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Infrared photodissociation spectroscopy has been applied to mass-selected anion-
molecule complexes in the gas phase. In combination with quantum chemical
calculations, this technique has proven to be very successful for gaining insight into
the structures and interaction behavior of such species. We have used the “Ar
nanomatrix” approach (which means tagging of the target clusters with a small
number of Ar atoms) in order to produce cold complexes close to their ground state
equilibrium structures and to facilitate dissociation upon absorption of one infrared
photon.

The first part of this work deals with the investigation of the hydration of anions.
While the hydration behavior of atomic anions such as halides is well understood, not
much is known about the interaction between metal anions and water. Infrared spectra
of M"H,O (M = Au, Ag, Cu) have been measured in this study and it has been shown
that they introduce a new motif for the solvation of small atomic anions, intermediate
between the clear-cut hydration motifs known so far due to the shallowness of their
potential energy curves. A second focus of the work on anion hydration has been on
complexes of water molecules and anions with extended negative charge distribution
such as the C¢FrHg.n *(H,O)m (N =4 - 6, m = 1,2) and SF¢ - (H2O0)m (M =1 - 3) clusters.
While the binding motifs of water ligands to the fluorobenzenes have been found to
correspond mostly to the structures displayed by other anions where the charge is not
localized in a small part of the molecule (such as anions with triatomic domains), the
SF¢-(H,O)m (M =1 - 3) complexes show another binding motif, reminiscent of the
heavier halide-water complexes. Moreover, the hydration shell of the sulfur

hexafluoride anion was found to exhibit delayed onset of water-water network
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formation, leading to water-water interaction only upon binding of a third water
ligand.

An intramolecular, infrared triggered reaction is described in the example of
the SF¢-HCOOH complex. It was found that the reaction could be influenced by the
degree of Ar solvation, effectively shutting down upon attachment of two or more Ar
atoms with the Ar acting as a coolant. The structure of the complex and three
different reaction channels identified could be determined. Aided by high-level
quantum calculations, a possible reaction pathway is proposed.

Lastly, a study on A~C¢FHe.n (n =0 -5, A = CL, I, SF¢) is presented. This
system is of considerable interest in the context of anion recognition via interactions
with electron-deficient aromatic systems. Varying the number of fluorine atoms
around the carbon ring one at a time offers the possibility of tuning the electronic
properties of the aromatic molecule. Arenes with a high degree of fluorination offer
two competing binding motifs to an anion, namely binding to the top of the ring
(displaying a positive electrostatic potential) and binding to the periphery of the ring
via hydrogen bonding to one of the CH groups, which become increasingly acidic
upon increasing the number of fluorine atoms. It has been shown that the latter
prevails up to pentafluorobenzene, so that full fluorination of the ring is needed in the

case of fluorinated benzenes to make the binding motif switch to the top of the ring.
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1. Motivation

The mutual interaction between ions and their chemical environment plays a crucial
role in chemistry. A detailed understanding of these interactions at a molecular level
is therefore important in many areas, ranging from processes in biological systems
and organisms to chemical reaction mechanisms, in which anions frequently occur as
important reactive intermediates. However, investigations of the intrinsic properties
governing the interactions between ions and their surroundings are difficult to
perform in liquid phase, due to many-body forces, fluctuations in their solvent shell
and solvent molecules further away from the ion. A convenient approach to
circumvent these problems inherent to experiments in solution is to perform
experiments on the systems of interest in the gas phase, where ionic species can be
easily mass selected, making sure that only one particular system is probed each time.
Moreover, ion-molecule complexes can be studied without the influence of other
chemical environments, allowing access to their intrinsic interaction features. At the
same time, the number of ligand molecules around the respective ion can be varied
one at a time, making investigations of the structure of solvation shells and the
influence of the solvent shell size on the interaction properties experimentally
amenable. For very large clusters, one might eventually be able to extrapolate to the
bulk limit, with the cluster sizes necessary for a good approximation depending on the
property under consideration.! A variety of different techniques has been developed
or modified to study ion-molecule complexes and clusters in the gas phase, such as
mass spectrometry and reactivity studies,'™ ion mobility experiments,” photoelectron

34,78 -
"% to name just a few. Infrared

spectroscopy’ and photodissociation experiments,
predissociation spectroscopy”” has turned out to be very fruitful for the investigation
of the structural properties of ion-molecule complexes, especially if accompanied by
quantum chemical calculations to aid the interpretation of the vibrational spectra
obtained. The successful application of this method is based on the changes in the

bonding properties and the symmetries of the respective free ions and molecules upon

introducing interactions between them, as any deformations and perturbations will be



encoded in the vibrational spectrum of the complexes. Infrared spectroscopy therefore
provides a very sensitive tool for registering the geometries of the complexes under
consideration as compared to their uncomplexed constituents. The vibrational
signatures of the fundamental transitions of some important functional groups (such
as CH or OH groups) fall within the mid-infrared range of the spectrum, making a
wide range of complexes and clusters accessible to this experimental technique. As
will be explained in detail in chapter two, it is not possible to use conventional
infrared absorption spectroscopy in order to realize these experiments while working
with a molecular beam of mass selected ions in the gas phase. However,
photodissociation action spectroscopy turns out to be a convenient experimental
approach. Several studies that have been performed using this technique are presented
in this work. An investigation of the hydration behavior of atomic metal anions is
presented using the example of the coinage metal anions and put into context with
earlier studies on the hydration of small and medium sized anions. The dependence of
hydration structure motifs on the size and polarizability of the charge distribution
within the respective anionic charge carrier is investigated in complexes of C¢FyHe.n
(n=4 - 6) and SF¢ anions with water ligands. Having demonstrated the power of the
technique on studying the interaction of these anions with their chemical surroundings
and solvation shells, a study on the sulfur hexafluoride-formic acid complex is
discussed, showing that in some cases it is possible to trigger an intracluster reaction
upon excitation of the ion-molecule complex with an infrared photon. Finally a study
of chloride-fluorobenzene complexes is presented, shedding light on the interactions

of anions with electron-deficient aromatic molecules.
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2. Experiment

2.1. Overview

A schematic overview of the photodissociation spectrometer used for the
investigation of the systems presented in this work is shown in Figure 2.1. It consists
of a supersonic entrainment ion source for the production of the anionic complexes of
interest, a reflectron-time-of-flight mass spectrometer (TOF-MS) and an infrared
optical parametric converter as a light source. These components are described in
detail in the following sections, together with the specific parameters employed for

running the experiments presented here.
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Figure 2.1 Schematic overview of the setup for the infrared photodissociation
spectroscopy experiment (top view)



2.2. lon source

The anionic species of interest are generated employing an electron impact plasma
jon source in combination with a pulsed supersonic expansion (see Ref.' and
references therein). A neutral plasma is generated by impact of electrons with
energies at 800 eV (emitted from a heated thoriated tungsten wire, 0.005 , 1% ThO,
in the electron gun) into the high density region of a supersonic expansion. There,
anions can be formed via attachment of slow secondary electrons (which mostly stem
from ionization of argon atoms by the highly energetic electrons generated via the
electron gun) to molecular precursor molecules XY. This results in the formation of

temporary negative ions according to reactions of the type:

XY +e¢ — [XYT 2.1)

The transient negative ions formed this way can then either autodetach the electron or
be stabilized in collisions or by dissociation, forming stable anions in one of the

following ways:

[XY] > X +Y (2.2) dissociative attachment
[XY] +M — XY +M + Exin (2.3)  collisional stabilization

The ion-molecule cluster ions which are to be investigated can be created in

association reactions with the respective ligand:

[XY]+nL— XY Lp+(M-m)yL (2.4)

It can be very difficult, however, to find the optimal conditions for the generation of
the desired species, if a premix of suitable gases is co-expanded. In addition, although
some cooling is provided by the expansion of the mixture from moderate backing
pressures (between ~ 3 - 14 bar, depending on the system) into high vacuum (typical

operating pressures of the source chamber range between the low 10° to mid



10" mbar region), the anionic clusters produced via reaction (2.4) often still contain a
considerable amount of internal energy, as they are formed in an evaporative
ensemble.” For the investigation of the interactions governing the structures of these
species and in order to facilitate comparison of the results obtained in the infrared
spectroscopic experiments to quantum chemical calculations, generation of the target
complexes with a minimum amount of internal energy is desired, to ensure they are
close to their equilibrium geometry. In order to meet these conditions, the local
concentrations of the reactant gases must remain low, so that collisions with the inert
carrier gas always dominate, thereby leading to an effective cooling of the clusters.
This requires very low concentrations of precursors and ligands in the expansion.
Although these conditions can be met using premixed gases from a gas cylinder, it is
a difficult task to optimize the composition beforehand, especially in the limit of low
seed gas concentrations, as surface adsorption of the reactant gases in the gas inlet
system and remaining impurities in the carrier gas can considerably complicate the
final gas mixture. In order to circumvent at least some of these problems, Robertson
et al.’ developed the concept of the supersonic entrainment source, a schematic

overview of which is shown in Figure 2.2.

e’(800 eV)

