cation and anion size on the hydration process.

The final chapter presents mass spectra recorded for a variety of salts with a
variety of polar solvents such as water, methanol, acetone and acetonitrile. These

measurements were made as a foundation for future IR spectroscopic studies.
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CHAPTER 2

Experimental Apparatus

2.1. The superfluid helium nanodroplet system: an overview

The apparatus used in these experiments was the helium nanodroplet apparatus
illustrated in Figure 2.1. It provides a high vacuum environment in which to grow,
dope and probe helium nanodroplets. The system consists of three vacuum
chambers isolated by two gate valves. The vacuum seals on all chambers use
copper gaskets to try and achieve the highest possible vacuum. Before entering
the first chamber, the source chamber, high-purity helium gas is pre-cooled using
a closed-cycle cryostat. This cold gas then expands into the source chamber by
supersonic expansion through a pinhole aperture. The second chamber is the
pick-up zone in which atoms and molecules, in the gas phase, can be added to
the helium nanodroplets. Sequential pick-up of more than one substance is
possible when the nanodroplets travel through different pick-up regions. In this
case binary clusters can be formed. Finally, the third chamber is the analyzing
chamber and here there is a quadrupole mass spectrometer. It is also here where
the laser beam used for recording IR spectra enters the apparatus. The base
pressures in the source chamber, pick-up and mass spectrometer chambers are

around 107, 10°® and 10-1° mbar, respectively.

A photograph of the helium nanodroplet apparatus is shown in Figure 2.2. More
details will be provided about each part of the apparatus in the following sections.
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Figure 2.1.
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Schematic showing the three vacuum chambers of the helium nanodroplet
apparatus. (a) Helium droplet source, (b) 0.5 mm nickel skimmer, (c) cryo-trap
(77 K), (d) evaporator oven, (e) solvent pick-up cell, (f) 5 mm nickel skimmer, (g)

quadrupole mass spectrometer and (h) OPO/A laser for spectroscopic studies.

Pumping speeds are shown beneath each chamber in L/s.

Figure 2.2.

Photograph of the helium nanodroplet apparatus. The mass spectrometer
chamber is on the left side and the source chamber on the right. All of the
chambers are mounted on a bearing system to allow them to be separated for
maintenance. The vacuum chambers downstream of the source chamber are
also equipped with a baking system (hence the aluminium foil) to help improve

the vacuum.
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2.1.1 Helium nanodroplet source

The first step in forming helium nanodroplets is to pre-cool high-purity helium gas
(99.9999%) using a closed-cycle cryostat (F-50, Sumitomo Heavy Industries).
Helium nanodroplets are then formed by supersonic expansion of the pre-cooled
helium through a pinhole nozzle. This pinhole is made from a Pt:Ir (95:5) electron
microscope aperture (Gunther Frey GmbH & Co. KG), which is a 5 mm diameter
disk with a 5 ym circular orifice in the centre and a thickness of 0.2 mm. This disk
is placed between a copper cylinder with a 1 mm diameter channel through its
centre and a copper plate with a 0.5 mm diameter aperture and conical angle of
90° expanding outwards into the vacuum chamber. An indium sheet is used to
provide a seal between the nozzle and the copper cylinder, thereby preventing
escape of helium around the edges (see Figure 2.3). Once formed the helium
nanodroplets are collimated into a beam by passage through a nickel skimmer
with a 0.5 mm diameter aperture. The entire nozzle/cryostat assembly is mounted
on an XYZ manipulator to allow the correct alignment with respect to the skimmer
and to allow the nozzle-skimmer distance to be adjusted. The nozzle-skimmer

distance is usually about 5-10 cm.

Platinum disk

A

Copper plate

Copper cylinder Indium sheet

Figure 2.3. Cross-sectional schematic of the pinhole nozzle.

For the experiments in the current study we require helium nanodroplets
consisting of a few thousand helium atoms (on average). To achieve this, the
gaseous helium was pre-cooled to temperatures between 14 and 16 K. This
steady-state temperature is maintained by a Lakeshore 336 controller, which

supplies current to a heater placed behind the nozzle pinhole. The combination
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of the cooling from the cryostat and the heating from the heater cartridge makes
it possible to maintain a fixed temperature, which can be adjusted as needed.
The stagnation pressure of the gaseous helium behind the nozzle in the

experiments reported in this thesis was usually 30-33 bars.

The source chamber vacuum is maintained by two large turbomolecular pumps
(Turbovac MAG W 2800, 2800 L/s each, Oerlikon-Leybold) backed by single
roots pump (RUVAC 251, Oerlikon-Leybold), which in turn is backed by a large
scroll pump (SCROLLVAC SC60 D, Oerlikon-Leybold). In total, the pumping
speed is 5600 L/s.

2.1.2 Pick-up chamber

The helium nanodroplet beam is collimated by the first skimmer and enters the
pick-up region. For the experiments described in this thesis two pick-up cells were
used, one to add salt molecules to the nanodroplets and a second to add solvent
molecules. These are described in the sub-sections below. The overall vacuum
in the pick-up zone is provided by a 600 L/s turbo molecular pump (Leybold
Turbovac MAG W 600 P), which is backed by a scroll pump (SCROLLVAC SC15
D, Oerlikon-Leybold or D-35614 Asslar, Pfeiffer Vacuum). This pumping system
achieves a chamber base pressure in the region of 1x108 mbar, rising to 7x10®

mbar when helium nanodroplets flow through this region.

2.1.2.1 Salt pick-up cell (evaporation oven)

To pick-up one or more molecules when the helium nanodroplets have a mean
size in the region of a few thousand helium atoms, dopant pressures on the order
of 10 to 10> mbar are required.l®® The first pick-up cell consists of an oven
evaporator for heating solid samples to generate a significant vapour pressure.
This heated pick-up cell was constructed from a high thermally conductive
ceramic cylinder (FRIATEC Aktiengesellschaft/ Germany) whose dimensions are
shown in Figure 2.4. The ceramic is alumina (Al203) (DEGUSSIT AL23). Helical
grooves on the outside of the cylinder position a 0.8 mm diameter tantalum (Ta)
heating wire. To prevent any electrical shock and to also minimize heat losses,
the heating wire was covered by a thin layer of ceramic glue (Cotronics
Corporation Co), which provides high electrical resistance, dielectric strength and
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thermal conductivity to about 1600 °C. Also, both ends of the Ta wire which
connect to the power supply are covered by ceramic paste. The chosen solid (in
our case a salt) is placed within the alumina tube and the open ends are then
closed by attaching ceramic wafers with a 6 mm hole in the centre to allow the
helium nanodroplet beam to pass through. These ceramic wafers are press-fitted
onto the open end of the cylinder host and held in place using the same ceramic
paste that was used to cover the heating wire. A thermocouple wire (Type (C)
tungsten/rhenium alloy) is attached to the outer surface of the cell which is
capable of measuring temperatures up to and in excess of 2000 °C. Finally, to
avoid increasing the temperature of other components inside the vacuum system,
the entire oven is surrounded by water-cooled copper tubing. Under these
conditions an oven temperature of more than 1600 °C can be achieved and this

is sufficient to evaporate a wide range of salts.

Al03 Cylinder Ta wire Ceramic paste

l 0000000000 ......../

1 5mm Salt 14 mm 15 mm

70 mm

Figure 2.4. Schematic of the evaporation oven.

2.1.2.2 Alkali halide evaporation process

Several studies have dealt with the mechanism of alkali halide evaporation. Mellir
and Ewingl®84 pointed out that MX salt evaporation occurs via a two-step
mechanism. The first step is the conversion from crystal to surface salt while the
second step is the conversion from the surface state to the vapour. The monomer
prevails at low temperature while, other species such as the dimer and trimer are
dominant at high temperature. The evaporation of NaCl at the temperature used
in this work (445 °C) has been found to produce monomeric NaCl almost

exclusively in the vapour, with negligible production of NaCl dimer and atomic
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sodium at this temperature.[®7:8% On the other hand, the evaporation temperature
of Lil was found to be 285 °C at which gave the maximum intensity of Lil* ion at

134 m/z. More details on the evaporation Lil will be discussed in Chapter Four.

2.1.2.3 Solvent pick-up cell

Solvent pick-up occurred in a second pick-up cell downstream of the salt pick-up
cell. The design of this cell is quite different from that of the salt pick-up cell for
two reasons. First, this cell is not heated. Second, the aim here was to provide
solvent vapour at a carefully controlled and known pressure, in order that this
pressure can be adjusted and used to confirm spectral assignments. To do this,
a differentially-pumped pick-up cell was used.

The basic arrangement is shown in Figure 2.5. The cell is formed from a stainless
steel 4-way KF cross. The long tube (shown as the larger diameter horizontal
tube) spans the width of the vacuum chamber. On one side solvent vapour is bled
in using a needle valve, while at the opposite end of the tube is a pressure sensor
and a small turbo pump (Turbovac TMP 50, 50 L/s, Oerlikon-Leybold) backed by
a small mechanical pump (SCROLLVAC SC15 D, Oerlikon-Leybold and D-35614
Asslar, Pfeiffer Vacuum). Perpendicular to this tube is narrower diameter tubing
terminating in KF16 flanges. The open ends of this axis are closed by KF 16 caps
with a 4 mm hole in the centre to allow the helium nanodroplet beam to pass
through. These holes are sufficiently small such that an essentially constant
pressure can be maintained inside the pick-up cell, i.e. there is no significant
pumping effect from the larger turbo pump outside of the cell. In this way we can
carefully control the dopant pressure inside this pick-up cell. The base pressure
in the pick-up cell is about 1.7x10® mbar when the needle valve is closed, so all

pressures of the dopant are quoted relative to this baseline value.
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Figure 2.5. Schematic of the solvent pick-up cell.
2.1.3 Analysis chamber

A mass spectrometer is mounted vertically from the top of the last vacuum
chamber. The mass spectrometer, which is described in more detail in the next
section, serves several roles including as a diagnostic for helium nanodroplet
formation. At the very end of the chamber is a quartz window, which allows a
laser beam to be directed into the source region of the mass spectrometer for
spectroscopic experiments. In fact, the laser beam can be directed further along
the apparatus through a window in the gate valve, which makes it easy to align
the laser beam along the path of the helium nanodroplets without having to vent

the mass spectrometer vacuum chamber.

The vacuum in this chamber is provided by a 400 L/s turbomolecular pump
(Leybold Turbovac MAG W 400 P backed by a SCROLLVAC SC15 D, Oerlikon-
Leybold scroll pump). This pumping system achieves a chamber base pressure
of about 1x10° mbar, rising to 7x10° mbar when the gate is open and exposed

to the helium nanodroplet beam.
2.2 Mass spectrometry

Two types of mass spectrometers have been used in the work described in this
thesis. Quadrupole mass spectrometry (QMS) was used for recording IR
depletion spectra and will be briefly described in this section while a reflectron
time-of-flight mass spectrometer (TOF-MS) was used for exploring the
evaporation behaviour of salts and their ability to co-add a solvent (see separate

details in Chapter Six).
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The quadrupole mass spectrometer used in this work was an Extrel MAX 4000
model. This is equipped with an electron impact ionization source whose energy
can easily be varied but is usually set between 60-100 eV, with an approximate
resolution of 1 eV. After ionization the positive ions are drawn transversely into a
guadrupole mass filter via deflection electrodes and focusing lenses. The highest
detectable m/z ratio in the QMS is about 4000 and the mass resolution (m/Am) is
1200.

The QMS can be operated in two modes. One option is the full scan mode, which
simply records a mass spectrum over the range chosen by the user. However,
for IR depletion spectroscopy a second mode is used, the single ion mass (SIM)
scan. Here the quadrupole mass filter is set to transmit ions only in a very narrow
mass range through to the detector. The choice of mode is set by the user via the

Merlin (proprietary) software provided.

Note that there are other uses for the SIM mode in addition to the one given
above. It can be used for aligning the helium nanodroplet beam by observing the
dimer ion (Hez*) signal while changing the expansion conditions. Also, the SIM
mode can be used for optimizing the pick-up conditions, such as oven

temperature and solvent partial pressure.
2.3 Optical parametric oscillator/amplifier (OPO/A) laser

A tunable infrared laser beam for spectroscopic experiments was provided by an
optical parametric oscillator/amplifier (OPO/A) system (LaserVision). This system
consists of two principal components, an optical parametric oscillator (OPO) and
an optical parametric amplifier (OPA). The system produces an output that is

tunable from 712 to 880 nm and from 1.35 to 5.0 um.

The first optical parametric oscillator (OPO) was discovered by Giordmaine and
Miller in 1965.1881 The underlying principle of the OPO is a nonlinear interaction
between optical radiation and certain types of crystal: this effect is only noticeable
at the very high light intensities available from lasers. Basically, an OPO converts
a fraction of the input (pump) laser beam (frequency wp) into two output beams
of lower frequencies by means of a nonlinear interaction between the dielectric

polarization of the crystalline medium and the electric field of the light. The output
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beam with the higher frequency is called the signal beam (ws) while the second

beam is called the idler (wi). By conservation of energy we have:

(Wp)= (ws) + (wi)  [3]

For the LaserVision system the pump beam is the 532 nm output from an Nd:YAG
laser (Continuum Surelite 11-10). This 532 nm beam derives from the 1064 nm
fundamental output of the Nd:YAG laser and is obtained by frequency doubling
inside the OPO system. The 1064 nm beam from this laser (up to a maximum
input pulse energy of 585 mJ) is directed into the OPO/A system at a repetition
rate of 10 Hz with pulses of approximately 5 ns duration. The 1064 nm beam is

divided into two pathways, as can be seen in Figure 2.6.
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Figure 2.6. Schematic of the OPO/OPA laser.

One part of the 1064 nm beam enters the OPO part of the laser. As mentioned
above, here the beam is frequency doubled from 1064 to 532 nm using a KTP
crystal (C1). The residual of this portion of the 1064 nm beam after the doubling
is dumped at D1 while the green 532 nm beam is then steered into the oscillator
cavity (Rear Mirror X1 and Output Coupler X2), which contains a second KTP
crystal (C2). The oscillator cavity generates radiation at two different frequencies
through an optical parametric process to produce the signal and idler waves. The

signal wave is horizontally polarized while the idler is vertically polarized. The
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polarizations of the signal and idler are then flipped using a half-wave plate
(WP1). The use of WP1 is to rotate the seed beam polarization and permits the
1064 nm OPA crystals to be angle-turned in the horizontal, rather than the

vertical, plane before entering the OPA stage of the laser.

In the second stage, the OPA, two further signal and idler waves are generated
by mixing the rest of the pump 1064 nm beam with the idler output from the OPO
stage. Both beams are then passed through four KTA (C3-6) crystals for
amplifying the signal and idler energy and then onwards into a dichroic mirror
(Dc2), which removes any residual 1064 nm pump from the co-propagating signal
and idler waves. The second part of the OPA stage acts as an amplifier for the
signal and idler. The signal is horizontally polarized while the idler is vertically
polarized. Before the signal and idler pass from the laser housing, the polarizer
will dictate which one will pass out of the system (but not both), depending on the
orientation of the polarizer.

The laser beam is then steered into the helium nanodroplet apparatus chambers
using two mirrors. Before the apparatus, two irises are used to control the laser
beam alignment. The laser beam travels from the OPO/A system to the apparatus
through an air-purging system which consist of 1.4 m plastic tube containing pure
N2 gas. This purged optical path is used to reduce absorption by gases in air. To
achieve the maximal overlap of the laser light with the helium nanodroplet beam,

a concave lens is used to gently focus the laser beam.
2.4 Depletion spectroscopy

Optical spectra of molecules and complexes in helium nanodroplets are often
extracted using the technique of depletion spectroscopy. The basic principles of
the technique were described in section 1.4. Briefly, the output beam from the
OPOI/A enters the helium nanodroplet apparatus from the end opposite to the
helium nanodroplet source. The laser beam therefore travels in a counter-
propagating fashion to the nanodroplet beam. It is important to try and achieve
maximum overlap of the two beams (Figure 2.7 (a)). This overlap can be
achieved using two irises and one concave lens (Melles Griot Co) with a 100 cm
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focal length to concentrate the laser power to a focal point in front of the second
pick-up cell.

The picked up dopants (Figure 2.7 (b)) can be excited by absorbing energy from
the laser, providing the right frequency is selected. Resonant absorption of a
photon will cause the droplets to shrink by losing (typically) several hundred
helium atoms (Figure 2.7 (c)). The decrease in the droplet size will reduce the
electron-impact cross section for ionization, causing a significant drop in the mass
spectrometer signal at resonance (Figure 2.7 (d)): this process is called
depletion.® Thus a depleted ion signal is recorded when the laser achieves
resonance. A typical level of signal depletion is a few % and the process is

illustrated in Figure 2.7.

-——= depletion signal

W

> Resonant

(a) (b) (c) (d)

Figure 2.7. Schematic of optical depletion process for a doped helium droplet. (a) Laser beam
and molecule bean overlap. (b) Helium droplets picked up dopants. (c) Resonant

absorption cause the droplets to shrink. (d) Depletion signal during resonance.
2.5 Computational chemistry calculations

Ab initio calculations were used to support the results by predicting possible
structures of MX(solvent), complexes and their corresponding IR spectra. A high
level of theory, second order Mgller-Plesset perturbation theory (MP2), was used
to identify the structures of the studied complexes. Also, the accuracy of the basis
sets were increased gradually to predict the possible structures. This level of
theory was used to explore the structures of Lil complexes with water and
methanol. The details of these calculations are explained in sections 4.3 and 5.3.
In case of the calculations of NaCI(CH3OH)», complexes in Chapter Three, the
predicted spectra at the MP2 level of theory did not agree very well with
experiments. Therefore, density functional theory DFT was used as an alternative
theory to support the result of these complexes. DFT theory showed better
correlation with the experimental spectra than MP2 theory due to the differences
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in scaling factors. The details of the ab initio calculations of NaCIl(CH3OH)n

complexes is discussed in section 3.3.
2.6 Data acquisition and processing

Proprietary software (Merlin Automation, version 4.0) is used to control the QMS
and monitor the mass-resolved ion signal. For recording IR depletion spectra, the
QMS software is used in combination with a program written in LabVIEW (version
2015) that scans the OPO/A wavelength and reads the ion signal accumulated
by a photon counter (SRS Model SR400).

Once the QMS is set to monitor the ion signal of interest the IR depletion signal
is collected in the following way. The internal system timer of the digital delay
generator (BNC Model 555) generates the starting pulse, To, every 100 ms (10
Hz). Three channels on the delay generator are then used to provide trigger
pulses to the Nd:YAG pump laser and the photon counter. Channel A triggers the
flashlamps in the Nd:YAG laser at a delay time of 4.242 ms relative to To, whilst
channel B triggers the opening of the Nd:YAG laser Q-switch after a further delay
of 0.203 ms; this generates a nanosecond laser pulse, Figure. 2.8(a). Channel C
triggers the photon counter at a delay time of 0.01 ms relative to To. The photon
counter also receives an input signal from the QMS ion detector and uses two
independent channels (1 and 2), set by the internal trigger of the photon counter,
to count the number of ions that arrive during a selected time interval after the
trigger from Channel C, as illustrated in Figure. 2.8(b). Channel 1 on the photon
counter is used to accumulate the ion signal from target molecules that are
temporally overlapped with the laser pulse inside the spectrometer chamber
(laser ON). The optimum delay time and width for this channel were determined
to be 5.1 ms and 1.0 ms, respectively. Channel 2 on the photon counter measures
the ion signal generated in the absence of a laser pulse (laser OFF). The
respective ion signals are accumulated by the photon counter after 400 laser
shots, which corresponds to a time period of 40 s. This long accumulation time
was chosen in order to achieve a suitable signal/noise ratio and to account for

slowly varying fluctuations in the ion signal.
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When recording the IR depletion spectrum, the LabVIEW program sends a
command to the OPO/A to scan the wavelength over a specific range and at a
chosen scan rate. The LabVIEW program reads the values from both channels
on the photon counter as well as the OPO/A wavelength. This process is
repeated until the laser reaches the end of the specified wavelength range. The
depletion signal, which is the difference between values recorded on the two

channels of the photon counter, is then calculated as a function of the laser

wavelength.
Channel 1 Channel 2
1 ms width 80 ms width
A~ A ‘
Depletionisignal
a'—ﬁ
(b) \./ Photo counter
C ! I | T 1 [ [ |
51 10 90 100 ms
Flash Q-switch
B
(a) A ND:YAG laser
To
———— Channel 1 in photo counter (depletion signal when laser ON)

Channel 2 in photo counter (depletion signal when laser OFF)
Key A, B and C (Timing trigger of the delay generator)
(a) Timing triggered of delay generator
(b) Timing triggered of photo counter

Figure 2.8. lllustrative experimental timing diagram.
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3.1 Introduction

In solid, alkali halides have a crystalline structure which, when placed in a
solution, is disrupted by polar solvents (such as water) and the solid dissolves to
produce separated ion-pairs, in dilute solutions. The solubility of these salts in
water is extremely high. However, the solubility of alkali halides in other polar
protic solvents, such as methanol, is much lower than in water. 87 881 The main
reason for the reduced solubility of salts in methanol and other alcohols,

compared with water, is related to the hydrophobic alkyl group(s).

In bulk solutions there have been some investigations of possible structures that
occur when alkali halides are dissolved in an alcohol. For example, Bowron and
Finney 89 applied neutron scattering measurements to a solution of NaCl in t-
butanol. The data suggest that the linkage between NaCl and t-butanol consists
of an ionic hydrogen bond (IHBs) between the halide atom and the OH group of
alcohol molecules. On the other hand, Paschek et al.’® have rejected the
conclusion of IHBs and presented experimental and theoretical evidence for a
different type of interaction between NaCl and t-butanol in which a halide ion
attaches to the methyl groups in t-butanol. If correct, this linkage will increase the
attractive interactions between the hydrophobic methyl groups in other t-butanol

molecules.

There have been several spectroscopic investigations of NaCl(H20)n complexes,
which were summarised in Chapter One.[780-82] The aim of such studies is to
learn more about the way salt molecules interact with water molecules and to
learn about the transition from simple complexes to a fully solvated system. By
working with finite-sized systems one can also readily bring ab initio electronic

structure calculations into the investigation to supplement the experimental work.

44



Given the recent success in looking at NaCl(H20)» complexes, a natural
extension is to replace the water molecules with methanol. This will allow the
effect of the amphiphilic character of methanol on its interaction with NaCl to be
explored. As will be discussed below, the resulting data are consistent with the
formation of contact ion-pair structures in which several methanol molecules can
bind to a neutral NaCl molecule via IHBs between the OH groups and the chloride
ion. These structures are similar to the salt-bridge structures mentioned in the
previous paragraph.®® The experimental work has been supported using
quantum chemical calculations to explore the structure of the complexes for

n<4.
3.2 Experimental

The experimental apparatus was described in detail in Chapter Two of this thesis.
In brief, helium nanodroplets were formed by expanding pre-cooled high purity
helium gas at a stagnation pressure of 33 bar and a temperature of 16 K through
a small aperture (5 um) into a vacuum. The mean size of the nanodroplets is
expected to be close to 5500 helium atoms under these expansion conditions.
After passing through a skimmer, the nanodroplet beam then sequentially travels
through two pick-up cells: the first contained NaCl vapour and the second
methanol vapour. NaCl vapour was produced by resistively heating a pick-up cell
containing solid sodium chloride (99.9999 %, Fisher Scientific) to a temperature
of 445°C. The methanol (99.999 %, Sigma-Aldrich) was degassed using the
freeze-pump-thaw technique. This entailed freezing the solvent using liquid
nitrogen and then pumping off residual gases for 10 minutes. This process was
repeated three times before starting each experiment. Methanol was placed in an
ice bath during the experiment to lower the vapour pressure and was then
delivered into the second pick-up cell via a needle valve. The partial pressure in
the pickup cell was around 2x10-® mbar before the addition of methanol and
increased gradually with increased methanol vapour pressure. Under these
conditions, small NaCIl(CH3OH), complexes can be formed and conditions can
be optimized to favour a specific complex by adjusting the partial pressures of the

two dopants. However, in helium nanodroplets a distribution of cluster/complex
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sizes always occurs because of the statistical nature of the pickup process, so
full selectivity by pressure control is not achieved.

IR spectra were recorded via a depletion technique. This technique depends on
recording the reduction of the mass signal of complex ion, as a result of IR

absorption, and was fully detailed in section 2.4.
3.3 Computational details

Theoretical support for this work was provided by Magnus Hanson-Heine and
Nicholas A. Besley at the University of Nottingham. Ab initio calculations were
performed on NaCI(CH3OH), for n = 1- 4 using the Q-Chem software package.[®!]
Density functional theory (DFT) with the M06 functionall®? was used to search for
optimized geometries. Fifty different initial configurations were generated by
rotating the methanol molecules randomly around the NaCl ion-pair in order to
scan a wide range of potential geometries.

The initial configurations for the n = 1 and 2 complexes were optimized at the
M06/6-311++G(d,p) level of theory. For the n = 3 and 4 complexes, the initial
configurations were optimized at the M06/6-31++G level of theory. All optimized
structures within 0.5 eV of the minimum energy structure were then re-optimized
with the larger 6-311++G(d,p) basis set.

Vibrational frequencies were calculated assuming the harmonic approximation.
To achieve realistic agreement with experiment, a scaling factor is needed to
account for vibrational anharmonicity. Instead of using a standard scaling factor,
the scaling factor employed was derived from actual anharmonic vibrational
frequency calculations of OH stretching modes of the NaCI(CH3OH)» complexes.
The anharmonic vibrational frequencies for NaCI(CH3OH), (n = 1 and 2)
complexes were calculated using second-order vibrational perturbation theory
(VPT2), in addition to using the transition optimized shifted Hermite (TOSH)
variation on VPT2.[%1 When compared with the calculated harmonic vibrational
frequencies the average of more than three vibrational modes and the two
methods gave a scaling factor of 0.924, which was then applied to the harmonic
frequencies. The value of 0.924 is lower than most typical scaling factors [°3 and
suggests that the OH stretching mode in NaCI(CHsOH)» complexes has a high
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degree of anharmonicity, which may be a consequence of the ionic hydrogen
bonding.

3.4 Results and Discussion
3.4.1 Overview of the experimental results

A mass spectrum recorded from the NaCI(CH3OH), experiments can be seen in
Figure 3.1. Three series of peaks are observed in this spectrum. One series
derives from Hen* cluster ions, which can be seen across the mass spectrum but
which are particularly noticeable at m/z values < 120. These peaks are not
labelled in Figure 3.1 but give rise to a series of peaks separated by 4 mass units.
Of the two highlighted series, one is assigned to (CH3sOH)nwH* and the other to
(CH3OH)mNa*. The (CH3OH)mH* ions derive from ionization of methanol clusters
within helium nanodroplets while the (CH3OH)mNa* ions are the products of
ionization of NaCI(CHsOH), complexes in these nanodroplets. We do not see any
intact [NaCI(CHsOH)q]* ions, i.e. loss of a Cl atom on ionization must be facile.
This behaviour is analogous to that seen in the ionization of NaCl(H20)n

complexes in helium nanodroplets. 1671

I | |
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(CHaOH)mNa*
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Figure 3.1. Mass spectrum from the NaCI/CH3OH system obtained using an electron energy
of 70 eV.
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IR spectra were recorded using the depletion technique by detecting specific
(CH3OH)mNa* ions. The resulting spectra are shown in Figure 3.2. Before going
into more detail later, some general comments are required here. Figures 3.2 (a),
(b) and (c) show IR spectra recorded by detecting ions with m = 1, 2 and 3,
respectively. Peaks are seen in both the OH stretching region (>3000 cm™) and
the CH stretching region (<3000 cm?t). Some relatively sharp peaks can be seen
in the OH stretching region for m = 1 — 3. However, the OH stretching region for
m = 4, which is shown in Figure 3.2 (d), is very broad with no obvious structure
and which reaches a maximum near 3300 cm. Beneath each spectrum for m =
1- 4 are the predicted IR spectra from DFT calculations assuming the value of m
in the (CH3OH)mNa* ions matches the solvation number in the corresponding
neutral complex, NaCI(CH3OH),, i.e. assuming n = m. Later in this chapter we will

discuss specific band assignments and the validity of these assumptions.
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Figure 3.2. Infrared spectra of NaCI(CHsOH), recorded by monitoring ion signals at (a) m/z
55 (Na*(CHsOH)) (b) m/z 87 (Na*(CH3OH)2), (c) m/z 109 (Na*(CH3OH)s) and (d)
m/z 141 (Na*(CHsOH)4). Also shown are the theoretical IR spectra for the
complexes shown on the right of the figure. For n=1-3 only the vibrational lines
from the global minimum energy structure are shown while the transitions from
global and all calculated local minima are shown for n=4. The black and blue

asterisks are weak absorption bands (see later).
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3.4.2 Predicted structures

The DFT calculations found four structures corresponding to potential energy
minima for the NaCIl(CHsOH) complex, all of which are shown in Figure 3.3. In
the global minimum, the NaCl ion-pair is positioned such that the chloride ion can
form an (IHB) with the OH on the methanol, while additional stabilization is
achieved by the close distance between the Na* ion and the O atom. This
structure is similar to that reported previously for the global minimum energy
structure of NaCl(Hz20). [67:82] |n the next lowest energy structure, one of the C-H
bonds is oriented towards the chloride ion while the Na* interacts with the O atom
of the methanol. This structure has an energy about 0.11 eV higher than the
global minimum. The other two isomers have only one hydrogen bond between

methanol and NaCl and have relative energies of 0.21 and 0.71 eV.
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Figure 3.3. Calculated equilibrium structures of NaCl(CHsOH) along with their energies (not

corrected for zero point energy) in eV relative to the global potential energy

minimum.

For NaCI(CHsOH)2, the calculations revealed five distinct minima, as can be seen
in Figure 3.4. The lowest energy structure for the n = 2 complex has two IHBs
linking the chloride ion and the OH groups. The next lowest energy minimum has
an energy of only 0.03 eV above the global minimum and has two distinct bonding

49



modes. One of the methanol molecules is attached to the NaCl in a similar
manner to the global minimum. However, the other methanol molecule has a
slightly different orientation so that it can form a partial ionic hydrogen bond to
the chloride ion and also with the CH bonds from the methyl group. The OH and
methyl groups in the other minima have different orientations. The highest energy

structure lies 0.15 eV above the global minimum structure.
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Figure 3.4. Calculated structures of NaCIl(CHsOH)2z along with their energies (not corrected

for zero point energy) in eV relative to the global potential energy minimum.

Prediction of the structures of n = 3 and 4 complexes provided more of a
challenge. The global minimum for NaCI(CHsOH)s is similar to those found for
NaCl(CH3OH) and NaCIl(CHsOH)2, but now with three equivalent IHBs (see
Figure 3.5). The other structures have different positions of the OH and CHs
groups and the highest energy structure lies 0.17 eV above the global minimum.
For NaCI(CHsOH)4, the lowest energy structure has three IHBs linking the
chloride ion and the OH groups, while the fourth methanol is effectively in a
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second solvation shell and is hydrogen-bonded to one of the methanol molecules
in the inner solvation shell (see Figure 3.6). However, nine different structures
have been found for NaCl(CHsOH)s, which obviously makes for a more

complicated potential energy landscape.
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Figure 3.5. Calculated structures of NaCl(CHsOH)s along with their total energies (not

corrected for zero point energy) in eV relative to the global potential energy
minimum.
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Figure 3.6. Calculated structures of NaCl(CHsOH)4 along with their energies (not corrected

for zero point energy) in eV relative to the global potential energy minimum.