Ligand Ar lon
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Figure 2.2  Schematic overview of the entrainment ion source’



The working principle of this source is based on a hydrodynamic process first
described by Campargue.® The entrainment of molecules into the flow of an
expansion is most efficient for molecules in the vicinity of the nozzle orifice, where
they penetrate through the border of the expansion cone and mix with the expanding
carrier gas. Moreover, the plasma region of the molecular beam can be found in the
same volume, and negative ions are formed at this point by attachment of slow
secondary electrons. One of the great advantages of this source in comparison to the
co-expansion of premixed gases is that it allows for in situ optimization of the
composition of the gas mixture, so that among all of the ions formed in the expansion
the anionic complex of interest can be optimized for maximum intensity. This is
achieved by controlling the valves independently (both with respect to start time and
gas pulse duration), providing great flexibility in the relative timing and composition
of the expanding gas cloud and therefore eventually of the species generated. Pulsed
valves of the General Valve Series 9 (I mm orifice) are used for the introduction of
the ligand molecules into the reactor. An expansion of neat Ar (99.9999% purity) is
generated by an Even-Lavie-Valve, allowing for very short opening times (typically
25 ps) and high backing pressures (up to 100 bar, typically operated at 14 bar in this
experiment), which in turn allows operating the source chamber at relatively low
background pressures. In addition, cold, Ar solvated complexes XL, Ary can be

generated via sequential ligand exchange reactions:

XY Ar, + L — XY " L-Arn + (p—m)-Ar  (2.5)

The source chamber is pumped by a 2000 L/s diffusion pump (BOC Edwards
Diffstak) and a 1000 L/s turbomolecular pump (Turbovac 1000C, Leybold). The
experiment is operated at 20 Hz repetition rate, which results in pressures in the
source chamber between several 10 to several 10 mbar during operation. Within
the source chamber, the molecular beam expands freely between the repeller and
extractor plate of a home-built Wiley-McLaren’ TOF-MS, where the anions are
accelerated to kinetic energies of approximately 3.5 keV into a differential pumping

stage pumped by a 520 L/s turbomolecular pump (Pfeiffer TMU 521 YP) to operating



pressures of several 10 mbar. The ion source described so far has been designed for
the generation and optimization of ionic molecular clusters, relying on substances
with sufficiently high vapor pressures. For the production of clusters containing metal
anions a modification has been developed in our group to allow for the production of
such species as well.® In order to achieve this, one of the entraining valves is replaced
by a rotating steel plate, on which a wire consisting of the target metal is mounted. By
focusing an intense laser beam (generated by a Nd:YAG laser, Innolas Spitlight 300,
typically operated at 50 mJ per pulse / 1064 nm) onto the rim of the rotating wire, the
metal is vaporized and subsequently entrained into the main Ar expansion. The rest of
the settings and parameters remains similar as has been described for the metal-free
targets. A schematic representation of the entrainment ion source modified for the

generation of metal ion-molecule complexes is shown in Figure 2.3.

e (800 eV)
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Figure 2.3  Schematic overview of the entrainment source modified for the
generation of metal-ion molecule complexes®
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2.3. Reflectron Time-of-Flight Mass Spectrometer

The ion source described above generates a multitude of anionic species based on the
introduced precursor molecules. These ions are accelerated into the flight tube of the
mass spectrometer (pumped by another 520 L/s turbomolecular pump (Pfeiffer TMU
521 YP), maintaining operational pressures of several 10™ mbar), a two stage Wiley-

McLaren setup.’ In the mass spectrometer, the ions are separated according to their

mass-to-charge (%) ratio, as for the overall flight time of an ion with mass m and

charge ( the following relationship applies:

toc % (2.6)

Moreover, the Wiley-McLaren design allows for freely choosing the position of a first
space focus in the mass spectrometer, where all ions of the same mass-to-charge ratio

arrive at the same time. In order to only transmit a specific range of ions with certain

% values, a pulsed mass gate is installed in this first space focus, consisting of a

stack of plate electrodes, to which a potential can be applied (alternately positive and
negative, typically around +150 V).” If the electric field is switched on, arriving ions
are deflected from their original trajectory and are therefore removed from the
molecular beam. Directly after the mass gate (~ 10 mm downstream), the ions are
irradiated with the output of an infrared optical parametric converter (OPO, Laser
Vision), which is described in more detail in section 2.4. The ions are reflected in a
two-stage electrostatic mirror (reflectron, R.M. Jordan Company) and registered in
the second space focus of the mass spectrometer (provided by the reflectron) on a
micro channel plate (MCP) ion detector. In addition, the reflectron also allows for the
separation of the fragment ions resulting from dissociation after absorption of an
infrared photon in the irradiation region from their parent ions: undissociated parent
ions penetrate deeper into the field of the reflectron and arrive therefore later at the

detector than the lighter fragment ions (enabling their independent registration).®
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Employing a reflectron also helps to extend the flight path of the ions considerably

and therefore to increase the resolution of the mass spectrometer, which is defined as

R=—=— 2.7)

and in the present mode of operation typically reaches values around R ~ 800. In
principle, there are two different strategies for measuring the desired
photodissociation spectra. One possibility is to measure the depletion of the parent ion
signal upon irradiation with the infrared light. Analogously to Lambert-Beer’s law,
the parent ion intensity is measured with (Np) and without (Np ) the laser beam, with

the ratio of these two values being related to the cross section in the following way

o(v):’

Np (V)
Np o

=1—a+a‘exp{— ov)- F(v)} (2.8)

where F(v) is the number of photons per area integrated over the laser pulse, and a the
imperfect overlap of the ion packets and the laser beam (0 < a < 1), which can be
determined by measuring the depletion of the ion beam as a function of the laser
intensity. However, measuring the depletion of the parent ion signal in the described
way works well only if an appreciable part of the ion beam (at least ~ 10%) is
depleted upon irradiation with light.'” However, typical infrared photodissociation
experiments result in a depletion of the parent ion signal on the order of 0.1 — 1%,
preventing this approach from being a convenient route for obtaining the desired
results. These problems can be circumvented by measurement of the photofragment
action. In this case, not the depletion of the parent ions, but the intensity of fragment
ions produced (Ny) following irradiation is monitored as a function of the infrared
frequency v. In the limit of small depletion (which for infrared predissociation
experiments can be assumed to hold), the following relation between cross section,

fragment ion yield and laser intensity applies:
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N, (v) o V) '(V% 2.9)

The main drawback of this approach is that absolute cross sections are usually not
obtainable. However, most of the structural information is encoded in the relative
cross sections. In most of the experiments presented in this work, Ar solvated
complexes have been investigated, which decay on a time scale short compared to the
flight time of the parent ion through the mass spectrometer and therefore with near-

unit efficiency.

2.4, Laser system

The infrared light used to irradiate the complexes in the mass spectrometer is
provided by an optical parametric oscillator (OPO) and optical parametric amplifier
(OPA), shown in Figure 2.4. The setup is pumped with the output of a Nd:YAG laser
(Innolas Spitlight 600, typical pump energies are 450 ml/per pulse, pulse length:
~ 7 ns). The pump radiation of frequency wp (fundamental of the Nd:YAG laser,
Ap = 1064 nm) is split in two parts with the relative ratio 1:2. The weaker beam is
used to pump the OPO (consisting of two potassium titanyl phosphate (KTP) crystals)
after being frequency-doubled in a KTP crystal. This results in the generation of a
signal wave in the range between 710 - 885 nm and an idler wave in the range
between 1330 - 2120 nm. After a double pass through the OPO crystals, both the
signal wave and the remaining pump radiation are filtered out of the OPO resonator

by a Si filter. The OPO cavity is resonant for the idler wave.
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Figure 2.4  Schematic overview of the IR-OPO/OPA

The idler wave is then superimposed with the second part of the original pump beam
in a chain of four potassium titanyl arsenate (KTA) crystals forming the OPA. This
leads to difference frequency mixing between pump and idler radiation in the OPA

stage, providing light in the mid-infrared range between 2200 - 3800 cm™:
DR = 0p — O, (2.10)
Additionally, energy conservation requires

00 = (@, -0,) @.11)

so that the frequency of light generated via difference frequency mixing will be given

by:



14

1 1 1 1
Op =0 —20p —@®)=Wc —Op =2 7T C{———1=2-7-C4——
IR p — (20 5) s P { . ﬂp} {ﬂs 1064nm}

(2.12)

@, - angular frequency of the mid-infrared radiation generated by difference
frequency mixing in the OPA, A € [2600nm,4550nm]

o, : angular frequency of the idler wave A, € [1 3um,2.2 ,um]

@ : angular frequency of the signal wave Ag € [710nm,885nm]

 : angular frequency of the pump radiation provided by the Nd:YAG laser,
A, =1064nm