3.4.3 Assignment of IR spectra: OH stretching region

Several bands in the OH stretching region can be seen in Figure 3.2. Although
mass-selective detection of ions has been applied to record the IR depletion
spectra, this techniqgue does not guarantee that the spectrum derives from a
single neutral complex. The reason for this is that fragmentation, by the loss of
one or more methanol molecules, might occur when ionization takes place, and
thus the same absorption band might be in the spectra from different mass
channels. However, mass selectivity can unambiguously identify the minimum
number of methanol molecules in the complex or complexes contributing to a

specific IR spectrum.

Important information on band assignment can also be obtained from the
dependence of the IR signal on the methanol pick-up pressure, as was done
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previously for NaCl(H20)n.[67! Figure 3.7 shows pick-up pressure (PUCP) data for
NaCIl(CHsOH)n. Also shown are Poisson curves for different values of n which
reflect the probability of picking up n dopant molecules in the limit of negligible
droplet shrinkage after pick-up. Unfortunately, the PUCP measurements for
NaCl(CHs3OH), are not as useful as they were for NaCl(H20), for two reasons.
Firstly, there are obvious overlapping bands for different sized complexes, as can
be seen clearly by looking at Figures 3.2(a), (b), (c) and (d), where peaks are
seen at similar positions in different mass channels. Secondly, the relatively
narrow OH stretching bands have a broad underlying absorption feature, which
is most likely related to complexes that have relatively large values of n (> 4). This
underlying broad absorption is very obvious in the IR spectra recorded in the
(CH30OH)2Na* and (CH3OH)sNa* mass channels. Indeed there is even some hint
of a contribution in the (CH3OH)Na* channel. This issue of the broad absorption
can be partially offset by estimating and subtracting its contribution from the
intensities of the narrower peaks as the methanol partial pressure is changed.
However, the overlapping of the sharper bands is a more serious problem and

thereby reduces the ability to gain assignment information from the PUCP data.
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Figure 3.7. Dependence of the IR absorption band intensities on the partial pressure of

methanol in the second pick-up cell detected in the m/z 55 ((CHsOH)Na*), m/z
87 ((CHsOH)2Na*), and m/z 119 ((CHsOH)sNa*) mass channels. Calculated
Poisson curves for the pick-up of one (black), two (blue), and three (red)

methanol molecules are also given.
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Before starting to make specific assignments, the positions of the sharp bands
seen in the OH stretching region are summarized in Table 3.1. All of these bands
lie between 3230 and 3360 cm, which is a relatively narrow range. These
frequencies are strongly red-shifted from the single OH stretching band at
3685 cm* of the methanol molecule in superfluid helium. 4 The main reason for
this red shift is thought to be the formation of ionic hydrogen bonds, which weaken
the OH bonds and thereby lower the OH stretching frequencies. It is useful to
compare this observation with an IR study by Lisy and co-workers in the gas
phase for the anionic complexes CI(CHsOH),. 195 %1 |n this study two distinct
structures for n = 2 were identified from the IR spectra. In the first one, each
methanol molecule is bound to CI- by an ionic hydrogen bond. For the second
structure a methanol dimer binds to CI- by an IHB and then the second methanol
molecule binds to the first by a normal hydrogen bond. The latter structure has
an IHB which caused an exceptionally strongly red-shifted band for this OH
group, giving an absorption band at 2773 cm. No comparably large red-shift was
seen in the region of 2750 to 3700 cm! in this work. We therefore conclude that
there is no methanol-methanol hydrogen bonding in small NaCl(CHsOH),
clusters. This difference between CI(CH3OH), and NaCl(CHsOH), probably
comes from the additional electrostatic stabilization provided between Na* and
the O atom on methanol when an IHB forms between OH and the chloride ion in
NacCl (for example see the global energy minimum structure for NaCI(CH3OH) in
Figure 3.3). Structures with the maximum number of IHBs will be energetically

favoured for small values of n.

Table 3.1.  Positions and assignments of OH stretching bands for NaCI(CHsOH), for n = 1-3.

Band position/cm™ Assigned carrier
3236 NaCl(CHsOH)2
3254 NaCl(CHsOH)
3278 NaCIl(CHsOH)2 + NaCI(CHsOH)3
3323 NaCl(CHsOH)s?
3344 NaCl(CHsOH)s?
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3.4.3.1 Assignment of NaCI(CH3OH)

The assignment process can begin by looking for the IR spectrum of the smallest
complex, NaCl(CHsOH). Taking into account possible ion fragmentation, the
spectrum of this complex might be observable as signal depletion in the Na* or
(CH3OH)Na*™ mass channels. Previously, the IR spectrum of NaCl(H20) was
recorded by our group by detecting Na*. 6] However, when H20 is replaced by
CHsOH, there were no OH stretching bands seen when searching for depletion
in the Na* mass channel. It is therefore reasonable to conclude that ionization of
NaCl(CH3OH) in a helium nanodroplet leads to ejection of Cl but is not
accompanied by loss of CHsOH. Consequently, the IR spectrum of NaCIl(CH3OH)
must be contained within the spectrum recorded in the (CH3OH)Na* channel,
which is shown in Figure 3.2(a). This spectrum shows two partly overlapping
bands, one peaking at 3254 cm and the other at 3271 cm™. The band at 3254
cm? is unique because it has no exact counterpart in spectra from higher mass
channels in Figure 3.2, although it does partly overlap with a peak whose
maximum is at 3236 cm! in the (CHzOH)2Na* channel. The 3254 cm™ band is
Therefore assigned to NaCI(CHsOH). Note that the PUCP curve for this band in
Figure 3.7 does not entirely support this assignment, since it shows a pressure-
dependence that is more related to n = 2 than n = 1. However, the underlying
broad absorption envelope may distort this curve and therefore the PUCP must

be taken as indicative only.

The band at 3271 cmin the (CH3OH)Na* mass channel is close to a band seen
at 3278 cm* in both the (CH3sOH)2Na* and (CHsOH)sNa* mass channels. It is
therefore possible that the 3271 cm band in the (CH3OH)Na* channel is wholly

or partly a contribution from NaCI(CH3OH):2 or a larger complex.

The simulation of the IR spectrum derived from DFT calculations for the global
minimum energy isomer for NaCI(CHsOH) is shown beneath the experimental
spectrum in Figure 3.2(a). Several OH stretching bands are expected if many
isomers are present in helium nanodroplets. However, since only one OH
stretching band is identified as arising from NaCI(CH3OH), only one isomer is
present in helium nanodroplets. The band in the IR spectrum of NaCIl(CH3OH)
was red-shifted by ~430 cm™ from the OH stretching band of the methanol
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monomer in superfluid helium,®4 which means that there is a very significant
weakening of the O-H bond when methanol forms a complex with NaCl. A
previous study of the anionic complex (CHsOH)CI" found that formation of an
(IHB) between the OH and the chloride ion results in a red shift for the OH
absorption of 519 cm1.°6l The smaller red-shift seen for NaCI(CH3zOH) compared
with the anion is reasonable for two reasons. First, the negative charge on the
chloride ion in NaCl is expected to be smaller than for bare CI', making the IHB

weaker. Second, interaction between the Na* and the O atom is also likely to
affect the strength of the IHB.

There is close agreement between the experimental band position and the DFT
calculation for the global minimum isomer of NaCI(CHsOH) in Figure 3.2(a) (the
difference is 10 cm1). This provides additional support for the assignment of the
NaCIl(CHsOH) absorption band. Note that, in addition to the experimental
argument made above, there are other reasons to suspect a contribution from
only one isomer of NaCI(CHsOH). Firstly, other isomers of NaCI(CH3sOH) have a
much higher energy than the global minimum energy structure. Secondly, the
other isomers do not have IHBs and therefore, their OH stretching bands will be

observed at much higher frequencies than the global minimum structure.

3.4.3.2 Assignment of NaCI(CH3sOH)»

The DFT calculations for NaCI(CH3OH)z predict a global minimum structure in
which each methanol molecule is bonded to the NaCl independently in a
symmetrical configuration which involves two IHBs. Therefore, two absorption
bands should be seen for the symmetric and antisymmetric combinations of the

two OH stretching vibrations. The formation of two IHBs with CI” is expected to

lead to a weakening in each individual IHB when compared to NaCIl(CHsOH), as
a result of sharing of the negative charge on the chloride ion between the two OH
groups. Consequently, the O-H bonds in NaCI(CH3OH)2 complexes will be
stronger and so a smaller red-shift for the OH stretches is expected compared
with NaCI(CHsOH). The IR spectrum in the (CH3OH)2Na* mass channel is shown
in Figure 3.2(b), and is dominated by two bands of almost equal intensity, one
centred at 3236 cm and the other at 3278 cm™. The band at 3236 cm™ has no
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counterpart in the spectrum recorded in the (CH3OH)sNa* mass channel and is
therefore assigned to NaCl(CHsOH)2. This is supported by the corresponding
PUCP curve in Figure 3.7, which matches the Poisson curve for n = 2 quite
closely. The DFT calculations predict a separation between the antisymmetric
(lower wavenumber) and symmetric OH stretches of about 26 cm-? for the global
minimum isomer of NaCI(CH3OH)2. The band at 3278 cm* might be that band,
although it would imply a much larger splitting of 42 cm ! when compared with the
26 cm™! predicted by the DFT calculations. Another band is also seen at a similar
position in the (CH3OH)sNa* mass channel and therefore the 3278 cm* band in
Figure 3.2(b) may have contributions from both NaCIl(CHsOH)2 and
NaCIl(CH3OH)s. This seems to be supported by the PUCP data, which are
somewhat scattered but fall between the Poisson curves for n = 2 and 3. The OH
stretching bands of NaCI(CHsOH)2 should be shifted to the blue of that for
NaCI(CHsOH) for the reason mentioned above. If we accept the assignment
made, then the midpoint of the symmetric and antisymmetric bands is indeed
shifted to the blue of the single OH stretching band of NaCI(CH3OH), but the shift
is only +3 cm™ whereas the DFT calculations predict a value of 41 cm. Other
isomers of NaCIl(CH3sOH)2 do not offer a better match with experiment, so the
assignment to the global minimum energy structure made here seems the most

plausible.

3.4.3.3 Assignment of NaCI(CH3OH)3

For the IR spectrum recorded by monitoring the (CH3OH)sNa* channel, the
strongest band is seen at 3278 cm™ and was mentioned in the previous
paragraph because its overlaps with a band at a similar position in the
(CH3OH)2Na* mass channel, see Figures 3.2(c). This band is assigned to
NaCl(CHsOH)s because there is no obviously sharp structure at this position
above the broad absorption envelope in the spectrum in Figure 3.2(d) from the
(CH30OH)sNa*™ mass channel. Of course it is possible that a particular isomer of
NaCl(CH3OH)4 could form (CH3sOH)sNa* on ionization but this isomer-selective
ion fragmentation seems unlikely. This is confirmed by the PUCP data, which
most closely matched the n = 3 Poisson curve. The DFT calculations predict that
the lowest energy isomer of NaCl(CH3OH)s contains three equivalent IHBs and
will have two distinct OH stretching bands because of the threefold rotational
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symmetry in this structure. This DFT predictions show two bands at 3284 cm
and 3320 cm* with a splitting of 36 cm™. The band at 3284 cm™ is from the
(degenerate) antisymmetric OH stretch and is in good agreement with the
experimental band at 3278 cm. The other theoretical band at 3320 cm* arises
from the symmetric OH stretch and also shows a good agreement with the
experimental spectrum for n = 3, which has a band at 3323 cm! (marked with a
black asterisk). In addition there is another weaker absorption band seen in the
IR spectrum at 3349 cm*, which is labelled with a blue asterisk in Figure 3.2(c).
This band is also seen in the (CH3OH)2Na* mass channel and is unfortunately
too weak to record useful PUCP data. Consequently, no specific assignment for
the weak band at 3349 cm™ has been made but it could be arise from a higher

energy isomer of NaCI(CH3OH)s, or possibly even from NaCl(CH3OH)a.

3.4.3.4 Assignment of NaCl(CH3OH)an=4 and 5

There is a significant change in the IR spectra recorded by detecting
(CH3OH)sNa*™ (see Figure 3.2(d)). This spectrum shows only very broad
absorption features in the OH stretching region, which extend from roughly 3100
to 3400 cm™. The broad absorption envelope can be explained by the presence
of overlapping bands from multiple isomers for NaCI(CH3OH)4, in addition to
possible contributions from larger complexes. The DFT calculations have found
seven local minima structures within 0.03 eV of the global potential energy
minimum of NaCI(CH3OH)4 (see Figure 3.6). Figure 3.2(d) shows the predicted
IR contributions from each of these isomers beneath the IR spectrum. The
simulation shows that contributions from multiple isomers extend across the
absorption range of 3200-3450 cm™? and therefore gives a reasonable

explanation for the spectral broadening.

The same trend of a broad absorption envelope in the OH stretching region is
also seen in the depletion spectrum recorded by detecting (CH3OH)sNa*, as
shown in Figure 3.8. A broad band was observed from roughly 3050 to 3550
cml, which can also be explained by the presence of overlapping bands from
multiple isomers for NaCIl(CH3OH)s, as well as contributions from larger

complexes.
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Figure 3.8. Infrared spectrum of NaCl(CH3OH)s recorded by monitoring the ion signal at m/z
183 ((CHsOH)sNa).

3.4.4 Assignment of IR spectra: CH stretching region

Three clear bands can be seen in the IR spectra of NaCI(CH3zOH), complexes in
the CH stretching region. The CH stretching bands in Figure 3.2 are quite intense,
especially for the spectra derived by detecting lighter (CHzOH)nNa™* ions. On the
other hand, there is even a recognizable trace of CH structure seen in the
spectrum recorded at m/z 151, which can only come from complexes with n > 4.
The three CH absorption bands are found at roughly 2830, 2950 and 2975 cm-.
These bands are shifted a few cm to the red when compared with the analogous
bands in the isolated methanol molecule in liquid helium.®¥ Using the standard
notation for free methanol, these three bands can be assigned to the vs, vo and
vz vibrations of the methanol units in NaCI(CHsOH),, respectively. The symmetric
CH stretch of the CHs group is related to the vs mode, while vo and v2 are both
derived from antisymmetric CH stretches. There are many anharmonic vibrations
with overtone and combination states, such as 2vio and va + vio, observed in this
region. °71 A broad feature to the red of the ve band at 2950 cm! was observed
which reflects these additional vibrational complexity. This can be seen clearly in
Figure 3.2(b) and (c).

It is clear that there is no significant change in the CH stretching structure in figure
3.2 as the mass channel is changed. This suggests that the methyl group has no
effect on the binding of NaCl to methanol. This in turn is completely consistent
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with the DFT calculations for the global minima, where binding of CH3OH is

controlled by IHBs without any participation from the methyl group.
3.5 Conclusions

Infrared spectra of NaCIl(CH3OH), complexes have been recorded for the first
time. Several separate vibrational bands are observed in the OH and CH
stretching regions for n = 1-5. The positions of the OH stretching bands are
compatible with formation of isomers in which a IHBs form between the chloride
ion and the OH group in each methanol molecule. Narrow bands are seen for n
< 3, while for n > 4 the narrow bands are replaced by a broad absorption band in
the OH stretching region. This significant change for n > 4 spectra suggests that
multiple isomers are formed in the liquid helium environment for these larger
complexes. Ab initio calculations are used to support the spectral assignments in

this work and show reasonable agreement with the experimental data.
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CHAPTER 4

Infrared Spectroscopy of Lil(H20)x
Complexes in |"|J-J|JIUJm Nanoroplets

4.1 Introduction

The effect of ion size on solvent-solute interactions was studied in the work
reported in this chapter. Lil was chosen for this study as an example of a salt with
a small positively charged ion coupled with |- as a large counter-ion. The ability
of a single alkali halide molecule to dissolve in a small cluster of water molecules
is expected to be strongly dependent on the size, and therefore the charge
density, of the cation and anion.!*®!

A common way to express how the ions interact with water as a solvent is to
describe their behaviour either as kosmotropic or chaotropic in bulk solution.
Kosmotropic ions, also called (order-makers), are usually small and therefore
have a relatively high charge density. Presumably, the ordering process of
kosmotropic ions in bulk water is related to the formation of the solvation shell
and their ability to keep this solvation shell stable in bulk solution. On the other
hand, chaotropic ions (disorder-makers) have the opposite effect because they
are large in size with low charge density that disrupts the formation of stable
solvation shells.[%8°9 Lj* with its small size and high charge density, is expected
to be a kosmotropic ion, while |- acts as a chaotropic ion in bulk solution.%8 So Lil
provides an opportunity to combine a kosmotrope with a chaotrope and see the
effect this has on complexes formed with network.

The effect of ion size and the hydration number on the formation of a contact ion-
pair (CIP) for Lil has been studied using classical molecular dynamics
calculations by Liu et al.l'%! This study was discussed in some detail in section
1.2 of this thesis. Briefly, the potential energy minimum structures of CIP and
SSIP for Lil(H20), complexes depend on the relative cation and anion sizes and

the quantity of water added. Liu et al. found that the CIP structure of Lil(H20)n for
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n < 4 is lower in energy than the SSIP complexes. However, the energy of the
SSIP becomes comparable to that of the CIP at n = 5 and therefore an SSIP
complex can be formed for n > 5.120% By way of contrast, LiF requires many more
water molecules to form SSIP complexes. The difference between LiF and Lil can
be largely attributed to energetics, and in particular the higher dissociation energy
of LiF (577 kJ/mol) [101.1021 compared with Lil (about 352 kJ/mol).[191.102] The
dissociation of the salt molecule is a fundamental part of the energetic steps
needed to form solvated ions and, although F has a higher charge density than
I, and is therefore likely to be solvated more effectively, the higher dissociation
energy of LiIF seems to be a much bigger obstacle. This argument is consistent
with many other previous studies 193105 syggesting that the ion-pairs consisting
of “small-small” ions illustrates stronger associative behaviour between each
other, compared with ion-pairs having different ionic sizes (small-large). Thus
SSIPs more easily form with fewer water molecules for ion-pairs with dissimilar

sized ions, such as Lil.

It is worth discussing the cations (alkali metals) behaviour in water, individually
and in absence of the anion effect, to explore the hydration of cations of different
sizes. The structures of the alkali metals have been studied by recording the IR
and X-ray spectra in aqueous solution.[2%] The measurements illustrate that
lithium is more strongly hydrated on account of its high charge density and can
therefore form a second hydration shell. In contrast, the other alkali ions form only

a single shell of water molecules as a result of their lower charge densities.

This chapter will discuss the IR spectra of Lil(H20), complexes in helium
nanodroplets focusing on the OH stretch region. Contact ion-pair structures are
observed in a very similar manner to NaCl(H20),. The evidence points towards
Lil binding to water molecules via IHBs between the OH groups and the iodide
ion for n = 1-3. Broad absorption bands are seen for the larger complexes (n=4-
7), which seem to arise also from contributions from multiple isomers. However,
there is no direct evidence for SSIP complexes. The experimental work was
supported using quantum chemical calculations to explore the structure of the

complexes for n < 4.
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4.2 Experimental

Helium nanodroplets were formed using pre-cooled ultrahigh purity helium gas
with a stagnation pressure of 33 bar and a nozzle temperature of 16 K. The mean
size of the nanodroplets was close to 5500 helium atoms. After passing through
the skimmer, the droplets beam then sequentially travelled through two pick-up
cells, the first containing Lil vapour and the second water vapour. Lil vapour was
produced by resistively heating a pick-up cell containing solid Lil (99.9 %, Sigma-
Aldrich) to a temperature of 285 °C. The de-ionised water sample was first
degassed using the freeze-pump-thaw technique that mention with details in the
previous chapter and then admitted to the second pick-up cell by a needle valve.
The partial pressure in the pickup cell was around 10°® mbar. IR spectra in the
OH stretching region were then recorded via a depletion technique, as described
in Chapter Two.

4.3 Computational details

Ab initio calculations on Lil(H20)n for n = 1- 4 were performed using the Gaussian
09 software package 171 at the National Service for Computational Chemistry
Software (NSCCS) at Imperial College in London. Second order Mgller-Plesset
perturbation theory (MP2) calculations['°8 were carried out to find the possible
geometries, total energies and vibrational frequencies. Aug-cc-pvtz basis sets
were employed for H, O and Li atoms. The effective core potential (ECP) basis
set aug-cc-pvtz-pp 199 was used for the | atom, as taken from the EMSL basis
set exchange library.[!19 A variety of initial structures were chosen with different
positions and orientations of the water molecules and Lil in an attempt to find as
many isomers of Lil(H20)n as possible. The structures were optimized first at the
Hartree-Fock (HF) level of theory to reduce the calculation time. Any equilibrium
structures found at the HF level were then re-optimized using MP2 level of theory.
The calculated harmonic vibrational frequencies resulting from the optimized
structures were scaled by 0.953. This scaling parameter is the recommended
value by the National Institute of Standards and Technology (NIST)* for this
level of theory and is based upon Computational Chemistry Comparison and

Benchmark Database Number 101.
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4.4 Results and Discussion
4.4.1 Overview of the experimental results

Before discussing the mass spectrometric observations, we first review what was
previously known about Lil evaporation in the gas phase. The first mass spectrum
of Lil vapour was collected by Friedman in 1955.1112] The vapour was produced
in this study by heating Lil to 427 °C in an oven in the ion source of the mass
spectrometer. Friedman found the first evidence for the presence of both the
monomer and the dimer of Lil in the vapour by observing several ions in the mass
spectrum, including Li*, I*, Lil*, Lizl*, HI* and Lizl2*. Later, Bencze et al. recorded
the mass spectrum of Lil vapour in the temperature range of 310-453 °C and
found that Lil vapour contains multiple Lil species taking the formula (Lil)n (n = 1-
4). The key finding was that Lil dimer has the highest vapour pressure.['3l Several
ions were observed in the mass spectrum of this study such as Li*, Lil* and
[Li(Lil)n]* (n=1-3). This study shows that the ionisation of the neutral Lil monomer
in the vapour can produce both Li* and Lil* ions. On the other hand, ionisation of

(Lil)2 dimer can potentially give several ions such as Li*, I*, Lil*, Li2l*, I2* and

Liplp*.[113]

In the current study the mass spectrum of Lil vapour was also recorded, in this
case by capturing pure Lil vapour in helium nanodroplets. An illustrative mass
spectrum is shown in Figure 4.1. Several ions are observed in this spectrum. A
series of peaks derived from Hen* ions largely dominate the mass spectrum. By
way of contrast signals derived from ionization of Lil are relatively weak. The
signals for Li*, Li2*, Lil* and Liz2l* are highlighted with red labels. These ions are
presumably derived from the ionisation of the helium nanodroplets containing
neutral (Li)» clusters. It is clear from Figure 4.1 that the signal intensity of Lil* ion
at 134 m/z is higher than the signal of Liz2l* at 141m/z by about 60%. The signal
intensity for Li2* at 14 m/z is about the same as that of Lil* and is higher than that
of the Li* signal by about 50%. lonisation of neutral Lil monomer can only produce
Li* and Lil* ions, while the (Lil)2 dimer has the ability to produce all of the observed
ions (Li* Li2* Lil* Li2l*). Consequently, these findings suggest that the (Lil)2 dimer
is at least as abundant as the Lil monomer, which does agree to a point with the

study by Bencze et al.[*13]
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A mass spectrum obtained after water is added is shown in Figure 4.2. This
spectrum was recorded at an Lil oven temperature (285°C), which gave the
maximum Lil* ion signal. The assumption behind this choice is that this maximum
in the ion signal will correlate with the maximum vapour pressure of the Lil
monomer. The dominant series marked with the blue lines is assigned to
(H20)nH* formed (presumably) from helium nanodroplets containing no Lil. The
other series, marked in red, is attributed (H20)mLi*. The (H20)mLi* ions are the
products of ionization of helium nanodroplets containing Lil(H20)n complexes,
where n > m. Another series of peaks, which are highlighted with red asterisks (in
Figure 4.2), are assigned to (H20)nLi2" ions. These ions presumably come from
the ionization of (Lil)2(H20)n complexes. Another weak series of peaks was
assigned to (H20)nLiz2l* ions (not shown in Figure 4.2), and these are again
attributed to (Lil)2(H20)n complexes. The relative signal intensities of (H20)nLi2*
and (H20)nLiz2l" ions indicate that (Lil)2(H20)n complexes are more abundant than
Lil(H20)n complexes under our experimental conditions, which is consistent with
the findings of Bencze et al., as discussed earlier. Our evaporation temperature
is only marginally lower, by 25 K, than that used by Bencze et al., so this
assumption is reasonable.l'*3! Despite the abundance of (Lil)2 dimer complexes
with water in helium nanodroplets, this chapter concentrates on complexes of the
Lil monomer with water as a first step towards understanding the structure of CIP
and SSIP complexes for the Lil/H20 system. Clearly (Lil)2(H20), complexes will
make an interesting target for future work. Finally, it seems clear that ionization
of Lil follows the same behaviour as NaCl in that it results in loss of a halogen

atom.[67.114]

The mass spectra derived from Lil/H20 mixtures in helium nanodroplets are much
weaker, in an absolute sense, than the mass spectra derived from the NaCl/H20
and NaCl/CHzOH systems.[67:114 Weak signals were also seen in the mass
spectra of Lil(CH3sOH), complexes reported in Chapter Five and similarly for Lil
with acetone and acetonitrile in Chapter Six of this thesis. This weakness may be

related to low vapour pressure of the Lil monomer compared with the (Lil)2 dimer.
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Figure 4.1. Mass spectrum from Lil in helium nanodroplets (temperature for Lil oven was 285

°C) obtained using an electron energy of 70 eV.
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Figure 4.2. Mass spectrum from a Lil/H20 mixture in helium nanodroplets obtained using an

electron energy of 70 eV. The oven temperature was the same as that used to

collect the data in Figure 4.1.
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Since the peaks assigned to (H20)mLi* ions are so weak, more evidence, such
as Poisson distributions is needed to help with the assignment. The dependence
of the ion signals on the water partial pressure has therefore been measured to
show that they are consistent with water content. Figure 4.3 shows pick-up
pressure data for (H20)mLi* (m = 1-4) ions at 25, 43, 61 and 79 m/z. In this figure
Poisson curves are also shown which show the expected response of the signals
as a function of water pickup pressure for different values of m and assuming that
the (H20)mLi* derive from Lil(H20)m, i.e no significant loss of water molecules on
ionization. The data have been collected from several mass spectra recorded
under the same experimental conditions (Lil oven temperature and nozzle
expansion conditions) but with different water partial pressures. The experimental
curves closely match with the Poisson distributions, except the amplitude of the
experimental curve for m/z 43 (red symbols) is significantly larger than that
predicted by the Poisson curve for m = 2 (red line). The maximum here has an
unexpectedly high amplitude which may be caused by overlapping signal from
another ion or ions at the same m/z. For example, the propyl cation, CsH7*, occurs
at m/z 43 and could be derived from trace hydrocarbon contamination from the
vacuum system. This difference will be discussed in detail later in the assignment
of IR spectrum of Lil(H20). complex.
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Figure 4.3. Water pressure-dependence of the ion signals at m/z 25 ((H20)Li*), m/z 43
((H20)2Li), 61 ((H20)sLi*) and 79 ((H20)4Li*). These data were collected with the
Lil oven at 285°C. Also shown are the calculated Poisson curves for the pick-up

of one (black), two (red), three (blue) and four (green) water molecules.
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Figures 4.4 and 4.5 show the IR spectra recorded by monitoring the (H20)mLi*
ion signals for m = 1-7 in the OH stretching region. Figure 4.4(a), (b), (c) and (d)
shows the IR spectra recorded for m = 1-4 together with the predicted IR spectra
for of Lil(H20)n from MP2 calculations assuming n = m. The predicted spectrum
is shown beneath each experimental IR spectrum. Figure 4.5 (a), (b) and (c)

shows the IR spectra for m = 5-7.

In general, the IR spectra show some relatively narrow bands, but also in some
cases rather broader absorption features can be seen. The S/N ratio in these
spectra is not particularly good, although somewhat surprisingly it does seem to
increase with the number of attached water molecules. The low S/N ratio may be
related to the low intensity of (H20)nLi* ions observed in the mass spectrum. Also,
a significant negative-going feature is observed in the IR spectra which is an
artefact derived from the position of the background subtraction gate (see
Chapter Two). It was subsequently discovered that by postponing the
background gate so that it is after the laser depletion pulse and not before, as
measured in this work, the negative-going signal can be removed. However, its
presence here does not change the general conclusions from the spectra in
Figures 4.4 and 4.5.

In Figure 4.4(a) a single band with a relatively narrow linewidth is seen for m =1.
This band lies within the bonded OH stretching region. There is no evidence of a
band in the free OH stretching region but given that the signal is weak it is
possible that such an absorption does occur but is lost in the noise. The spectrum
for m = 2 has three sharp peaks, each with a broader shoulder on one side of the
peak. The highest frequency sharp peak is clearly in the free OH stretching
region, while the other two fall into the bonded OH stretching region. For m = 3
the spectrum becomes simpler. Once again there is a clear peak in the free OH
stretching region and then what appears to be two partly resolved peaks in the
bonded OH stretching region. The m = 4 spectrum shows a single but relatively
broad and asymmetric band in the free OH stretching. There is also a single,
prominent band in the bonded OH stretching region. This band is asymmetric and
is accompanied by evidence of broad but weak features in this region.
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The IR spectra for m = 5-7 are less well defined. Three broad bands are observed
clearly for these complexes between 3100 to 3550 cm?, which puts them in the
bonded OH stretching region. A somewhat narrower, although still fairly broad,

band is seen in the free stretching region in each case.
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Figure 4.5. Infrared spectra of Lil(H20)m recorded by monitoring ion signals at (a) m/z 97

((H20)sLi*), (b) m/z 115 ((H20)sLi*) and (c) m/z 133 ((H20)7Li*).
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The first challenge is to assign specific bands to specific neutral Lil(H20)n
complexes. The dependence of the IR signals on the water pick-up pressure
could in principle be used to do this, as was the case for NaCl(H20), 1671 and
NaCl(CH3OH),.[*14 Unfortunately, such measurements were attempted for the
(Lil/H20) system but, because, the signals are weak, the data were too noisy and
therefore do not provide useful information. These pressure measurements are
also not helped by broad underlying signals in the OH stretching region, which
presumably derive from relatively large complexes. Consequently, attempts to

assign the spectra must be done using other information as will be clarified later.
4.4.2 Predicted structures

Two structures corresponding to distinct minima were found for Lil(H20) in the
MP2 calculations. These structures are qualitatively similar to those found
previously for NaCl(H20).167] In the global minimum, the Lil ion-pair is oriented so
that the iodide ion can form an ionic hydrogen bond (IHB) with the OH, while
additional stabilization is gained by the proximity of the Li* ion to the O atom. The
other minimum, which is 0.05 eV higher in energy than the global minimum, has
an electrostatic interaction between the Li and O atoms but no hydrogen bonding,
as can be seen in Figure 4.6.

-

,;o » © -
'.0. -

00 +0.05 eV

Figure 4.6. Calculated minimum energy structures for Lil(H20) along with their energies (not
corrected for zero point energy) in eV relative to the global potential energy

minimum.

For Lil(H20)2, two distinct minima were found (see Figure 4.7). The lowest energy
structure has two IHBs linking the iodide to the H atom. The next lowest energy
minimum lies 0.092 eV above the global minimum and has two distinct bonding
modes, with one water molecule being attached to the Lil via an IHB. The second

water molecule in this structure is bonded to the other water molecule via a
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normal hydrogen bond but the orientation is such that the Li and O atoms are
adjacent and provide additional electrostatic stabilization.

v
\v S ~
0.00 +0.092 eV
Figure 4.7. Calculated minimum energy structures for Lil(H20)2 along with their energies (not

corrected for zero point energy) in eV relative to the global potential energy

minimum.