Light in this frequency range can be used for the investigation of the structures of a
wide range of complexes, as important fundamental vibrational transitions of many
molecules fall within that region of the spectrum, such as OH and CH stretching
modes. The OPO is tunable in that range without gaps and provides pulses of ~ 7 ns
duration and energies of 1 - 15 mJ, depending on the pump laser intensity and the
infrared frequency. After the OPA stage, a dichroic mirror is installed to remove the
residual pump radiation from the light beam. A Brewster “stack of plates” polarizer is
used to isolate either the horizontally polarized mid-infrared or the vertically
polarized idler wave from the output. The band width of the OPO is ~ 2 cm™. The
infrared beam is routed to the mass spectrometer via gold mirrors and passed twice
through the interaction region in order to double the signal-to-noise ratio before
eventually being measured by a pyroelectric detector (Molectron J-4). A Si and an
anti-reflection coated Ge filter are placed in the beam in order to filter the remaining
1064 nm radiation from the pump laser and amplified idler radiation out of the light
beam. The IR-OPO/OPA and the infrared beam path can be purged by dry nitrogen in
order to avoid absorption of the infrared light by ambient atmospheric trace gases
such as water or carbon dioxide prior to reaching the mass spectrometer. Frequency
calibration of the setup is achieved by analyzing the signal wave of the OPO
(transmitted through the OPO output coupler) with a fiber optic spectrometer (Ocean
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Optics), which in turn is calibrated against the well-known emission spectrum of an
Ar discharge. On the basis of the resolution of the spectrometer in the spectral region
in question (~ 2 cm™) and the intrinsic bandwidth of the optical parametric converter
(~ 2 cm™), we conservatively assume our frequency scale to be accurate within
3 cm™. The photofragment signal is eventually measured as described in the previous
paragraph as a function of the OPO frequency and during each scan, 16 laser shots are
acquired and averaged per data point (employing digital oscilloscopes, Tektronix
TDS 2022). The fragment ion intensity is normalized to the infrared intensity (thereby
correcting for fluctuations in the infrared pulse energy). Several spectra are recorded
on different days to ensure reproducibility and averaged to increase the signal-to-

noise ratio.

2.5. Infrared predissociation spectroscopy and effects
of Ar solvation

The investigation of molecular complexes in the gas phase prevents the application of
classical absorption spectroscopy due to the low particle densities in the molecular
beam. Usually, minimum analyte particle densities on the order of
> 10" particles/cm’ for bulk samples or > 10" particles/cm® for surface samples are
required. These conditions allow for measuring the attenuation of the light beam
passing through a sample and eventually the determination of the absorption cross

section according to Lambert-Beer’s law:

:—V:exp{—n-av-l} (2.13)

0

However, typical particle densities in a molecular beam are on the order of
< 10’ particles/cm’ (and typically even considerably lower), thereby precluding this
approach. Alternatively, instead of measuring the absorbance of the light beam before
and after interacting with the particles under investigation, one can monitor the effect

it exerts on the sample particles by registering their dissociation after photon
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absorption. As described in section 2.3, this can be achieved by employing the action
spectroscopy technique, based on monitoring the fragment ions resulting from the
irradiation process as a function of the frequency of the infrared light. A sketch of the

process leading to fragmentation is shown in Figure 2.5.
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Figure 2.5  Schematic representation of the photodissociation process after
vibrational excitation of the chromophore (represented here by the
evaporation of the Ar atoms from the C¢Fs-H,O-Ar; parent)

However, an intrinsic problem of the photodissociation approach is that it is only
feasible if the absorption of one photon will lead to dissociation of the parent ion on
the timescale of the experiment with (near) unit efficiency, which is often the case for
molecular cluster targets and photon energies in the visible and ultraviolet region.
However, even the non-covalent ion-molecule interactions considered in this work
will often exceed the infrared photon energies used for excitation of fundamental

vibrational transitions, which means that only cluster ions already containing a certain
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amount of internal energy would be accessible for dissociation. One solution is to
apply sequential absorption of several photons in order to reach the dissociation limit
of the target ion.'" However, this approach requires high intensity infrared light
sources such as free electron lasers'? which are not easily available. In addition, most
information on the relative intensities of the observed spectral features is lost due to
the nonlinearity of multi-photon processes. In order to circumvent these problems, the
so-called messenger technique can be used, in which weakly bound “messenger” or
“spy” atoms are attached to the complex of interest.”"> This technique has been
widely used in photodissociation experiments and relies on the evaporation of some
or all messenger atoms upon irradiation of the chromophore (represented by the
infrared active mode of the untagged ion-molecule complex which absorbs the

photon):
+/- +/-
XYM, > XY -M_ +(m-p)-M (2.14)

This technique offers two advantages. First, the complexes under investigation are
cold, since they necessarily have a low internal energy content due to the low binding
energy of the messenger atom. As a result, one can hope that the Ar-tagged
complexes are close to their equilibrium structures, which is important for meaningful
comparison to the results of quantum chemical calculations. Moreover, table top
laser systems can be used, as the complex fragments upon absorption of one photon.
The non-covalent interaction with the weakly bound messenger atom will be broken
as soon as the excitation energy is redistributed into a normal mode leading to
dissociation. This intracluster or intermolecular redistribution of vibrational energy
follows the mechanism of internal vibrational redistribution (IVR)."* Of course, it can
be argued that the introduction of additional atoms into the cluster of interest might
introduce new problems by perturbing its structure away from the equilibrium
geometry of the bare species. This might pose experimental difficulties for studying
cationic species,’” where the interaction between ion and messenger atom is not
purely based on dispersion forces but is often also characterized by some amount of

covalent contributions. This is usually only a minor effect in the investigation of
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anionic complexes, due to the low interaction energies (typically on the order of a few
hundred wavenumbers), and the influence of the messenger atom on the overall
complex geometry is generally negligible. Suitable candidates for serving as
messenger atoms, which have been frequently employed before, include nitrogen and
rare gas atoms. Among the latter, Ar constitutes the most convenient species in many
cases, as it is sufficiently weakly bound to the ion-molecule complex to leave the
geometry essentially unperturbed but strong enough to achieve a sufficient abundance
of Ar-tagged ions in the molecular beam to obtain good signal-to-noise ratios within
reasonable data acquisition times. Moreover, it is chemically inert and has no
rotational or vibrational degrees of freedom. Finally, it is monoisotopic, thereby
simplifying the mass spectrometric analysis. Typical shifts in the vibrational spectra
caused by Ar solvation lie within the range of 0 - 10 cm™'/Ar atom. With an increasing
number of Ar atoms attached to the ion-molecule complex under investigation, these
shifts approach those seen in the infrared spectra of species trapped in cold Ar
matrices, which can amount to several 10 cm™. They represent essentially the bulk

analogue to the messenger technique or “Ar nanomatrix” approach in the gas phase.
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3. Anion Hydration

3.1. General background

3.1.1. Condensed phase experiments

The structure of the hydration shell of ions has long been of interest, as its
understanding on a molecular level is of crucial importance in chemistry. Early work
on the hydration of ions in the condensed phase already yielded important results.
Neutron diffraction studies showed that water binds to cations via the oxygen atom
while simple anions like the chloride anion are bound in an asymmetric motif, with
one hydrogen atom being involved in a strong hydrogen bond to the anion (therefore
called ionic H-bonded (IHB) OH group) while the other one points away.' As a
consequence, water molecules in the solvation shell around a cation tend to avoid
each other, while the water ligands grouped around an anion are able to form a
delicate binding network, as the free hydrogen atom can be tethered to neighboring
water ligands in hydrogen bonds. In addition to these fundamental insights into the
basic solvation behavior of ions in the liquid phase, it was possible to unveil some of
the infrared signatures of this asymmetric binding motif (displayed e.g. by the halide
ions) by investigating the infrared spectra of dilute frozen electrolytes.” It could be
shown that a unique band characteristic for the H-bonded OH stretch vibration exists,
red shifted more than 100 cm™’ as compared to the pure solvent spectrum.
Unfortunately, it was neither possible to infer any additional features from the
spectrum nor could the method be used to elucidate the structure of a hydration shell
around an ion, thereby demonstrating some of the major limitations of condensed
phase experiments, where fluctuations in the solvation shell and the bulk water
molecules not coordinated to ions tend to mask the spectroscopic signature of the
interaction between the solvated ions and their surrounding ligands. Experimentally,
this leads to broad, unresolved spectra which cannot be used to obtain any

information about subtle details like hydration shells, at least for linear spectroscopy
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methods. This is demonstrated by the broad infrared signatures of the OH stretch
vibrations in bulk liquid water.” These problems can be circumvented by the cluster
approach in gas phase experiments, which allows mass selection of specific cluster
sizes and permits building up a hydration shell around an ion one solvent molecule at

a time while obtaining detailed spectroscopic information on the respective structures.

3.1.2. Infrared spectroscopy and binding motifs of X-(H,0),
clusters

As described above, infrared spectroscopy of clusters constitutes an ideal tool to gain
the desired structural information, since the OH stretching vibrations are highly
sensitive to the interactions both between the solvated ion and the surrounding water
molecules and between the water ligands themselves. The focus of the investigations
presented in this work is on the hydration of anions, which is multifaceted and whose
details are still not completely understood due to the interplay of water bonding

motifs to the anion and the other water ligands.