Several initial configurations with different positions and orientations of Lil and
water molecules were tried in order to find possible equilibrium structures of
Li(H20)n for (n = 3 and 4) using the MP2 calculations. From these initial structures
only five distinct isomers were found for Lil(H20)s and only four for Lil(H20)a.
Figure 4.8 shows the five different structures found for Lil(H20)s. The global
minimum structure for Lil(H20)s has three equivalent IHBs between the iodide
and water molecules. The next lowest energy isomer also has three IHBs but the
orientations of the free OH groups are now slightly different. This small change in
orientation means that this structure lies only 0.026 eV above the global minimum
and may be sufficiently close to be interconvertible. The other three structures of
Lil(H20)s have energies of 0.076, 0.25 and 1.15 eV, relative to the global
minimum. In the lowest energy structure for Lil(H20)4, there are three water
molecules which are hydrogen bonded to the iodide, forming effectively a first
solvation shell. The fourth water molecule is then hydrogen bonded to one of the
inner shell H2O molecules, i.e. there is a single water molecule in a second
solvation shell (see Figure 4.9). Three other minima have been found for Lil(H20)4

and show energies of 0.0176, 0.032 and 0.088 eV above the global minimum.
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Figure 4.8. Calculated minimum energy structures for Lil(H20)s along with their energies (not

corrected for zero point energy) in eV relative to the global potential energy
minimum.
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Figure 4.9. Calculated local minima structures for Lil(H20)4 along with their energies (not

corrected for zero point energy) in eV relative to the global potential energy
minimum.
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4.4.3. Assignment of IR spectra: OH stretching region

The positions of the IR bands are summarized in Table 4.1. All bands lie between
approximately 3350 and 3750 cm™ and are presumed to derive from OH
stretches. The bands can be divided into two groups corresponding to those OH
groups involved in hydrogen bonds (bonded OH groups) and those that are not
involved in hydrogen bonds (free OH groups). As discussed in Chapter Three,
the expectation is that any OH involved in hydrogen bonding will have its
stretching vibrational frequency red-shifted on account of the weakening of the
OH bond by the formation of a hydrogen bond. Examples of this include the
hydrated halide complexes, X (H20),.[67:114-118] Kim et al. found in a theoretical
study of X' (H20)n (X=F, CI, Br, I) structures that the red-shift of the bonded OH
stretching frequency decreases as the size of the halide increases. The red-shift
for X-(H20)n complexes were found to be about 1662, 474, 349 and 220 cm™,
respectively, for F, Cl, Br and | relative to the OH stretching positions of free water
molecules.'% The free OH groups have much higher stretching frequencies and

their values are expected to be above 3700 cm™.

Table 4.1. Positions and assignments of OH stretching bands for Lil(H20)m for m = 1-4.
Band position/cm™* Assigned carrier

g;‘i’g Lil(H20)
3379 Lil(H20)2
3408 Lil(H20)2 + Lil(H20)3
3529 ?
3715 Lil(H20)2
3743 ?
3390 Lil(H20)s
3408 Lil(H20)2 + Lil(H20)3
3717 Lil(H20)s
3405
3478 Lil(H20)a
3719

4.4.3.1 Assignment of Lil(H2O)

We begin the assignment process by discussing the IR spectrum of the simplest
complex, Lil(H20). The spectrum of this complex might be observable as signal
depletion in the Li* and/or (H20)Li* mass channels. However, no evidence for any
IR absorption was found when detecting Li*. This is in marked contrast with the
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IR spectrum of NaCl(H20), which was obtained by monitoring depletion in the Na*
mass channel.[” For illustration, Figure 4.10 shows this null IR spectrum of Li*
signal at m/z 7. It is therefore concluded that ionization of Lil(H20) in a helium
droplet leads to ejection only of the | atom, but not the water molecule.
Consequently, the IR spectrum obtained by detecting (H20)Li* (in Figure 4.4(a))
must contain absorption features of Lil(H20) (in addition to possible contributions

from larger complexes).

miz 7 (Li*)

I U 1 L 1 U | U 1 S 1 s 1 L | U 1
3100 3200 3300 3400 3500 3600 3700 3800 3900
Wavenumber/cm™

Figure 4.10 Infrared spectrum recorded by monitoring ion signals at m/z 7, which corresponds

to detection of Li*.

The spectrum in Figure 4.4(a) shows only one, narrow, band at 3456 cm in the
bonded OH stretching region. No significant bands are seen in the free OH
stretching region. It therefore seems reasonable to conclude that this band comes
from Lil(H20) and that one isomer of this complex dominates in helium
nanodroplets. Beneath the experimental spectrum in Figure 4.4(a) is a simulation
derived from MP2 calculations for the global minimum isomer for Lil(H20). The
experimental and MP2 band positions in the OH bonded region are in close
agreement, the difference in positions being only 8 cm™. This excellent
agreement between theory and experiment provides good support for the
assignment of the spectrum of Lil(H20). The other isomer of Lil(H20) obtained
from MP2 calculations has been excluded from consideration because it has no
bonded OH stretches. No free OH stretching absorption is seen in Figure 4.4(a),

perhaps because the S/N ratio is unfavourable.

As anticipated by the calculations, the OH stretching frequency is red-shifted by
278 cm™! compared with the OH antisymmetric stretching band of H.O monomer
(3720 cmY). For I7(H20), ab initio calculations 1161 predict that the OH stretching
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band will be red-shifted by 307 cm for a structure containing an ionic hydrogen
bond between I~ and H20. The smaller red-shift for Lil(H20) compared with
I7(H20) is reasonable because the latter is exposed to the full negative charge on
the iodide ion, whereas a smaller partial charge is expected on the iodide in
Lil(H20). Consequently, the IHB for Lil(H20) will be weaker than for I7(H20) and
therefore the corresponding OH bond will be stronger.

4.4.3.2 Assignment of Lil(H2O)»

The IR spectrum of Lil(H20)2 is presumably contained within the spectrum
recorded in the (H20)2Li* mass channel (see Figure 4.4(b)). The spectrum shows
several bands of almost equal intensity, some narrow and some clearly broader.
The spectrum was recorded twice and retains essentially the same features in
both spectra, although the relative band intensities did differ. Two peaks were
seen in the bonded OH stretching region, one broader than the other and centred
at 3379 cm! and 3408 cm™. The band at 3379 cm™ has no counterpart in the
spectrum recorded in the (H20)sLi* mass channel and so it was assign to
Lil(H20)2. The other band at 3408 cm™ in the (H20)2Li* mass channel coincides
with a band seen at a similar position in the (H20)sLi* mass channel and so this
band may have contributions from both Lil(H20)2 and Lil(H20)s, or indeed may
just be entirely from Lil(H20)s. The latter seems more likely given that this band
is relatively narrow. This assignment is supported by the MP2 calculations, which
predict a global minimum for Lil(H20)2 which has two bonded OH stretches at
3430 cmt and 3442 cm?, which puts them reasonably close to the experimental
bands at 3379 and 3408 cm™. The splitting between the two observed bands in
the IR spectrum is ca. 28 cm, which is larger than the 12 cm™ predicted from
the MP2 calculations. The other predicted isomer of Lil(H20)2 has an energy
0.092 eV above the global minimum and shows two OH bonded bands at 3103
and 3335 cm™. It is clear that the position of these predicted bands are
incompatible with the experiment result, and so this isomer does not seem to
contribute to the spectrum. Equally, the other higher energy isomers do not yield
predicted bands that would match the observed spectrum. The experimental
bands at 3379 and 3408 cm™ are therefore assigned to the global minimum

energy structure of Lil(H20)-.
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There is a third band in the m = 2 spectrum in Figure 4.4(b), a broad band with a
very clear shoulder with the maximum at 3529 cm. This absorption has no
analogue in the IR spectrum of Lil(H20) and the two predicted isomers of
Lil(H20)2. This band might derive from a possible contaminant signal at 43 m/z.
The possibility of a contaminant signal at this mass was discussed earlier in
relation to the pickup pressure data in Figure 4.3.

In the free OH stretching region, one narrow band is clearly seen at 3715 cm™
when detecting (H20)2Li*. There is also a somewhat broader and weaker peak at
3743 cm* but given the background noise, it is not clear whether or not this is a
real absorption feature, rather than baseline extension. Given this the higher
frequency feature has been ignored from here onwards. The band at 3715 cm™
is assigned to free OH stretches. MP2 calculations for a global minimum structure
of Lil(H20)2 predict a band in the free OH region at 3717 cm that shows good
agreement with the experimental band at 3715 cm™. The other isomer is
predicted to have two bands in the free OH stretching region at 3693 and 3735
cml. These bands are shifted from the experimental band by about 24 cm! and
18 cm?, respectively. Also, as mentioned previously in this paragraph, the fact
that this isomer has two bands in the OH bonded stretching is not consistent with
the experimental structure. Therefore, this isomer can be ruled out and the band
at 3715 cm™ is assigned to the free OH stretching for the global minimum
structure Lil(H20)z2.

4.4.3.3 Assignment of Lil(H20O)3

Two bonded OH stretching bands with different intensities are seen in the
(H20)sLi* mass channel. These two bands peak at 3387 cm™* and 3408 cm™ (see
Figure 4.4(c)), with the latter showing the higher intensity. The band at 3408
cm* was mentioned above, since it coincides with a band in the (H20)2Li* mass
channel. MP2 calculations predicted five different isomers for Lil(H20)s. The
global minimum structure contains three almost equivalent IHBs between iodide
and water molecules with almost identical orientations of the free OH groups.
According to the calculations this isomer has three absorptions in the bonded OH
stretching region, one with high intensity at 3373 cm-* and the other two bands
with low intensity at 3345 cm and 3348 cm™. The predicted band at 3373 cm™
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is essentially the symmetric OH stretching vibration of all three OH groups and is
compatible with the experimental band at 3408 cm, but is red-shifted by 35
cm . Consequently, the experimental band at 3387 cm™ is assigned to the
(almost degenerate) antisymmetric OH stretching vibrations. The theoretical
splitting between the symmetric and antisymmetric stretches is ~26 cm™, which

fits quite well with the experimental splitting of 21 cm™.

The isomer of Lil(H20)s lying 0.026 eV above the global minimum also contains
three equivalent IHBs between iodide and water molecules but with different
orientations of the free OH groups. According to the calculations the IHBs deliver
three OH stretching bands at 3335, 3368 and 3390 cm™. These bands are clearly
close to the two experimental bands but the structure is not consistent with
experiment and so this isomer was ruled out as a contributor to the IR spectrum.
The even higher energy isomers show three OH stretching bands extending from
3027-3363 cm™, which bears no relationship to the experimental findings. These

isomers are therefore also ruled out as potential contributors to the IR spectrum.

Turning now to the free OH stretching in the IR spectrum obtained by detecting
(H20)sLi*, a single but quite broad band was observed centred at 3713 cm™. The
MP2 prediction for the global minimum structure of Lil(H20)3 predicts a single

band at 3704, which is only 9 cm from the experimental position.

4.4.3.4 Assignment of Lil(H2O)4

Figure 4.4(d) illustrates the IR spectrum obtained by detecting (H20)4Li*. This
spectrum can only come from Lil(H20)4 and larger complexes. A relatively intense
band peaking at 3404 cm™ is seen in addition to broad underlying absorption in
the bonded OH stretching region extending from about 3300-3390 cm™. Also,
seen is a single, relatively broad, band in the free OH stretching region. The
presence of broad bands in both free and bonded OH stretching regions
presumably derive from contributions from multiple isomers for Lil(H20)4 and
larger complexes. The MP2 calculations support this suggestion by predicting
four isomers within 0.088 eV of the global potential energy minimum of Lil(H20)a,,
as can be seen in Figure 4.9. The predicted IR bands of these isomers are shown

in Figure 4.4(d) beneath the spectrum in different colours and lie in the same
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general regions as the experimental bands. However, specific assignments to

specific isomers of Lil(H20)4 are not possible.

4.4.3.5 Assignment of Lil(H2O), n= 5-7

IR spectra obtained by detecting (H20)sLi*, (H20)sLi* and (H20)7Li* signals are
shown in Figure 4.5. A series of relatively broad bands are seen in the bonded
OH stretching region along with a single broad band in the free OH stretching
region. The bonded OH stretching bands are seen in range between 3300 cm™*
and 3600 cm while the free OH bands span 3700-3720 cm™. A small red-shift
in the free OH stretching bands was seen which increase gradually from (H20)sLi*
to reach about 12 cm in (H20)7Li*complex. The broadness of the bands in both
OH stretching regions gives support to the idea that multiple isomers contribute

to these absorption features.
4.5 Conclusions

CIP complexes of Lil(H20)n have been formed in helium nanodroplets for the first
time. IR spectra have been recorded and compared with predictions from ab initio
calculations. Several vibrational bands are seen in the OH stretching regions for
n = 1-7. The positions of the OH stretching bands for n = 1 and 2 are consistent
with formation of a dominant isomer in which the iodide ion forms an ionic
hydrogen bond to an OH group in each water molecule. The spectra for n = 3

suggest that multiple isomers are formed in the liquid helium environment.

Given the evidence for the abundance of (Lil)2 dimers in the vapour above solid
Lil, this work could be expanded in the future by recording the IR spectra of
(Lil)2(H20)n complexes. This would be achieved by monitoring IR-induced
depletion of (H20)nLi2* and (H20)nLi2l* signals. By looking at the hydration of
clusters of a salt, such as Lil, one is in a sense getting closer to what a real salt
would consist of, namely multiple positively charged and negatively charged ions.
For example, how much more difficult is it to form SSIP complexes for (Lil)2? The
effect this would have on the hydration behaviour would be extremely interesting

to investigate.
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5.1 Introduction

The interaction of Lil with methanol, an alternative protic solvent to water, is
presented in this chapter. The study focused on the formation of contact ion-pair
(CIP) complexes of the type Lil(CH3OH)n in helium droplets. The structures of
these CIP complexes was explored spectroscopically by recording their infrared
spectra. These spectra were recorded in the OH and CH stretching region.

A mass spectrometric investigation of Lil/methanol clusters was reported some
years ago by Martin and Bergmann.['*% |n this study, the clusters were produced
by allowing both Lil vapour (from an oven) and methanol vapour to mix inside a
condensation cell cooled with liquid nitrogen. The condensation cell was filled
with 1 mbar helium gas to improve the thermal conductivity. The clusters then
entered the analysis chamber through a small aperture and were subjected to
quadrupole mass spectrometry using electron ionization. In the absence of
methanol several types of ions were observed such as Li*, [Li(Lil)]*, [Li(Lil)2]* and
[Li(Lil)3]*. The assumption was made that the main source of each of these ions
was Lil, (Lil)2, (Lil)s and (Lil)4, respectively. When methanol was added the main
series of ions seen in the mass spectrum arose from [Li(Lil)m(CH3OH)n]* with
m = 1 and n = 1-20. Enhanced intensities were seen for [Li(Lil)(CH3OH)azs,12]*
ions. The high intensity of these particular ions compared with the neighbouring
ions presumably originates from the high stability of the cyclic tetramer of
methanol, which is not affected dramatically by the presence of Lil ion-pair.
Therefore, the sequence of 4, 8 and 12 may refer to the presence of structural

blocks involving four molecules of methanol.

It is useful to mention some previous theoretical and experimental studies which

have focused on the solvation and the structures of Lil-methanol clusters in bulk
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solutions.120-1251 A mass spectrometric study has explored the solvation of
different lithium halide salts, LiX (X=Br,Cl, ), in methanol solution.[*?% Jons were
formed by electrospray ionisation. Two main series of peaks with the formulas
(CH30OH)n(Li)mLi* and (CHsOH)nLi* were observed. The data analysis for the
formula (CHsOH)n(LiX)mLi* show a significant difference in the solvated Lil-
methanol clusters compared to LiCl and LiBr/methanol clusters. The value of (m)
in (CH3OH)m(LiLi* was found in (1-6), when the value of (m) became (1-7) in
case of (CH3OH)m(Lil)2Li* structure. In contrast, the value of (m) and (n) in the
LiCl and LiBr clusters with methanol are considerably smaller. The author refers
that this difference may be related to the weak interaction of Li-l compared to
the interaction with Li-Cl and Li-Br. This weak interaction increases the possibility
of methanol to separate the Li-I ion-pair more easy than Li-Cl and LiBr ion-pairs

in methanol solution.