3.1.2.1. The binary complex XH,O

The interaction and binding motifs of atomic and small molecular anions and single
water molecules has been thoroughly investigated and is now fairly well understood.
Complexes of an atomic anion (such as the halides) and a water ligand adopt a
binding motif which has Cg symmetry and is referred to as the “single ionic H bond”
(SIHB) motif shown in Figure 3.1 (A).*” In this structure, one strong hydrogen bond
is formed between one of the OH groups of the water molecule and the anion, while

the second OH group points away from the anion and is essentially a free OH group.
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Figure 3.1  Typical binding motifs found for anions in a complex with a water
molecule; A — SIHB motif (single ionic hydrogen bond); B — DIHB
motif (double ionic hydrogen bond)

As a result of this symmetry lowering compared to the free water molecule (C,y), the
two OH oscillators are decoupled. The symmetric stretching mode of the free water
molecule develops into an intense band in the IR spectrum, characterized
predominantly by the motion of the OH group involved in the hydrogen bond to the
anion and giving rise to a red shift of up to several hundred wavenumbers in
comparison to the centroid of the symmetric and antisymmetric stretch vibrations of
bare water (3707 cm™). It is therefore generally referred to as the IHB band (“ionic H
bond”). The antisymmetric stretching mode evolves into a weak band dominated by
the motion of the free OH group, which shows up in the IR spectrum around the
position of the average of the symmetric and antisymmetric stretching vibrations of
bare water (3707 cm™). It is named for this reason F band (“free”). The spectra and
vibrational signatures of the binary halide-water clusters have been extensively

410 and it is instructive to take a

studied, both experimentally”® and theoretically,
closer look at some of these results. Figure 3.2 shows the IR spectra of the

X"“H,0O-Ar, (X =F, Cl, Br, I) clusters as taken from Ref”’
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Figure 3.2  Ar predissociation spectra as taken from Ref’; (a) F-H,O-Ar,,
(b) CI"H,0O-Aryy, (c) Br-H,O-Ar; and (d) I'H,0O-Ar;; Free — OH not
involved in a hydrogen bond, IHB — ionic H bond, B — overtone of the
water intramolecular bending mode, IM — combination band involving
the ion-water intermolecular stretching vibration

In the case of the I""H,O and the CI1"-H,O the features discussed above can be clearly
recognized: There is a weak band around 3700 cm™, which is the signature of the F

band and an intense, strongly red-shifted IHB band. The red shift of this band
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increases with the proton affinity of the anion,'' leading to an increasingly elongated
OHjyp bond and to a more pronounced anharmonicity of the OH stretching potential.
Moreover, both spectra display an additional band denoted as “B”, which is attributed
to the overtone of the water intramolecular bending mode, gaining intensity through a
Fermi resonance with the strong IHB band. Interestingly, in the spectrum of the
BrH,O complex a strong doublet appears instead of the IHB band. This can be
attributed to the same Fermi resonance (matrix element for the interaction is about
30 cm” in this case’), as the frequency of the IHB band is tuned to lower
wavenumbers going from Cl to I and coincides with the position of the unperturbed
bend overtone for Br. Finally, there is an additional weak band denoted as “IM”,
which stems from a combination band of the IHB band with the ion-molecule stretch
vibration. The spectrum of the F-H,O complex falls out of this scheme, as the red
shift of the IHB band is so strong that only the 2 <— 0 overtone can be recorded in the
energy range shown in Figure 3.2. This can be rationalized based on the high proton
affinity of the F™ anion, which leads to a low-lying proton transfer channel showing up
as a distinct shelf in the potential energy surface along the hydrogen displacement

12 While this shelf is much less pronounced for the heavier halides and

coordinate.
lies comparatively high in energy, in the case of FH,O it can be explored already by
the first overtone of the OH stretching vibration, leading effectively to the complex
sampling the proton transfer region of the potential energy surface following the
1 < 0 excitation. This is even more pronounced to the point of delocalizing the
proton between ‘“donor” and ‘“acceptor” if the proton affinity of the two
corresponding bases is exactly the same such as in the OHH,O system." It has been
shown that it is crucial to include charge-transfer from the anion to the OH stretch
antibonding orbital in order to arrive at models which describe the observed red shifts
accurately,'* and in line with the experimental findings outlined above it was found
that the importance of charge transfer decreases on moving down the group of
halogens (F > Cl > Br > I).'* Qualitative trends, however, can be understood on the
basis of the electrostatic effects involved."> In anions where the negative charge is

delocalized over several centers, a water molecule can form two hydrogen bonds to

the ion, a binding motif which is therefore referred to as DIHB motif (“double ionic H
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bond”, see Figure 3.1 (B)). A class of molecules in which this motif frequently occurs
are anions where the negative charge is distributed over triatomic domains, such as in
CH3NO;, or if the anion itself is triatomic, as is the case for SO, (Ref.m) or OCS’
(Ref.'"), therefore offering a template for docking a water ligand via two hydrogen
bonds. This binding motif is only avoided if the DIHB geometry puts too much strain
on the water molecule. For this reason, NO, shows a SIHB motif: ' due to the shorter
distance between the oxygen atoms the bending angle of the water ligand would have
to be lowered significantly, which makes the DIHB motif energetically unfavorable.
Since the symmetry of the water molecule (C,y) is at least approximately conserved in
the DIHB motif, the IR spectra of the respective complexes are expected to show the
same vibrational signatures as the bare water molecule itself, namely a symmetric (vs)
and an antisymmetric (v,s) OH stretching mode. The former is usually more intense
and the splitting between the two is often somewhat smaller than in free water
(~ 99 cm™). Both of them are red shifted as compared to their positions in free water
due to the hydrogen bonding interaction, but to a considerably lesser extent than the
IHB band in the case of the complexes displaying an SIHB binding motif. However,
the red shift of the bands involved in the hydrogen bonding increases in both cases
with the proton affinity of the anion. The signatures discussed above are observed

experimentally e.g. for the SO, “H,O complex.'®

3.1.2.2.  Higher solvation levels: X+(H,0), clusters

An increase of the number of water molecules solvating the core anion raises new
complications, as not only the binding motifs between the anion and its water ligands
have to be considered, but also the interactions of the water molecules with each other
will be of crucial importance for determining the overall structural motif. An
interesting question, which arises with increasing cluster size in that context is
whether the anions are eventually bound to the surface of a water cluster via hydrogen
bonds (“surface solvated”), or if they reside inside such a cluster (“internal
solvation™)."” This depends very much on the chemical nature of the respective anion.

Considering the halide anions again as prototypes for the hydration of small atomic
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anions, increasing the degree of solvation to two water molecules surrounding the

respective anion leads to the observation of the binding motifs

] l . .
819 and vibrational

spectra displayed in Figure 3.3 (taken from Ref.’).

Figure 3.3

Argon Predissociation Yield
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Spectra of X(H,0), clusters as taken from Ref.’; (a) F(H,0)»Ars
(structure shown in inset) (b) CI:(HyO),'Ars (c) Br:(HyO), Ar;
(d) T:(H,0),-Ars (structure of species (b) — (d) depicted in inset);
arrow: position of H bonded OH stretch in the neutral water dimer,
F — position of free OH stretch; IHBAsp — ionic H bond of a water
molecule acting as a hydrogen bond donor to the ion and acceptor to
the neighboring water; IHBpp — ionic H bond of a water molecule
acting as a hydrogen bond donor to both the ion and the neighboring
water; IW — signature of the OH stretch involved in the hydrogen bond
between the two water molecules
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The X(H,0), (X = Cl, Br, I) clusters adopt an asymmetric geometry, where the
anion is bound to a water dimer via one hydrogen bond to each water molecule. The
remaining OH group of one of the water ligands (referred to as “DD” for “double-
donor”) is involved in the hydrogen bonding interaction with the second water
molecule. The hydrogen bond of this ligand to the ion is therefore weaker than for a
single water molecule in the ion-water complex. The second OH group of the other
water ligand is essentially free. It is referred to as “AD” (“acceptor-donor’). The
oxygen atom of this water molecule serves as a docking point for the hydrogen atom
of the interwater hydrogen bond and a small part of its electron density is shifted into
the antibonding orbital of the corresponding OH bond. This leads in turn to a
strengthening of the hydrogen bond of the AD water molecule to the anion. Overall,
this geometry can be viewed as a “surface solvated” anion. The binding motif gives
rise to a four-band spectral pattern which can be interpreted based on the spectra of
the monohydrates, taking the cooperative effects in the hydrogen bonding interactions
just described into account. The most red shifted IHB band and the F band (compare
Figure 3.3) can be attributed to the water molecule which serves as an acceptor for the
hydrogen from the neighboring water (IHBsp), while a second less red shifted IHB
band is the signature of the OH stretching mode involved in the hydrogen bond of the
second water molecule in the ion. The band marked as “IW” (for “interwater”) in
Figure 3.3 is assigned to the stretching mode of the OH group involved in the
interwater hydrogen bond, as its position is close to the hydrogen bonded OH
stretching mode in the neutral water dimer.*’ Finally, the F band marks the signature
of the dangling OH group of the AD water ligand. Obviously, for these ion-water
complexes, the formation of an interwater hydrogen bond energetically outweighs the
loss in linearity in the hydrogen bonding to the anion, which is a consequence of the
formation of the water dimer. However, if the interaction strength between anion and
water ligands is increased, it is expected that the formation of the most favorable (i.e.
linear) hydrogen bond between anion and ligands prevails over the formation of
interwater networks, leading to a cluster geometry which can be described an
“internally solvated”. Interestingly, the spectral position of the IW band is slightly