In a molecular dynamics (MD) simulation, the effect of cation and anion size on
the structure of the methanol solvation shell at 298 K has been explored.[21 |n
particular, the differences in association between lithium halides salts LiX (X =
F~, CI7, I"), was investigated to see the effect of different anion sizes. The MD
calculations allowed the radial distribution functions for methanol molecules
around the ions to be determined along with their orientations. This study shows
that the variation of ion size in an ion-pair influences the solvation structure of the
other ion. The methanol coordination number decreases with increasing halide
anion size, which is the opposite of the behaviour of these anions in water. This
difference apparently comes from the low dielectric strength of methanol
compared with water, and therefore weaker shielding of the charge is expected
for methanol compared with water. The data also illustrate that small ion-pairs
(Li*- F7) are more stable than pairs with different sized ions (such as Li*- I7) in

methanol.

More details about the Lil/ methanol interaction will be provided in this chapter by
recording the IR spectra of Lil/methanol complexes in helium nanodroplets. As
will be seen, the spectroscopic data for Lil(CH3OH), recorded in the current study
are consistent with structures in which up to three methanol molecules can bind

to a neutral Lil molecule via ionic hydrogen bonds between the OH groups and
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the iodide ion. The experimental work has been supported using quantum

chemical calculations to explore the structure of the complexes for n < 4.
5.2 Experimental

In brief, helium nanodroplets were formed by expanding pre-cooled ultrahigh pure
helium gas with stagnation pressure of 33 bar and at 16 K through a pinhole
nozzle, as described in previous chapters. The mean size of the droplets was
close to 5500 helium atoms. After passing through a skimmer, the droplet beam
then sequentially travelled through two pick-up cells, the first containing Lil vapour
and the second methanol vapour. Lil vapour was produced by resistively heating
a pick-up cell containing solid lithium iodide to a temperature of 285°C. Methanol
vapour was admitted to the second pick-up cell in a controlled manner using an
ice bath and a needle valve. The partial pressure in the solvent pickup cell was
around 10 mbar. Under these conditions, Lil(CH3OH)n complexes can be
formed and their absolute and relative quantities can be optimized by adjusting

the dopant partial pressures.

IR spectra were recorded via a depletion technique by recording the reduction in
the mass signal, as a result of IR absorption by the dopant was followed by helium
evaporation during scans of the IR wavelength.

5.3 Computational details

Calculations on Lil(CH3OH), for n = 1- 4 were carried out using second order
Mgller-Plesset perturbation theory (MP2) [108] within the Gaussian 09 software
package.l'”l The calculations were performed via the National Service for
Computational Chemistry Software (NSCCS) at Imperial College in London.
Geometry searches, energy evaluations and vibrational frequency calculations
were performed using 6-311++G(d,p) basis sets for H, O, C and Li atoms. The
effective core potential (ECP) basis set Def2-TZVPD 1126 was used for the | atom,
as obtained from the EMSL basis set exchange library.[1% Harmonic vibrational
frequencies were scaled by 0.895. This value for the scaling factor is clearly
considerably lower than the standard values, which are more typically near to
0.95. No scaling factor was found in the literature for MP2 theory with the chosen

basis set. Therefore, the chosen value was obtained from a comparison with the
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experimental data by fitting the theoretical result of the global minimum structure
of the Lil(CH3OH) complex with the OH bonded stretching band in the IR
spectrum of the same complex, (see later for more details). Also, the position of
CH stretching bands in the IR spectra of the Lil(CH3OH), complexes were taken
in to consideration in choosing the value of the scaling factor. The CH stretching
bands of Lil(CH3zOH),were compared with CH stretching bands of NaCI(CH3OH)n
in Chapter Three.[''4 The difference in the CH frequencies between theory and
experiment was found within 10 cm™ with the chosen value of scaling factor,

which gives additional support to this value.
5.4 Results and Discussion
5.4.1 Overview of the experimental results

Starting with the mass spectrum of Lil/methanol complexes, Figure 5.1 shows an
illustrative spectrum from helium nanodroplets doped with Lil(CH3OH),
complexes. Two series of peaks are highlighted, one assigned to (CH3OH),H*
and the other to (CH3OH)mLi*. The (CH3OH)nH* ions are presumed to come from
ionization of helium nanodroplets containing only methanol clusters, while the
other weak (CHsOH)mLi* ions are the products of ionization of helium
nanodroplets containing Lil(CH3sOH)n, where n > m. As seen in previous chapters,
a halogen atom is readily lost on ionization. Another series of peaks, highlighted
with blue asterisks, are assigned to (CHsOH)nLi2* ions and these most likely
originate from the ionization of (Lil)2(CH3OH)h.

As can be seen in Figure 5.1, the intensity of (CH3OH)uLiz2l* ions is higher than
(CH3OH)nLi* ions. The experimental conditions were chosen to give the
maximum Lil* ion signal in the absence of water vapour, which are the conditions
which presumably correlate with the maximum vapour pressure of the Lil
monomer. Similar behaviour was seen in Chapter Four for Lil(H20)n complexes
and discussed in detail there (see section 4.4.1). This difference in the intensities
of (CH3OH)Li2l" and (CH3OH)nLi* ions supports the claim in Chapter Four about
the greater abundance of the (Lil)2 dimer compared with the monomer in the

vapour above solid Lil.
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Figure 5.1. Mass spectrum from the Lil/CHsOH system obtained using an electron energy of

70 eV. Further details are provided in the main text.

The (CH3OH)mLi* ions from Lil(CH3OH), are not particularly abundant. To provide
additional confirmation that the peaks we identify are indeed dominated by
contributions from (CHsOH)mLi* ions, the dependence of the ion signal on the
partial pressure of methanol was recorded, as shown in Figure 5.2. This figure
shows pick-up pressure data for (CH3OH)nLI* ions at 39, 71, 103 and 135 m/z
respectively in addition to Poisson curves for different values of n = 1-4. The data
have been collected from several mass spectra recorded under the same
experiment conditions (Lil oven temperature and nozzle expansion conditions)
but with different methanol partial pressures. The experimental curves fit quite
closely with the Poisson curves and are entirely consistent with the progressive
increase in the number of methanol molecules as the mass of the ion monitored
is increased. Consequently, while not proving that the signals detected come from
(CH3OH)mLI* ions, they are certainly consistent with them and therefore most

likely derive from ionization of Lil(CH3OH), complexes.
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Figure 5.2. Methanol pressure-dependence of the ion signals at m/z 39 ((CHsOH)Li*), m/z
71 ((CH3OH)2Li*), 103 ((CH3OH)sLi*) and 135 ((CHsOH)4Li*). Also shown are the
calculated Poisson curves for the pick-up of one (black), two (red), three (blue)
and four (green) methanol molecules. These data were collected with the Lil oven
at 285°C.

IR spectra recorded by monitoring the IR-induced depletion of specific
(CH3OH)mLi* ions signals for m = 1-6 are shown in Figures 5.3 and 5.4. Bands
with relatively narrow linewidths are seen for m = 1-3 in the OH stretching region.
Both sharp and broad absorption features can be seen in the m =4 mass channel.
For m =5 and 6, the narrow bands seen in the smaller complexes are completely
replaced by much broader absorption features. No clear bands are seen in the
CH stretching region and possible reasons for this absence will be discussed
later. The assignments of the spectral carriers shown to the right of each
spectrum assume that no ion fragmentation occurs on ionization, other than loss
of the iodine atom. This assumption is made for convenience rather than

accuracy.

Unfortunately, the dependence of the IR signal on the methanol pick-up pressure
could not be used to confirm the spectral assignments for Lil(CH3OH), because
the depletion signals were too weak. Consequently, other information must be

used to make band assignments.

84



(a) WWWWWWWWWWWWWWW Lil(CH,OH)
| n

(b) | Lil(CH,OH),

© WWWWM Lil(CH,OH),

(d) Lil(CH,OH)

Ll |.‘ Wl .

2800 3000 3200 3400 3600 3800 4000

4

wavenumber/cm™

Figure 5.3. Infrared spectra of Lil(CHsOH), recorded by monitoring ion signals at (a) m/z 39
((CH3OH)Li*), (b) m/z 71 ((CH3OH).Li*), (c) m/z 103 ((CH3OH)sLi*) and (d) m/z
135 ((CH3OH)4Li*). Also shown are the theoretical IR spectra for the complexes
shown on the right of the figure. For n = 1-3 only the vibrational lines from the
global minimum energy structure are shown while the transitions from the global

minimum and all calculated local minima are shown for n = 4.
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Figure 5.4. Infrared spectra of Lil(CHsOH), recorded by monitoring ion signals at (a) m/z 167
((CHsOH)sLi*) and (b) m/z 199 ((CHsOH)sLi*).
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5.4.2 Predicted structures

Two structures corresponding to distinct minima were found for the Lil(CH3OH)
complex in the MP2 calculations, as illustrated in Figure 5.5. The global minimum
structure is obviously different from those found for NaCIl(CH3OH), and Lil(H20)n
in the previous two chapters, and also for NaCI(H20), [¢7]. In the global minimum
the Lil ion-pair is oriented so that the iodide ion can form a hydrogen bond (HB)
with a CH on the methanol and the Li* becomes adjacent to the O atom. This
suggests that an electrostatic interaction between Li* and the O atom is the
dominant interaction term. This is not surprising given the very high charge
density expected for Li*, which can make the electrostatic interaction much
stronger than the hydrogen bond between the OH and the halide. The next lowest
energy minimum, which is 0.036 eV higher in energy than the global minimum,
shows the anticipated ionic hydrogen bond (IHB) between the OH group and the
iodide. Clearly both structures are relatively close in energy and so both might be

present in experiments.

L
. //"' \' o
\X o """"(/b ®
0.00 +0.036
Figure 5.5. Calculated equilibrium structures for Lil(CHzOH) along with their energies (not

corrected for zero point energy) in eV relative to the global potential energy

minimum.

For Lil(CH3OH)z2, the calculations found four distinct minima (see Figure 5.6). The
lowest energy structure has two IHBs linking the iodide ion and the OH groups.
The next lowest energy minimum lies 0.037 eV above the global minimum and
has no IHBs. Instead, and analogous to the global minimum for Lil(CH3OH), there
are hydrogen bonds between CH groups and the iodide in each methanol,
molecule and a dominant interaction between the Li* and the O atoms. The other
two calculated structures have other hydrogen bonding configurations, as shown

in the lower half of Figure 5.6.
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Figure 5.6. Calculated equilibrium structures for Lil(CH3OH)2 along with their energies (not

corrected for zero point energy) in eV relative to the global potential energy

minimum.

For n = 3 and 4 the structural landscape becomes more complex. Six distinct
minima were found for Lil(CH3OH)s. The global minimum is analogous to that
found for Lil(CHsOH)2, but now with three equivalent IHBs (see Figure 5.7). The
next lowest energy minimum lies 0.034 eV above the global minimum and also
has a three equivalent IHBs but with non-equivalent orientations of the methyl
groups. Seven isomers were found in MP2 calculations for Lil(CH3OH)a4. In the
lowest energy structure, three methanol molecules are bonded to the iodine atom
via IHBs. The remaining methanol molecule is effectively located in a second
solvation shell and is hydrogen-bonded to one of the methanol molecules in the

inner solvation shell, as shown in Figure 5.8.
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minimum.
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5.4.3 Assignment of IR spectra: OH stretching region

Figure 5.2 shows the IR spectra obtained by detecting (CH3OH)Li*, (CH3OH)2Li*,
(CH3OH)sLi* and (CHsOH)4Li* ions. For the first three ions the IR spectra show a
dominant narrow band in the bonded OH stretching region. As the ion mass
increases there is increasing evidence of broad underlying absorption features
and these become dominant for (CH3sOH)4Li*, although a sharp peak is still seen
for this ion. The positions of the bands are summarized in Table 5.1. In assigning
the uncharged spectral carrier it has been assumed that no ion fragmentation has

occurred, other than loss of an iodine atom: this assumption will be justified later.

Table 5.1. Positions and assignments of OH stretching bands for Lil(CH3zOH), for n = 1-4.

Band position/cm™ Assigned carrier
3405 Lil(CHsOH)
3340 Lil(CH3OH):
3241
3327 Lil(CHsOH)s
3380
3241
3387 Lil(CHsOH)a
3327

The absorption bands of Lil(CH3OH), are red shifted from the OH stretching band
of the isolated methanol molecule.®¥ A similar red shift was seen in the IR spectra
of NaCIl(CHsOH)n clusters (see Chapter Three) and indicated the formation of
ionic hydrogen bonds, which weaken the OH bonds and thereby lower the OH

stretching frequencies.

The IR spectrum derived from measuring the depletion of the lightest ion,
(CH3OH)LI*, can be seen in Figure 5.2 (a). The possibility of ion fragmentation
has been considered but if methanol molecules were easily lost then we might
expect to see an IR depletion spectrum in the Li* mass channel, but no such
spectrum was observed. As a result the IR spectrum of the simplest neutral
complex, Lil(CHsOH), must be contained within the spectrum shown in Figure
5.2(a). Given that this spectrum is dominated by a single sharp band at 3405 cm-
Lin the OH stretching region, we assign this band to Lil(CH3zOH).
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5.4.3.1 Assignment of Lil(CH30OH)

The simplicity of the IR spectrum of Lil(CH3OH) suggests that only one isomer of
this complex is formed in helium nanodroplets. Both of the calculated isomers
shown in Figure 5.5 have been considered as possible carriers of the spectrum.
Of the two, it is the higher energy minimum that actually provided the better
agreement with experiment. In both cases we expect a single band in the OH
stretching region. For the global minimum structure we require a very small
scaling factor to bring experiment into agreement with the MP2 prediction. A small
scaling factor of 0.895 is also needed for the higher energy isomer but this scaling
factor is nevertheless considerably larger than that required for the global
minimum. For this reason our preference is for an assignment to the higher

energy isomer.

5.4.3.2 Assignment of Lil(CH30OH)>

The MP2 calculations found a global minimum structure for Lil(CH3OH)2 in which
each methanol molecule is independently bonded to the Lil via two IHBs.
Consequently, two bonded OH stretching vibrations, one symmetric and one
antisymmetric combination, are expected for this structure. The calculations
predict that the symmetric stretch gives the stronger of the two bands, as can be
seen in Figure 5.2(b) beneath the experimental spectrum recorded in the
(CH3OH)Li* mass channel. Also, the antisymmetric stretch is predicted to be only
4 cm™ to the red of the symmetric stretching band. Thus we anticipate only one
observable IR band for this isomer given that the peak at 3340 cm™ in Figure
5.2(b) has a full-width at half maximum of 10 cm™. The OH stretching band of
Lil(CH3OH)2 is red-shifted 65 cm™ from the band seen for Lil(CH3sOH). According
to the ab initio calculations the red-shift should be 45 cm?, so this is not
unreasonable. The MP2 calculations predicted another isomer which is only
0.037 eV above the global minimum structure. This higher energy isomer has no
IHBs but there are hydrogen bonds between CH groups and the iodide in each
methanol. This structure has two ‘free’ OH groups which delivers high intensity
OH stretching band for the symmetric vibration at 3500 cm™. The antisymmetric
vibration predicted a weak band at 3499 cm- which would clearly be too close to

the strong symmetric band to resolve. The predicted band at 3500 cm™ is 160
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cm™ above the experimental band at 3340 cm™. This is a large difference and
therefore this isomer was ruled out as a potential contributor to the spectrum. The
other two isomers show two bands in the bonded OH stretching region. The
isomer that has an energy 0.041 eV higher than the global minimum structure
has peaks predicted at 3335 and 3502 cm. The even higher energy isomer has
two bands predicted at 2952 and 3251 cm-. Clearly, none of these high energy
isomers give a band structure in agreement with the experimental band at 3340

cmL. Consequently, these isomers have been excluded from the assignment.