blue shifted with increasing proton affinity of the anion, showing that the
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intermolecular water-water interaction is reduced as the binding interaction to the
anion becomes stronger. The vibrational spectrum of the fluoride dihydrate (Figure
3.3) differs completely from the spectra of the other halide water clusters described so
far, which means that the local environment of the two water molecules must be
different in that case. This can be rationalized in view of the higher proton affinity of
the fluorine anion, leading to a strong enough hydrogen bonding interaction to its
water ligands to break the interwater hydrogen bond. The spectrum shows a strong,
red shifted IHB band (which falls into the energy range displayed in Figure 3.3 in
contrast to the IHB signature in the fluoride monohydrate, since the red shift of the
bands decreases with an increasing number of ligands). The F band is present as well,
while there is no signature in the spectral region where the IW band would be
expected. Thus, the fluoride anion is the only halide anion which can be viewed as
“internally solvated”, but the same is true for other anions exhibiting a strong
hydrogen bond to their water ligands, such as the OH~(H,0), system.”' However, the
formation of hydrogen bonding interactions between the water ligands upon addition
of a second water molecule has been found to take place in the hydration of most
anions and even for extended charge distributions, such as the naphthalene anion.” It
is worth noting that the most important features described for the X -(H,0), systems
are also observed upon increasing the degree of hydration further to the trihydrates.”
While the fluoride anion in the F-(H,0); cluster (as well as the hydroxide anion in
OH™-(H,0)3) still binds every water ligand via a single hydrogen bond (internal

L2124
solvation),”

all heavier halides display geometries where the water molecules form
hydrogen bonds among each other (surface solvation) (see Ref.’ and references
therein). In the IR spectrum, this motif can again be recognized by the signature of the
OH stretches involved in the intermolecular water bonds. They form “ring modes”
similar to (H,0);? for the X(H,0); clusters (X = Cl, Br, ) and result from the
highly symmetric motif these systems adopt. Each water molecule is involved in one
H bond to its neighbor and another one to the anion. The formation of intermolecular

hydrogen bonds for the trihydrates has been found also for anions, which exhibit a

DIHB motif for the monohydrate such as Cl(H,0),.” For the internally solvated
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anions, it takes up to four (OH:(H,O),) and five (F-(H,O),) water ligands,21
respectively, before the onset of water network formation is observed.

Despite these well-established results on the hydration of atomic and small molecular
anions, not much is known about the binding behavior between water molecules and
larger anions, where the negative charge is not necessarily localized in a well defined
place but can be smeared out over the whole molecule. One exception is a pioneering
paper on the hydration of naphthalene.”? Also, there is not much information about
complexes of negatively charged metal atoms with water, although there is some
experimental and theoretical work on Cu~H,0** and Au“H,0.* In the present
work, we studied the hydration of the coinage metal anions with one water ligand.
Moreover, we investigated the C¢Fg¢.nHy "(H2O) (n =0 - 2, m = 1,2) and SF¢ -(H,0)p,
(m = 1 - 3) complexes as prototypes for the hydration of more extended charge

distributions.
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3.2. Binary complexes of coinage metal anions with
water

3.2.1. Introduction

There has been great interest in studying the intrinsic interaction of metal ions with
their environment, due to the crucial role they play in catalytic processes in chemistry.
While most infrared investigations in the gas phase have been performed on metal
cations with various ligands,”” negatively charged supported metallic clusters have

been proven to be catalytically active as well.>'*

33,34

Especially gold has received a lot of
attention and it was shown that small gold clusters are catalytically active if
deposited on defect sites on metallic surfaces.****** In this context, it is interesting to
gain some deeper insight into the interaction behavior of metal anions with their
chemical environment. Therefore, we performed an infrared spectroscopy study of the
coinage metal anions in a complex with one water ligand. In light of the above
discussion, M"-H,O complexes (M = Au, Ag, Cu) are expected to show a similar
hydration behavior as the halide anions, as they also constitute closed-shell, atomic
anions. The elucidation of their properties has triggered a growing number of
computational and experimental studies, the latter mainly employing photoelectron
spectroscopy (including imaging techniques and time-resolved
experiments).26’28’29’36’37 The similarity of their structural motifs to the halide-water
complexes has been supported by calculations carried out employing second-order
Moller-Plesset perturbation theory (MP2) and density functional theory™ (DFT, with
a B3-LYP functional). However, recent investigations of the Cu~H,O complex**~’
have shown that the situation might be more complicated: although the minimum
energy structure displays the expected SIHB motif (Cs symmetry), the barrier
corresponding to the C,, transition state between the two equivalent Cg structures
along the potential energy surface lies rather low in energy (0.02 eV>*), challenging
the idea of the robust SIHB motif found for the halide-water clusters. Moreover,

earlier theoretical investigations have suggested a C,, minimum energy structure for

the Cu~H,O complex.”” Infrared spectra in combination with high level quantum
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chemical calculations are ideally suited to resolve the issue of the hydration motif in

the M™-H,O complexes.

3.2.2. Calculations

Two routes have been applied to elucidate the structural motifs and the vibrational
signatures of the species under consideration. First, structure optimizations have been
performed using density-functional theory®® (DFT) on the B3-LYP level’ with
TZVPP basis sets for all atoms,” as implemented in the TURBOMOLE program
suite.*' On top of that, higher-level calculations have been carried out by Boese et
al.** on both a DFT/B97-1 and a CCSD(T) level of theory. The anharmonicity of the
potential energy curves has been accounted for in these calculations in order to get an
improved description of the vibrational patterns found experimentally and to include
effects anharmonic in nature, such as Fermi resonances. The computational details
can be found in Ref.* (and references therein). The findings of the calculations are
summarized in Table 3.1 (energetic and geometric properties of the respective
structures of the complexes) and Table 3.2 (vibrational frequencies) and discussed in

comparison to the experimental results in the following section.

3.2.3. Results and discussion

The mid-infrared spectra of the M-H,O-Ar; clusters, recorded via the loss of two Ar
atoms are presented in Figure 3.4.** The Au~H,O complex displays a spectrum which
is reminiscent of the SIHB motif of the heavier halide-water systems described in the
preceding section. An intense, strongly red-shifted band (IHB band, evolved from the
symmetric stretching mode of the free water molecule, vy) around 3145 cm™ is the
signature of the OH group involved in the hydrogen bond between metal anion and
water ligand. It is accompanied at higher energies by a band which can be assigned to
the bending mode overtone gaining intensity through a Fermi resonance with the IHB

band. Both of them form combination bands ~ 150 cm™ higher in energy involving
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the ion-water intermolecular stretch vibration, which even resemble the line shapes of

the “parent” bands (IHB and B respectively, see Figure 3.4) they build on.

as
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Figure 3.4  Infrared spectra of the M™(H,O) complexes (M = Cu, Ag, Au; see
inset of respective spectra); vg — bending overtone, v; — symmetric OH
stretching mode; v,s — antisymmetric OH stretching mode;
(IHB — IHB band; F — (quasi) free OH stretch, see Figure 3.2)
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The final proof that the structural motif is indeed of Cg symmetry is delivered by the
weak band at 3671 cm™, which is the signature of the free OH oscillator (F band,
evolved from the antisymmetric stretching mode of the free water molecule, vy).
However, the situation is less clear in the case of the Ag-H,O and the CuH,O
complexes, although both of them do display an intense symmetric stretching band
and an antisymmetric stretching band, similar to the AuH,O complex. It is
instructive at this point to put these findings into context with the well-understood
behavior of the halide-water complexes, where it has been established that the red
shift of the IHB band increases monotonically with the proton affinities of the
respective anions. This is due to the increased stretching of the OH bond involved in
the hydrogen bonding interaction, as the proton transfer channel is lowered
progressively in energy.'' Interestingly, the red shift of the symmetric stretching band
of the anionic silver and copper complexes (situated at 3366 cm™ for Ag~H,O and at
3271 em™” for Cu~H,O, respectively) is much less pronounced than for the gold
anion-water complex (displaying a clear, strongly red shifted IHB band). However,
the proton affinity of the anions increases from gold to copper, which should lead to
the opposite behavior (within the same binding motif, see Figure 3.5). In contrast, the
position of the feature identified as antisymmetric stretching mode (3575 cm™ for
Ag“H,0 and 3520 cm™ for Cu~H,O, respectively) is considerably more red shifted
and intense than should be the case for a clear-cut SIHB motif, and it was not possible
to find any spectral feature above 3600 cm™, where the F band would be expected to
show up in such a case. This demonstrates that the two OH groups cannot be
considered to be completely uncoupled in the copper and silver complex. The red
shifts of the IHB bands of some known water-anion complexes against the proton
affinities of the respective anions are shown in Figure 3.5.""* It can be seen that the
anionic gold water complex is positioned along the line connecting complexes with

an SIHB motif, further corroborating its structural assignment.
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Figure 3.5 IHB band positions for the known anion-water complexes as a function
of the proton affinities of the ions (from Ref.'***); open squares — known
SIHB complexes; open triangles — known DIHB complexes; full squares
— coinage metal-water complexes; in the case of (suspected) DIHB
configurations the lower energy (i.e. symmetric stretch) IHB band is
listed