5.4.3.3 Assignment of Lil(CH30H)3

The IR spectrum recorded in the (CH3OH)sLi* mass channels is shown in Figure
5.2(c). The spectrum has a sharp band in the bonded OH stretching region at
3380 cm®. The MP2 calculations predict a global minimum structure for
Lil(CH3sOH)s in which all methanol molecules are independently bonded to the Lil
and form equivalent IHBs. Two OH stretching vibrations are expected and one
will dominate (see MP2 prediction in Figure 5.2(c)). The strongest band in the
calculated Lil(CH3OH)s IR spectrum is about 65 cm™ to the red of the
experimental band in the m = 3 mass channel. Also, the difference between the
two OH stretching bands in the calculated spectrum is 10 cm* while the full-width
at half maximum of the single experimental band is about 20 cm. Consequently,
both OH stretching bands could be unresolved within the experimental band. The
other predicted structures are ignored because they have several OH bands in
the bonded OH stretching region that cannot possibly fit with the observed IR

spectrum.

5.4.3.4 Assignment of Lil(CH30OH)4

The IR spectrum recorded in the (CH3OH)4Li* mass channel is shown in Figure
5.2(d). A narrow band was seen in the bonded OH stretching region at 3387
cm?, in addition to some much broader absorption features both sides of this
sharp peak with a significant two broad bands peak at 3241 and 3327 cm™. The
MP2 calculations predict seven local minima structures within 0.18 eV of the
global minimum of Lil(CH3sOH)s, as seen in Figure 5.8. The predicted IR
contributions from each of these isomers are shown in Figure 5.2(d) beneath the
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experimental IR spectrum. The structure most compatible with experimental band
at 3387 cm is the highest energy structure, which lies 0.18 eV above the global
minimum structure. This structure has four equivalent IHBs which hold the
methanol molecules to the Lil in a single solvation shell. Two OH stretching
vibrations are predicted and one will dominate with a much higher intensity
because it reflects the symmetric vibrational frequencies of four OH bonds. The
calculated band for the chosen isomer is about 48 cm™ to the red of the
experimental band of Lil(CH3OH)4. Thus the sharp band might arise from a
structure that has four equivalent IHBs, although this assignment is tentative. The
two broad bands that peak at 3241 and 3327 cm are assigned to overlapping
contributions from larger complexes. This assignment was suggested due to the
sharp features that seen obviously in IR spectra of n = 5 and 6 which entirely
analogous to these two broad bands. Another possibility is that multiple isomers
for Lil(CHsOH)s cause the broad bands. The simulations beneath the
experimental spectrum illustrates that contributions from multiple isomers span
across the absorption range of 3100-3500 cm™ and therefore provide a

reasonable explanation for the spectral broadening.

5.4.3.5 Assignment of Lil(CH30OH), n=5 and 6

There is a significant lower S/N ratio observed in the IR spectra recorded from
detection of (CH3OH)sLi* to (CH3OH)sLi* when compared with lighter ions (see
Figures 5.3(a) and (b)), which is simply explained by the low absolute signal
intensities in the m =5 and 6 mass channels. The two broad absorption features
in the m =3 and 4 spectra are seen also in the OH stretching region of the m =5
and 6 IR spectra. The maximum absorption peaks at 3260 and 3365 cm™ for
Lil(CH3OH)s and at 3270 and 3385 cm™ for Lil(CH3OH)e. The broadening in the
OH stretching region can be attributed to the presence of overlapping bands from
multiple isomers for Lil(CH3sOH), for n =5 and 6 and from larger complexes owing
to ion fragmentation. This trend of overlapping in the IR spectra of large
complexes in the OH stretching region has been seen in previous studies [67: %I
and also in the previous two chapters. It therefore seems likely that MX(solvent),
complexes (n=4) tend to give multiple isomers in the helium nanodroplet

environment.

93



5.4.4 Assignment of IR spectra: CH stretching region

No bands were seen for Lil(CH3sOH), complexes in the CH stretching region.
According to the MP2 calculations, the CH bands intensities should be about 8%
of those of the strongest bonded OH stretching bands. Comparing with intensity
of CH stretching bands of NaCIl(CH3OH), complexes in Chapter Three, the DFT
calculations there predicted the intensity of the CH stretching band in about 15%
of the OH predicted stretching bands. The absence of CH stretching bands for
Lil(CHsOH), complexes may therefore be a consequence of the combination of
a poor S/N ratio and the weaker intrinsic line strength for the CH stretching bands
in Lil(CHsOH)» complexes.

5.5 Conclusions

Infrared spectra have been recorded for the first time for Lil(CH3OH), complexes.
These IR spectra, recorded when the complexes were isolated in helium
nanodorplets, show clear absorption features in the OH stretching region. Narrow
vibrational bands are seen in the bonded OH stretching region for n = 1- 4, which
seem to be indicative of the formation of ionic hydrogen bonds in these
complexes. For larger complexes (n > 4), broad absorption bands are seen which
are assumed to arise from contributions from multiple isomers existing in the
liquid helium environment. This trend of forming different isomers for n = 4 in
helium nanodroplets were seen in this work in Chapters Three, Four and Five.
The possible reasons for this trend could be derived from the complexity of the
potential energy landscape of these complexes as a result of the numerous
possible isomers, in addition to the very rapid cooling that traps the isomers in
local minima energy inside helium nanodroplets. This behaviour is not possible
in the smaller complexes (n=1-3) because they don’t have similar local minima of
isomers. Also, the formation of the isomers within the helium nanodroplet could
be more controlled by dipole-dipole interactions than by energies of local minima
of the isomers. Therefore, the distribution of isomers within the helium
nanodroplet might not follow those based on gas phase calculations hence
making the assignment of the recorded spectra extremely difficult.
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6.1 Introduction

Infrared spectra of complexes of NaCl and Lil with the solvents water and
methanol were reported in Chapters Three, Four and Five of this thesis. However,
there is potential to explore other alkali halides and other solvents via IR
spectroscopy with the techniques described in this thesis. Such studies represent
a major and lengthy research programme and are beyond the scope of this thesis.
However, such studies would be potentially very exciting for several reasons.
Variation of the type of salt would allow the effect of cation and anion sizes to be
controlled and explored. Equally, by varying the solvent, we would also be able
to see how these ion-pairs behave in both protic solvents (water, methanol, etc.)
and aprotic solvents (acetone, acetonitrile, etc.). It would also be possible to

explore the effect of solvent polarity on the behaviour of the ions.

Before instigating new IR studies, it would be useful to investigate the evaporation
characteristics of the various alkali halides, their pick-up by helium nanodroplets,
and the prospects for forming complexes with other solvents. This preliminary
type of study can be carried out efficiently with mass spectrometry. Indeed, we
have seen in previous chapters that recording mass spectra is an essential
precursor to recording IR spectra of salt-solvent complexes and this chapter

reports the findings from this survey work.

A significant range of salts were chosen for this study, namely NaCl, NaBr, NaF,
Nal, Lil, LiCl, Csl and KF. The solvents chosen were water, methanol, acetone
and acetonitrile, i.e. two protic and two aprotic solvents. The results from the
mass spectral work will be presented in this chapter after a description of the

apparatus and the general procedure used.
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6.2 Experimental Apparatus

The apparatus used for recording the mass spectra of salt-solvent complexes
described in this chapter has similarities to that described in the earlier chapters,
but also some differences. As detailed below, the main difference is the use of a
time-of-flight mass spectrometer (TOF-MS) rather than a quadrupole system. The
components of this alternative helium nanodroplet apparatus are therefore

described before presenting the findings.
6.2.1 An overview of helium nanodroplet system

Full details of this apparatus has been described in several publications from our
research group at the University of Leicester.[127-130 The entire system consists
of three vacuum chambers, as illustrated in Figure 6.1. These chambers consist
of a source chamber, a pickup chamber and an analysis chamber. The vacuum
system contains two pneumatic gate valves. One of these gate valves is located
between the pick-up chamber and the analysis chamber, while the other is placed

between the diffusion pump and the helium source.

Helium nanodroplets were formed in the source chamber by passage of pre-
cooled ultrahigh purity helium (99.9999%) through a 5 um pinhole aperture into
the vacuum. The pre-cooling was achieved using a closed-cycle cryostat (F-50,
Sumitomo Heavy Industries) and the helium stagnation pressure was fixed at 20
bar for all of the experiments described in this chapter. Due to problems with the
diode temperature sensor the temperature of the helium was unknown for the
experiments reported in this chapter (unlike in the earlier chapters) but conditions
were chosen which gave the best quality mass spectra. Because of the faulty
diode the nozzle temperature readout was artificially low but was nevertheless
kept at a steady value by a heater placed behind the nozzle pinhole, which was

controlled using a LakeShore 331 unit.

After passing through 0.5 mm diameter nickel skimmer, the helium nanodroplets
travelled through two pick-up cells, the first containing MX salt vapour and the
second solvent vapour. MX vapour was produced by resistively heating a pick-up
cell containing the solid salt. The details of the heating system were described in
section 2.1.2.1 and the system used for the experiments described in this chapter
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was identical. For the solvent, the liquid was first degassed using the freeze-
pump-thaw technique. This entailed freezing the solvent using liquid nitrogen and
then pumping off residual gases for 10 minutes. This process was repeated three
times before starting each experiment. The solvent partial pressures in the pickup

cells were typically in the range of 10-® mbar.

In the analysis chamber, a reflectron (TOF-MS) mass spectrometer equipped with
an electron ionization source is mounted vertically on top of this chamber. Time-
of-flight mass spectra were collected using a microchannel plate detector and the
signal was then sent to a digital oscilloscope. The mass spectrum was then
transferred to a PC via specially-written LabView (version 2015) software. The
main function of this software is to collect and process the data from the

oscilloscope to produce a mass spectrum.

) TOF-MS PC
Source Pick-up
Chamber Chamber
F Digital Storage
A l Oscilloscope
8 b E Liquid
Nitrogen
1 |J-| | Cryotrap
Cryostat ¥ { _______________________ Analysis
Coldhead I/\ L L Chamber
C
Figure 6.1. Schematic diagram showing the three vacuum chambers of the helium

nanodroplet apparatus. (A) Cold head, (B) pinhole aperture, (C) 0.5 mm nickel
skimmer, (D) evaporator oven, (E) solvent pickup cell, (F) cryo-trap (77 K), (G)
reflectron TOF-MS mass spectrometer. Reprinted from ref [130].

6.2.2 Vacuum system

The vacuum in the source chamber was provided by a diffusion pump (Varian
VHS-250) connected to a water-cooled baffle to minimise oil back-streaming. This
pump is backed by a roots pump (Edwards-EH250) combined with a two-stage
rotary vane pump (Edwards-E2M40).
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In the pickup chamber, the vacuum is pumped by a 900 L/s turbomolecular pump
(Agilent TV 1001 NAV) backed by a rotary pump (Varian DS402). This pumping
system achieves a chamber base pressure in the region of 7x102 mbar, rising to

8x10°" mbar when the gate valve linking the source chamber is open.

The TOF-MS chamber is pumped by a 380 L/s turbomolecular pump (Leybold
Turbovac 361) backed by a rotary pump (Varian DS102). This pumping system
achieves a chamber base pressure of about 8 x10-1° mbar, rising to 2 x10° mbar

when the gate valve is open to admit helium nanodroplets.
6.2.3 Time-of-flight mass spectrometer

The time-of-flight mass spectrometer (TOF-MS) used here is a reflectron design
and was built by Kore Technology (Ely, UK). It has a typical mass resolution
(m/Am) of 3000.13% The electron energy of the TOF-MS in all of the experiments

described in this chapter was in the region of 75 eV and was not adjusted.

The concept of a reflectron TOF-MS was first proposed by Mamyrinf31 to
improve the mass resolution of the first truly useful TOF-MS, which was designed
by Wiley and McLaren.[*32 A schematic of a Wiley-McLaren TOF-MS design can
be seen in Figure 6.2. This diagram shows a molecular beam entering the
ionization region between the cathode (repeller) and grid electrodes. An
ionization source is needed, which consist of an electron impact source, as
indicated in the figure 6.2. lons are then accelerated between the two plates as a
result of the repulsion force, but the acceleration will not be accrued from the
same location. Therefore, a second accelerator zone is added in the Wiley-
McLaren design to correct the difference in the kinetic energies of ions arising
from these different locations. The ions after the accelerator travel to the detector
which is located at the end of the drift region. Consequently, ions which have
different m/z are separated according to their velocities when they drift in a free-

field region (from the accelerator to detector) through unidirectional journey.

The mass resolution in the linear TOF is affected by several factors that create a
distribution in flight times between ions that have same m/z ratio. The length of
the ion formation pulse is one of these factors, in addition to the variation of the

initial kinetic energy of the ions that have the same m/z, and the stability of the
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voltages applied to the various electrodes.['33 Therefore, to reduce the
distribution in the flight time of ions that have same m/z, and instead of a
unidirectional journey for the ions in the linear TOF-MS introduced by Wiley and

McLaren, the reflectron incorporates an electrostatic reflector.

l Signal to detector
Collection anode
9 MCP amplifier

A

Drift region

C:> Accelerator
S—— Grid
Electron impact source @
Molecular beam Repeller

Figure 6.2. Schematic showing the Wiley and McLaren Linear TOF-MS.

Figure 6.3 illustrates the basic structure of a reflectron TOF-MS. Basically, the
reflector consists of a series of grid electrodes or ring electrodes which provide a
gradually changing electrostatic potential. The reflector array is located on the
opposite side of the field-free region from the ion source. The detector is
positioned on the same side as the ion source of the ion to capture the arrival of

ions after they are reflected, as shown in Figure 6.3.1231]

Figure 6.3 shows two ions having the same mass. The fast ion (e) has mass with
correct kinetic energy. The other ion (o) has the same mass and travels in the
same direction but with a lower kinetic energy. The total flight length for the ions
will be approximately (L1+L2), where L1 and L2 are the flight region lengths
before and after the reflectron array. Basically, the reflectron creates a
homogeneous reflected electrostatic field at roughly the mid-point in the ion’s
journey towards the detector. This electrostatic field is chosen to be repulsive and
sufficiently large to reflect the ions back in the direction they came (roughly),
hence the name reflectron. The slow ion in the figure (o) reaches the reflectron

later than the fast ion which penetrate further in the reflecting field, and by using
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properly chosen voltages, the reflectron will correct the initial kinetic energy of
both ions, fast () and slow (o), and reflect them to reach the detector at the same

time and thus increase the mass resolution.[133. 134]

iy

Vs !‘ > REFLECTRON >
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Figure 6.3. Schematic showing the reflectron TOF-MS and possible trajectories of ions with

the same mass and different initial kinetic energies.

6.3 Results and Discussion
6.3.1 Mass spectra of NaX-solvent complexes

The presentation of the results from these experiments begins with the sodium
halides, partly because NaCl was met in Chapter Three and so there is some
overlap with the discussion there. The chosen salts were NaF, NaCl, NaBr and
Nal. The main reason for studying these salts is they may allow the exploration
of the effect of the halide on the ability to form contact ion-pair (CIP) and

separated ion-pair (SIP) complexes in subsequent IR spectroscopy experiments.

Before describing specific mass spectra, some general features of the mass
spectra are first identified. At low masses (m/z < 100) a series of peaks arising
from Hen* ions can be seen with their characteristic spacing of 4 mass units
between successive peaks. These were met in earlier chapters. Series of ions
also arise from solvent clusters. For water and methanol, a series of protonated
water (H20),H* and protonated methanol (CH3OH)nH* ions, respectively, are
seen in the mass spectra. For acetone and acetonitrile, acetone cluster ions,
((CH3)2CO)n* and acetonitrile cluster ions (CH3CN),*, are seen. Presumably
these ions come from ionization of those helium nanodroplets that contain solvent

molecules but no salt molecules. These types of ions are common to all of the
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mass spectra and so any comments about these ions in what follows will be

minimal.