In contrast, Ag" and Cu fall onto a line with anions binding the water ligand in a
DIHB motif, pointing towards the earlier theoretical findings which ascribed C,,
symmetry at least to the Cu~H,0O complex.?’ At this point, it is instructive to compare
the experimental findings discussed so far to the results of the calculations. They are
summarized in Table 3.1 for the different structural motifs and their energetic and

geometric properties.
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Table 3.1 Theoretical results for some of the energetic and geometric properties of
the M-H,O complexes (M = Au, Ag, Cu)

CCSD(T)
B3-LYP pvQz/
TZVPP? MCDF* Bindin% Angle  Angle M-H
(Ere / (Ere / energy M-H-O° H-O-H° distance
Metal Symmetry meV) meV) (eV) () (°) (pm)
Au Cs 0 (0) 0 (0) 0.539 160 100 245, 346
Co 29 (24) 30 (42) 0.509 116 97 285
Ag Cs 0 (0) 0 (0) 0.448 146 100 268, 342
Cy 6 (0) 5(16) 0.443 116 98 298
Cu Cs 0 (0) 0 (0) 0.489 151 100 241, 329
Cy 7(7) 10 (17) 0.479 116 98 274

*Values in parentheses are zero-point corrected (harmonically for the B3-LYP results
and anharmonically (CCSD(T) + B97-1) for the CCSD(T) results)
®Calculated using CCSD(T)//pVQZ/MCDF

It can be seen that on all levels of theory the Cg symmetry motif is calculated to be

2% and showing that none of the

the minimum, in line with earlier theoretical results
three complexes under consideration displays a DIHB motif (C,, symmetry).
However, the energy barrier between the Cs and the C,, geometries turns out to be
low compared to e.g. the CI"H,O complex (~ 56 meV?), which displays a clear-cut
SIHB motif, especially for the Ag-H,O (16 meV on a zero-point corrected CCSD(T)
level) and the Cu-H,O complex (17 meV, same level of theory), while it is higher for
Au-H>O (42 meV). The barrier between the two equivalent Cg binding motifs has
been determined for the Cu-H,O complex before to 20 meV, which compares
reasonably well with the value presented above.” The situation is visualized in
Figure 3.6, where the potential energy curves of the three MH,O complexes are

plotted against the M-H-O angle (again employing CCSD(T), but without taking

zero-point corrections into account).
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Figure 3.6 Calculated potential energy curves (CCSD(T) without zero-point
corrections) from Ref.** for the M“H,O complexes (M = Au, Ag, Cu,
see inset) along the M-H-O angle

While all calculated curves show a minimum for the singly hydrogen bonded Cg
structure, AuH,O is the only case for which the two minima seem to be separated by
a substantial barrier, indicating the possibility of a robust STHB motif. In contrast, the
positions of the minima are at smaller angles and the barrier between them is low for
Ag-H>,O and Cu-H;O, leading to a very shallow potential. As a consequence, the
wave function of the zero-point motion of these species has its maximum value close
to the transition state. The frequencies of the OH stretching bands, as calculated for
all complexes and symmetry species under consideration, are summarized in Table

3.2, together with the experimentally determined values.
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Table 3.2 Experimental and calculated IR band positions of the M-H,O complexes
(M= Au, Ag, Cu)

Extrapolated

IHB and F frequencies

Experimental  Redshift bands for
OH stretching per Ar bare
bands atom complex Harmonic® Anharmonic®
Metal (cm™? (cm™ (cm™ Symmetry (cm™ (cm™
Au 3144, 3671 19, N/A? 3182, N/A? Cs 3241,3659  3199,° 3681
Co 3561, 3594  3552,° 3549
Ag 3366, 3575 33,7 3432, 3589 Cs 3358, 3624  3253,° 3647
Coy 3560, 3597  3544,° 3556
Cu 3271, 3520 22,12 3315, 3544 Cs 3285,3616  3146,° 3661
Coy 3517,3552  3525,° 3530

Centroids as measured for M-H,O-Ar;

®Calculated using DFT (B3-LYP//TZVPP), frequencies have been scaled by 0.9476
(Cs) and 0.9602 (C,y) to account for anharmonicity and match the known IHB
frequency in free H,O molecules, respectively

‘Calculated using CCSD(T)/DFT (CCSD(T)//cc-pVQZ/MCDF and B97-1//aug-pc-
2/MWB)

9F band not measured

‘Band affected by Fermi resonance

Clearly, for Au-H,O there is a reasonably good agreement between theory and
experiment for the anharmonic frequency values based on the SIHB binding motif
(Cs symmetry), supporting the earlier assumptions and proving that this species
behaves in an analogous way to the halide-water complexes. Unfortunately, the
situation is less clear for the other two complexes: For both Cu~H,O and Ag-H,O
none of the frequency pairs determined for either of the two possible “robust” binding
motifs are in satisfactory agreement with the experimental values. Therefore, it seems
to be the case that neither of the two motifs (DIHB or SIHB) truely represents the
actual structure of these complexes. Their zero-point motion samples different

geometries, also exploring structures towards the C,, transition state geometry, in the
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vicinity of which the ground state wave function probably has its maximum. The
situation may be best described as a dynamic DIHB motif with two different
hydrogen bonds. Compared to a clear-cut SIHB motif, the OH stretching modes in the
Cu-H,0O and Ag-H,O complexes will come closer in energy, as the formerly strong
ionic hydrogen bond is weakened by substantial deviation from the linear hydrogen
bonding configuration (shifting the lower energy band to the blue), while the formerly
free OH group is bound to the ion (shifting its oscillation frequency to the red). This
situation is reflected in the recorded mid-infrared spectra* shown in Figure 3.4, as
has been outlined before. In a situation characterized by such shallow potential energy
surfaces, the influence of the Ar messenger atoms on the binding motif is expected to
increase as compared to a clear-cut SIHB or DIHB case. The binding energy of an Ar
atom to e.g. Cl is ~ 523 cm™,* which means it could possibly exceed the barrier
height for all three complexes, assuming the dissociation energy of the M™Ar
(M = Au, Ag, Cu) lies in a similar range. It does not seem unlikely therefore that the
attachment of Ar atoms has a profound influence on the structural motifs. This
problem has been tackled by recording the spectra of the systems of interest with a
varying degree of Ar solvation. The spectra of the bare complexes are inaccessible in
the experiment, as the binding energies of Au’, Ag and Cu to a water molecule
amount to 616 meV, 636 meV and 894 meV,”° above the available mid-infrared
excitation energies. Only hot complexes already carrying a significant amount of
internal energy prior to excitation could be probed that way, which would not be
representative for the ground state minimum structures one is interested in. However,
it is possible to record the spectra for different levels of Ar solvation, enabling
extrapolation to the properties of the bare systems. All bands are red shifted upon
addition of the second Ar atom, with the red shifts being more pronounced for the
IHB band and ranging from 19 cm” (Au“H,0-'Ar,) to 33 cm’ (Ag H,O-An).
Moreover, while the overall appearance of the spectrum remains the same for the two
different degrees of Ar solvation, comparison of the spectra for one and two Ar
ligands (as displayed in Figure 3.7) shows subtle changes in the structure of the IHB
bands.
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Figure 3.7 IR spectra of the M"-H,O-Ar, complexes (M = Au, Ag, Cu; n=1,2)

First of all, while the IHB bands for the complexes solvated with one Ar atom are
mostly symmetric, addition of a second Ar atom leads to enhancement of the
low-energy side of the peak and therefore to a more asymmetric band shape. This
means that Ar atom addition favors formation of the asymmetric Cs motif, increasing
the barrier between the two identical minimum structures. In addition, the IHB bands
of the Ag-H,O-Ar and the CuH,O-Ar clusters show an interesting substructure
absent in the AuH,O-Ar system. One explanation could be formation of several Ar
isomers in the molecular beam absorbing at slightly different frequencies, as has been
observed earlier in the CI"H,O-Ar, system.” However, a similar behavior has been
described before for the I"ROH™ clusters and also for species where a water ligand is
attached to an anion with a negatively charged triatomic domain such as

CH3CO,~H,0 or CH3NO,“H,O."" These species have a DIHB geometry in their
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ground states, but the potential energy curve along the water rocking motion is
shallow. As a consequence, their spectra show unexpected features in the OH
stretching region. The substructure of these broad bands has been attributed to
simultaneous excitation of the water rocking motion with the OH stretch bands and
can be understood on the basis of a Franck-Condon like behavior. The high-frequency
OH stretching motion can be thought of being decoupled from the low-frequency
water rocking motion. One can therefore first calculate the potential energy curve
along the water-rocking motion, constructing a Born-Oppenheimer (BO) surface.
Subsequently, the harmonic frequencies for the OH stretch bands at each angle ® are
determined and added to the BO surface, delivering a zero-point corrected BO (ZP-

BO) surface and vibrationally adiabatic surfaces according to:'"’

OO -Uso@+ [+ Jrv @[3 hvle) G

where v corresponds to the symmetric and antisymmetric stretching modes at the
DIHB configuration and to the OHigs and free OH stretching modes in the SIHB
configuration, respectively, @ is the angle M-O-H, see Figure 3.8, and n is the
number of vibrational quanta in the OH stretching modes (n; = 0 and n, = 0 for the
zero-point corrected Born-Oppenheimer surface; n; = 1 and n, = 0 for the trace
labeled “s” and n; = 0 and n, = 1 for the trace labeled “as” in Figure 3.8). This has
been accomplished for one of the MH,O complexes, namely Ag-H,O as shown in
Figure 3.8. All potential energy curves have been calculated according to (3.1). The
transitions between the zero-point corrected Born-Oppenheimer surface and the
vibrationally adiabatic surfaces are assumed to happen ‘“vertically” in a Franck-
Condon-like behavior. The symmetric OH stretch vibration features a large red shift
at low and high values for ® (corresponding to a binding motif of Cg symmetry) as it

evolves into the hydrogen bonded IHB band of the STHB motif.
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Figure 3.8  Calculated OH Born-Oppenheimer surface and OH stretching
fundamentals along the water-rocking motion, measured as angle
®(M-0O-H) between water and metal (see sketch on top of graph). The
symmetric OH stretching mode undergoes a considerable red shift as it
develops into the H-bonded IHB band at high and low angles. All
values are determined via equation (3.1), with n; = n, = 0 for the lower
trace and n;, = 1 for the upper trace. The two dashed lines mark the
minimum energy positions of the ground-state BO surface.

Consequently, on the adiabatic surface of the vibrationally excited state, the SIHB
motif is preferentially stabilized relative to the DIHB motif as compared to the
ground-state BO surface, where it only constitutes a shallow minimum. Hence, an
offset in the position of the maximum of the wave function is expected, as the
potential energy curve of the vibrationally excited surface resembles more explicitly a
clear-cut SIHB motif, meaning its minima lie further away from the C,, structure.

This behavior is visualized in Figure 3.8 by the two dashed lines, marking the
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positions of the minima on the ground-state BO surface. Excitation of the OH stretch
vibration should therefore trigger a structural change of the binding motif along the
water-rocking motion, abetting a more asymmetric binding motif. Thus, strong
activity of this soft mode is expected in combination with the excitation of the OH
stretch modes, following a Franck-Condon-like mechanism. It seems plausible that
the pronounced substructure of the IHB bands in the M"-H,O complexes (M = Ag,
Cu) stems from such a combined excitation of the soft water-rocking and the OH

stretching motion.

3.2.4. Summary and conclusions

The binding motifs of the coinage metal anions in complexes with one water
molecule have been investigated. In spite of their seeming similarity to the
monohydrates of the heavier halide anions (closed-shell anions, comparable proton
affinities), Au-H,O is the only one of the three complexes which displays the
clear-cut SIHB motif expected for these systems. In contrast, although the potential
energy curves of both the Ag-H,O and Cu™-H,O complexes still display a minimum
for Cg symmetry, their IR spectra prevent an unambiguous assignment to either an
SIHB or a DIHB binding motif. Rather, the positions found for the OH stretch bands
seem to be situated between the ones expected for the two different distinct structural
motifs, indicating that the potential energy surface is flat enough to allow the
complexes to explore structures close to the transition state through the zero-point
motion in their ground state. This situation is reminiscent of the case of certain
molecular anions with negatively charged triatomic domains, which show strong
excitation of the water rocking motion upon excitation of an OH stretch band, as the
minimum energy structure changes on the ground state and vibrationally excited
surface. Even if the asymmetric SIHB motif seems still to be favored for all of the
M"H,O complexes, they therefore do introduce a new binding behavior for atomic
anions. However, the reasons for the different binding behavior of a water molecule

to the three coinage metal anions have not been understood at this point.
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3.3. Anionic hydrated fluorobenzenes

3.3.1. Background

The hydration behavior of small atomic anions such as the halides is well understood,
as has been described in detail in the preceding sections. Also, the interaction of
anionic molecules with triatomic templates has been investigated in depth and the
occurring binding motifs have been unveiled. At the same time, there is a paucity of
experimental data on the hydration of extended charge distributions where the
negative charge is not localized in a certain area within a molecule but delocalized
over all of its constituents. One exception is an infrared study on the dihydrated
naphthalene anion.”> We have chosen to investigate the hydration of negatively
charged fluorobenzene molecules, as they represent prototypes for anions with
spatially large charge distributions. Interestingly, neutral fluorinated benzenes lose the
ability to hydrogen bond for fluorination degrees higher than four. This has been
demonstrated in a study on complexes of fluorosubstituted benzenes with ammonia.**
The binding behavior has been attributed to a continuously decreasing electron
density on the fluorine atoms with increasing fluorination. Instead, for
hexafluorobenzene it has been shown that a water ligand is bound on top of the
molecular plane with the lone pairs of the oxygen pointing towards it.* The binding
has been characterized as primarily electrostatic, with a favorable interaction between
the dipole moment of the water ligand and the quadrupole moment of the
hexafluorobenzene molecule.*” Therefore, it will be interesting to see if “charging up”
the target molecule will again reverse the binding motifs. In addition, varying the
number of fluorine atoms around the ring offers yet another intriguing route for
investigation of this class of molecules. There is some disagreement about the exact
value of the electron affinity of hexafluorobenzene in the literature. Literature values
lie between 0.53 (£0.05) eV as determined in a flowing afterglow study by Miller et
al.”® and 0.72 eV, resulting from a recent experiment applying photoelectron
spectroscopy performed by Eustis et al.,”' but it clearly forms a thermodynamically

stable anion. Pentafluorobenzene has an electron affinity smaller than 0.434 ¢V, and
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the electron affinity of tetrafluorobenzene is unknown. At the other extreme, the bare
benzene molecule will certainly not form a stable anion, as its electron affinity has
been determined to be ~ -1.17eV.> However, it is well known that molecules such as
benzene or naphthalene are able to accommodate an electron if stabilized by an
appropriate number of ligands in clusters or condensed phase environments.
Nakajima and coworkers established that about 25 molecules are necessary in order to
observe strongly bound excess electron states in (CsHg), and (CcHsCHs3),, clusters.’*
In the case of Nphy(H,0), clusters, the free naphthalene anion has not been
observed in a molecular beam and its electron affinity has been measured to be
-0.20+0.01 eV.” However, it can be stabilized already with one water molecule,
which was rationalized in light of the stabilization energy inherent to the attachment
of a water ligand to the negative transient anion (~ 0.3 eV and therefore just enough
to pull the system into a thermodynamically stable region). On this basis, it was
explained why NphH,O showed up only as a very small peak in the mass spectrum,

while the cluster with two water ligands was the most abundant by far.”**®

Moreover,
it was argued that the similarity of the anion-water (~ 0.2 - 0.3 eV) and the water-
water (~ 0.25 eV>®) binding energies should give rise to the maximization of
interwater hydrogen bonding, thereby leading to a one-sided hydration motif of the
anions, reminiscent of the situation in the heavier halide-water clusters. Indeed, this
assumption has been confirmed by an infrared predissociation study of the
Nph™(H,0), clusters,” where the absence of a free OH band signature signaled the
involvement of all H atoms in hydrogen bonds. Moreover, a signature assigned to an
OH group involved in the formation of an interwater hydrogen bond clearly proved
the one-sided binding motif. The fluorobenzenes C¢F,He., constitute ideal prototypes
for this kind of diffuse anion, as they offer the opportunity to slowly tune the electron
affinity from positive to negative values by stepwise reduction of the number of
fluorine atoms around the ring one at a time. It will be of great interest to determine
how this will influence the binding motif of a water molecule to the aromatic ring and
to what extent the water ligand is actually able to stabilize the negative charge on
such a transient anion. In this study, the focus is the C¢F,Hg. ((H20), cluster system

with n = 4 - 6. We recorded the IR spectra of these species in the region of the OH
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stretch bands of the water molecule, as they should sensitively mirror any change in
the binding motif between anion and ligand. We also provide some exploratory
calculations on the equilibrium structures of the systems of interest in order to

. . . . . . 57
€xamine pOSSlblC 1S0mMers occurring 1n our experlment.

3.3.2. Theoretical and mass spectrometric results

In order to elucidate the structural motifs of the anionic complexes under
investigation, density-functional theory®® has been employed as implemented in the
TURBOMOLE program package,’' using the B3-LYP functional®® and applying a
TZVPP basis set™ to all atoms. In this manner, we calculated the minimum energy
structures for the three anions under investigation, namely Cg¢Fs, Ce¢FsH  and

1,2,3,4-CsF4H, .