Mass spectra from NaCl(H20), complexes in helium nanodroplets have been
recorded and published previously by our research group./6”1 For NaCI(CH3OH),
the mass spectrometry in helium nanodroplets was discussed in Chapter Three
(see Figure 3.1) in this thesis and also published recently.[*4 Those mass
spectra were recorded using quadrupole mass spectrometry on a different
apparatus to that used for the work in this chapter. Nevertheless, the mass
spectra are essentially the same and so are discussed no further here. Instead
the focus here for NaCl is on the interaction of this salt with acetone and

acetonitrile, two aprotic solvents.

The mass spectrum obtained with NaCl and acetone is shown in Figure 6.3.
Several ions are seen in this spectrum which can be assigned by comparison
with the known mass spectrum of acetone in the gas phase, in addition to those
already mentioned above. As well as the parent ion at m/z 58 and its clusters,
which were already mentioned above, a signal is seen at m/z 43, which derives
from the acylium ion (CH3CO)*. This ion is a fragment from the ionization of
acetone. The peak with the blue asterisk at m/z 100 is from the 2-hexanone ion
(CH3(CH2)3sCOCHs3)*, which is produced by ejection of an O atom from the

acetone dimer and subsequent ion rearrangement.[13°l

The most prominent series of sodium-containing ions are from ((CH3)2CO)mNa*.
These ions presumably originate from the ionization of NaCl((CH3)2CO))m
complexes inside helium nanodroplets, with the Cl atom being ejected before
detection (as was the case with water and methanol as solvents). The series
marked with blue labels refers to ((H20)(CHzs)2CO)mNa* ions, which presumably
derive from the ionization of mixed water-acetone clusters. The presence of water
could result from the degassing of water from the vacuum system. In the mass
spectrum in Figure 6.4 we can see ions with m up to at least 6 and this could
easily be extended to higher solvent numbers by increasing the quantity of
acetone in the second pick-up cell. Note that there is no evidence for
((CH3)2CO)mNazClI* ions, which might be expected if there was a significant

quantity of (NaCl)2 dimers in the helium nanodroplets.
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For NaCl with acetonitrile in helium nanodroplets, the mass spectrum in Figure
6.5 shows two series of peaks. One of these series is assigned to the ionization
of pure acetonitrile clusters while the other derives from (CH3CN)mNa* (m =1-6)
ions, which are the products of ionization of NaCI(CH3CN), complexes. We
therefore conclude that we can successfully make both NaCl((CH3)2CO))» and
NaCI(CHsCN), complexes in helium nanodroplets and the scene is now set for

future IR spectroscopy experiments on these complexes.

((CH3).CO),"

((C:Hg,)zc:())mNaJr

((H20)(CHs),CO)mNa*

T T T T T T T T T T 1
0 40 80 120 160 200 240 280 320 360 400

m/z
Figure 6.4. Mass spectrum from the NaCl/(CH3).CO system obtained using an electron

energy of 75 eV. The temperature of the pick-up cell containing NaCl was
378 °C.
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Figure 6.5. Mass spectrum from the NaCl/CHsCN system obtained using an electron energy

of 75 eV. The temperature of the pick-up cell containing NaCl was 363 °C.

The mass spectrum from NaBr(H20), complexes is shown in Figure 6.6. There
are two series of peaks in this figure. The black series signifies protonated water
cluster ions, while the red highlighted signals are assigned to (H20)mNa* (m = 1-
14). The latter are assigned to the ionization products of neutral NaBr(H20)m
complexes in helium nanodroplets. This behaviour is similar to that previously

observed for NaCl(H20)m complexes.

For methanol the mass spectrum is shown in Figure 6.7. Two highlighted series
can be seen in the spectrum in addition to the protonated methanol cluster ions.
The red highlighted peaks are assigned to (CH3OH)mNa* (m = 1-7) ions and the
blue series refers to (H20)(CH3OH)sH* (n = 1-7). The (CH3sOH)mNa* ions are
attributed to ionization of NaCIl(CHsOH)n, clusters, while the (H20)(CH3OH)nH*
ions are presumably derived from mixed water-methanol clusters. The methanol
was very pure (99.9999%, Sigma-Aldrich) and therefore the water presence in
the system is most likely from the degassing of water from the walls of the vacuum

system.
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Figure 6.8 shows the mass spectrum for a NaBr/acetone mixture. The red
highlighted series of peaks are from ((CH3)2CO)nNa* (m =1-5) ions and the blue
series derive from mixed water-acetone clusters with NaCl salt to produce
((H20)(CH3)2CO)nNa*(n = 1-3). The ((CH3)2CO)mNa* ions are the products from

ionization of neutral NaBr((CH3)2CO)m complexes.

Three series of peaks can be seen in the NaBr/acetonitrile mass spectrum shown
in Figure 6.9. One of these series (the black one) is from pure acetonitrile clusters
while the (H20)(CHsCN)nH* ions are presumably the result of a small water
contamination from the vacuum system. NaBr(CHsCN)m ionizes to produce

(CH3CN)mNa* ions, which are readily detected.

(H20)H*

(H20)mNa*

L O

T T
0O 20 40 60 80 100 120 140 160 180 200 220 240 260 280 30
m/z

Figure 6.6. Mass spectrum from the NaBr/H20 system obtained using an electron energy of

75 eV. The temperature of the pick-up cell containing NaBr was 351 °C.
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Figure 6.7. Mass spectrum from the NaBr/CHsOH system obtained using an electron energy

of 75 eV. The temperature of the pick-up cell containing NaBr was 351 °C.
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Figure 6.8. Mass spectrum from the NaBr/(CHs3).CO system obtained using an electron
energy of 75 eV. The temperature of the pick-up cell containing NaBr was

353 °C.
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Figure 6.9. Mass spectrum from the NaBr/CHsCN system obtained using an electron energy

of 75 eV. The temperature of the pick-up cell containing NaBr was 353 °C.

Figures 6.10, 6.11, 6.12 and 6.13 show the mass spectra from NaF complexes
with water, methanol, acetone and acetonitrile, respectively. These spectra have
essentially the same appearance as for the corresponding NaCl-solvent and
NaBr-solvent complexes. Likewise, there is no significant difference in the mass
spectra of sodium iodide/solvent complexes when compared with the mass

spectra from the other sodium halides and so these spectra are not shown here.

To summarise, the pick-up behaviour and subsequent ionization process for
NaX-solvent complexes in helium nanodroplets is essentially the same for all of
the salts and all of the solvents chosen for investigation. The contribution from
the salt monomer clearly dominates, i.e. the main ions seem to come from

NaX(solvent), complexes, and on ionization these yield (solvent),Na* ions.
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Figure 6.10.  Mass spectrum from the NaF/H20 system obtained using an electron energy of

75 eV. The temperature of the pick-up cell containing NaF was 467 °C.
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Figure 6.11.  Mass spectrum from the NaF/CH3OH system obtained using an electron energy

of 75 eV. The temperature of the pick-up cell containing NaF was 473 °C.
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Figure 6.12.  Mass spectrum from the NaF/(CH3):CO system obtained using an electron

energy of 75 eV. The temperature of the pick-up cell containing NaF was 470 °C.
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Figure 6.13.  Mass spectrum from the NaF/CHsCN system obtained using an electron energy

of 75 eV. The temperature of the pick-up cell containing NaF was 453 °C.
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6.3.2 Mass spectra of other MX-solvent complexes

Two lithium halides, Lil and LiCl, in addition to KF and Csl, were chosen for study

as examples of salts with a range of different sized anions and cations.

The mass spectra of Lil complexes with water and methanol have already been
discussed in this thesis in Chapters Four and Five, respectively, where QMS was
used. In this chapter, the mass spectra of Lil complexes with water and methanol
obtained via TOF-MS experiments will be briefly shown. Also, the mass spectra
of Lil-acetone and Lil-acetonitrile complexes will be reported. The findings will

then be compared with those from a different lithium-containing salt, LiCl.

The mass spectrum from a Lil/H20 mixture in helium nanodroplets was recorded.
The key features of the spectrum are summarized in Table 6.1. The same series
of weak peaks that were seen in Figure 4.1 were also found in the work reported
in this chapter. However, an additional series of peaks which belong to
(H20)mLiz2l" ions were seen with higher intensity, comparing with the intensity of
same series that observed in Chapter Four. This series was briefly discussed
before in Chapter Four due to the focused was on recording the IR and mass
spectra for only Lil(H20), complexes. The (H20)mLiz2l* ions presumably originate
from the ionization of the neutral complexes between H20 and the lithium iodide
dimer, (Lil)2. This additional series provides more evidence to the assignment of
Lil dimer abundance in the Lil vapour that was discussed in details in Chapter
Four. lonization of the latter could yield the observed ions by the following process
(ignoring the possibility of accompanying loss of water molecules):

Li2l2(H20)m + € — (H20)mLi2l* +1 + 2e° (6.1)

For Lil and methanol in helium nanodroplets the mass spectral findings are
summarised in Table 6.1. In addition to the ions already reported in Chapter Five,
we see a series arising from (CH3OH)mLi2l* (m = 1-4). The source of the Liz2l* is
the same as described above for the case of water. For Lil with acetone and
acetonitrile, we see analogous products to those seen for the Lil with water and

methanol with clear absence of (solvent)nLi2* ions, as summarised in Table 6.1.
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The mass spectra of LiCl mixtures with water, methanol, acetone and acetonitrile
are also shown in Table 6.1. No significant change was seen in these mass
spectra, with the exception of the observation of (H20).Li2" (n=1-6) and
(CHsOH)nLi2* ions in the experiments with water and methanol, respectively. The

source of these ions is presumably the process illustrated in reaction (6.2) below.
Li2Cl2(H20)m + e — (H20)mLiz2" + 2CI + 2e° (6.2)
The reason for the loss of two halogen atom, rather than the usual one, is unclear.

The mass spectra obtained from KF/solvent complexes were recorded and the
key findings are summarised in Table 6.1. In addition to the same type of ions
seen for other salts, we see for the first time the significant production of intact
metal halide ions of the form KF*, i.e. ejection of the F atom is not universal. In
other words, ionization of KF(solvent), can lead both to (solvent),K* and
(solvent)nKF*. Figure 6.14 shows the mass spectrum of KF(H20), as an example.
This spectrum shows peaks from (H20)nK* ions, marked with red labels, and

(H20)nKF* ions, shown with blue labels.

| (H20)H*

(H.0).K*

(H20)KF*

T T T T T T T T T T T 1
0 20 40 60 80 100 120 140 160
m/z

Figure 6.14.  Mass spectrum from the KF/H20 system obtained using an electron energy of 75
eV. The temperature of the pick-up cell containing KF was 418 °C. The blue
asterisk refers to KF* ion at 59 m/z.
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Caesium iodide is an example of an alkali halide where both the cation and anion
are large. For Csl with water in helium nanodroplets, the mass spectra show two
kinds of Cs-containing cluster ions, as summarised in Table 6.1. Peaks for Cs*
and Csl* were seen in the mass spectrum. These ions were previously observed
in the mass spectrum of Csl vapour at high temperature.!*38 Two series of peaks
assigned to (H20)mCs* (m = 1-14) and (H20)mCsI* (m = 1-14) ions were seen in
the current study. The significant point in the mass spectrum of Csl-water
complexes is the formation of larger complexes than for NaX and LiX salts, i.e.
we see ions with more water molecules. This may result from the size of the Csl
ion-pair, which will have a larger first solvation shell than smaller salts. However,
it may also be a consequence of the larger size of the Cs*, which can
accommodate more water molecules in its first solvation shell.l*37 |t is therefore
unclear whether the longer series of ions is a consequence of the properties of
the neutral complexes or the increased stability of the resulting ions.

Table 6.1 also summarises the findings from the mass spectrometry of Csl-
methanol mixtures in helium nanodroplets. The spectrum shows a series of peaks
from (CH3OH)mCs* ions with m value up to 12. Another interesting series of peaks
which had no analogue when water was used were from (CH3OH),Cs2l* (n = 1-
12). These ions must arise from (Csl)2 with methanol in helium nanodroplets.
Similar ions of (solvent)mCs* and (solvent),Cszl* were seen when acetone and
acetonitrile were used (see Table 6.1). An obvious absence of (solvents),Csl*
ions was observed in the mass spectra of Csl complexes with acetone and
acetonitrile. Consequently, it could be concluded that water can stabilise the
structure of (H20)nCsl* ions more than the other solvents. The same can be
concluded for (solvent)nCszl* ions with methanol, acetone and acetonitrile which

found to be more stable in these solvents than in water.
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Table 6.1. The main series of ions detected in the mass spectra of several MX salts with

water, methanol, acetone and acetonitrile.

H,O CH3OH Acetone Acetonitrile

Series of ions|Intensity| Series of ions |Intensity| Series of ions |Intensity| Series of ions | Intensity

(H20)mLi* (w) (CH3OH)mLi* (w)
Lil (H20)mLi2* (m) | (CHsOH)mLi2* | (m)
(H20)nLizl* (w) (CH3OH)nLizl* (w)

((CH3)2CO)mLi* | (W) (CH3CN)mLi* (w)
((CH3)2CO)nlLial*|  (w) (CH3CN)nLi2l* (w)

(H20O)mLi* (s) (CH3OH)mLi* (s)

ticl | S | & | Soinin | & | (eraacomtir| ) | cHsenaLic | m)
H0)K* | (m) | (CHaOoH)K* | (s) . (CHsCN)YK* | (s)

KE | GLonkE | W) | (CHoOM)KE* | (my | (CHCONK™ | (8) | s ke | am)

oot | Heowes | () |(cHaorimes | (5 [(CHCOMmCs | (5) | (CHsCN)mCs' | (s)
(H2O)nCs* | (5) |(CHaOH)Cs2l*| (m) [((CH2)2CO)Csal| (m) |(CHeCN)nCsa2l*|  (m)

s = strong

m = medium

w = weak

Table 6.2 summarises the oven temperatures used to record the mass spectra of
all studied alkali halides. This is intended to provide a resource for future
spectroscopic studies of these salts in combination with solvents. The trend in
oven temperatures fits with the expected variation in the vapour pressures of the
salts, as described in the literature.[38 139 Essentially, evaporation becomes
easier as the halide becomes heavier for a given choice of alkali ion. Thus there
is a decrease in the alkali halide evaporation temperature (increase in the vapour
pressure) by increasing the mass of the halide. For a given halide the sodium-
containing salt requires the highest evaporation temperature and of the species
studied in this chapter NaF requires the highest temperature to achieve significant

evaporation.

Table 6.2. Evaporation temperature employed for various alkali halides. The values are

averages of those used for each salt with different solvents.

Sodium halides Temperature/°C
NaF 465
NaCl 370
NaBr 352
Nal 330
Lil 280
LiCl 348
KF 416
Csl 295
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6.4 Conclusions

Mass spectra from a range of alkali halide complexes with protic and aprotic
solvents in helium nanodroplets have been recorded. In all cases ions originating
from MX(solvent), complexes can be seen. These ions consist of (solvent)mM*
and (solvent)nMX* ions. The former are the dominant ions and are produced by
ejection of halogen atoms after ionization. The (solvent)mMX" ions are generally
far less abundant and for some salts are barely detected at all. Consequently, for
IR depletion spectroscopy of MX(solvent), complexes, it will make sense to focus

on the detection of (solvent),M* ions.

For Csl and Lil, the dimer/solvent complexes seem to be significant, as evidenced
by the detection of (solvent)mM2X* ions after electron ionization. The number of
solvent molecules that are attached increased in line with the size of the alkali
halide ion. Thus for Csl-H20 complexes (H20)mCs* ions with m up to 14 could be
readily seen whereas for Li-H20 complexes no more than 6 water molecules

could be seen in (H20)nLi* ions.

To summarise, this study has shown that a wide range of salt/solvent complexes
can be formed in helium nanodroplets and their ions can successfully be
observed using mass spectrometry. This now paves the way for new IR studies

of the neutral complexes.
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