3.3.2.1. CgF¢

For C¢F¢ we find the structure to be strongly distorted from the planar D¢, geometry
of the corresponding neutral C¢F¢ into a geometry of C,, symmetry, with two
opposite fluorine atoms strongly angled up (~ 23° with respect to the carbon ring)
while the other four are slightly angled in the opposite direction. (~ 8° with respect to
the carbon ring). The result of the calculation is pictured in Figure 3.9 (A); all

relevant bond lengths and angles are given in Table 3.3.
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Table 3.3 Relevant geometric values for the CgFs anion as calculated by

DFT/B3-LYP/TZVPP (for labeling of atoms compare Figure 3.9)

Atoms Bond length [pm]
C1-C2 (=C1-C6=C3-C4=C4-C5) 140
C1-C3 (=C5-C6) 137
C1-F7 (=C4-F10) 140
All other C-F 138
Atoms Angle [°]
C4-C1-F7 (=C1-C4-F10) 157
All other diagonal C-C-F ~172

F10

(A)

F10

(8)

F10

©

Figure 3.9  Calculated structures (DFT/B3-LYP/TZVPP) of (A) C¢Fs (B) CsFsH

(C) 1,2,3,4-CeFsHy"
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3860 which come to similar results.

These findings are in line with earlier calculations,
In principle, one would expect the distortion found in the hexafluorobenzene anion to
be analogous to C¢Hg, which constitutes a Jahn-Teller case. The additional electron is
expected to be located in the m Ej, orbital set, giving rise to two Jahn-Teller

geometrical deformations, as is shown in Figure 3.10.”

Figure 3.10 Schematic representation of the Jahn-Teller effect and orbital
stabilization upon geometric distortion (taken from Ref.’”)

However, as has been pointed out by Xie et al.,” the energy difference between the
Den and C,y geometries amounts to 0.40 eV for the radical anion, a value which
considerably exceeds the stabilization energy associated with a Jahn-Teller distortion.
Corroborating this point, it turns out that the singly-occupied molecular orbital
(SOMO) is totally symmetric. It has been found in calculations by Beregovaya et al.’®
that the loss of planarity in the case of the CgFg anion is the result of vibronic
coupling between the m ground state and the totally symmetric excited o state, as
fluorination decreases the energy gap between the levels of the *E, and 2A1g anion
states. This means that the planar structure becomes more unstable toward out-of-
plane distortion, leading to the C,, structure found. As expected for a molecule with a
positive electron affinity, it is straightforward to produce abundant amounts of the

corresponding anion C¢Fs. Moreover, the recorded mass spectrum shows an intense
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progression of CeF¢ *Ar, clusters up to very high degrees of Ar solvation, with n = 25
being a magic number in the mass spectrum (Figure 3.11) and the intensity of the

mass peaks slowly leveling off.
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Figure 3.11 Mass spectrum showing the C¢F¢ - Ar, anion progression (n is shown in
intervals of five, as indicated in the Figure)

It has been found before that the occurrence of magic numbers in the mass spectrum
of an ion-ligand progression is indicative of the closure of a solvation shell. For
instance, this behavior has been extensively seen and described especially (but not
exclusively) in X RG, clusters (X = CL*! 12 and also O%*), where n =12 is a magic

number in the mass spectrum with an abrupt decrease in ion intensity for n = 13,
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mirroring an icosahedral shell closure around the ion. Becker at al. showed for the
I"Xe, system® that the binding energy for a xenon atom drops by a factor of two
upon going from n = 12 to n = 13, as the second solvation shell starts to fill up,
thereby depriving the next xenon atoms from a direct contact to the ion. However, the
magic number observed in the mass spectrum of C¢F¢-Ar, is somewhat less
pronounced. Also, there is no obvious structural argument for a shell closing to occur
upon addition of 25 Ar atoms to the core anion, as this suggests an asymmetric
solvation shell. However, it would be conceivable that this is the consequence of the

strong distortion of the anion in its ground state towards C,, symmetry.

3.3.2.2. Cg¢FsH

The electron affinity of C¢FsH is lower than that of hexafluorobenzene and an upper
limit of 0.434 eV has been established by Dillow et al.”> Formation of a
thermodynamically stable anion is therefore still expected, and indeed no problems
are encountered in the production of this anion in the gas phase. Also, with respect to
the nature of the anion produced, the dipole moment of the pentafluorobenzene
(~ 1.44 D*) is considerably smaller than the critical value determined to form a
dipole-bound anion,”> and we assume that the ions in the molecular beam are
exclusively valence-bound. The mass spectrum of the Ar solvated anionic species
Ce¢FsH -Ar, shows again a long progression up to high solvation numbers, displaying
two magic numbers in this case for n = 17 and n = 24. It is interesting to note that the
latter is lowered by one in comparison to the C¢F¢ -Ar, system upon replacing one of
the fluorine atoms by a hydrogen, although we refrain from any structural
assignments at this point. Neutral pentafluorobenzene has C,, symmetry and it does
not constitute a Jahn-Teller case. However, the distortion the molecule undergoes
upon attachment of a negative charge is reminiscent of the hexafluorobenzene case:
the fluorine atom opposite to the hydrogen atom is strongly angled up (~ 37°, even
considerably more than the corresponding fluorine atoms in the C¢Fg™ case), while all
remaining fluorine atoms are angled to a lesser extent in the opposite direction with

respect to the carbon ring. The hydrogen atom itself is angled up in line with the
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fluorine atom in the opposite position, but only by 8°. This corroborates the
assumption that the distortion of the hexafluorobenzene anions from the planar
structures of the neutral molecules is not due to a Jahn-Teller effect, in line with the
assessment of Xie et al.®® and Beregovaya et al.”® The calculated structural
parameters of the pentafluorobenzene anion are given in Table 3.4. We recorded the
infrared spectrum of this anion employing a vibrational autodetachment route and

also via an Ar loss channel as is described in section 3.3.3.3.

Table 3.4 Relevant geometric values for the Cg¢FsH anion as calculated by
DFT/B3-LYP/TZVPP (for labeling of atoms compare Figure 3.9)

Atoms Bond length [pm]
C1-H7 108
C4-F10 145
C2-F8 (= C6-F12) 137
C3-F9 (= C5-F11) 138
C1-C2 (= C1-C6) 140
C2-C3 (= C5-C6) 137
C3-C4 (= C4-C5) 141

Atoms Angle [°]

C4-C1-H7 172
C3-C6-F12 (= C5-C2-F8) 175
C2-C5-F11 (= C6-C3-F9) 172
C1-C4-F10 143

3.3.2.3. CgFHy

The electron affinities of the various tetrafluorobenzene isomers are unknown, but are
expected to be smaller than that of pentafluorobenzene (EA < 0.434 eV*?), as the
number of electron-withdrawing fluorine atoms around the ring is decreased.
Interestingly, we do not see evidence for the bare anion of tetrafluorobenzene for any
geometrical isomer. However, the anion of the 1,2,3,4-C¢F4H," clustered with two Ar

atoms does occur in the mass spectrum, indicating that the electron affinity of this
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molecule is slightly negative, but that the weak binding energy of the two Ar atoms to
Ce¢F4H,™ is just high enough to stabilize the solvated anion. From n = 2 onwards, a
long Ar progression is observed, extending to high degrees of Ar solvation. Magic
numbers occur for n = 16 and n = 23, indicating that replacement of another fluorine
by a hydrogen atom in the periphery of the arene ring decreases the absolute value of
the magic numbers again by one as compared to pentafluorobenzene. The fact that
only Ar tagged anionic species are observed in the ion beam also helps to understand
the process of ion formation, as one can exclude the possibility that the Ar atoms are
attached to a bare anion formed first. Instead, it is likely that neutral
1,2,3,4-CsF4H;-Ar, clusters initially form in the expansion, which then capture a slow
electron and cool down by Ar evaporation, resulting in the Ar progression seen in the
mass spectrum. Interestingly, exploratory mass spectra of another tetrafluorobenzene
isomer, namely 1,2,4,5-C¢F4H,", appear to behave quite differently, in that fifteen Ar
atoms were needed to stabilize the anion under the experimental conditions. The
structure of the 1,2,3,4-C¢F4H, anion, shown in Figure 3.9, is distorted away from the
neutral geometry in a similar fashion as the penta- and hexafluorobenzene: The
fluorine opposite to one of the hydrogen atoms is strongly angled up (~ 37.8°) with
respect to the molecular plane as defined by the carbon ring, while the respective
hydrogen atom is angled up in the same direction, but to a far lesser extent (~ 5°). The
other fluorine atoms and the remaining hydrogen are all angled in the opposite
direction. Relevant geometrical parameters were calculated in the same way as

described above and are summarized in Table 3.5.

3.3 .2.4. C6FHH6_n-’H20

The negative charge in the fluorobenzene anions should be distributed over the whole
molecule. However, one would expect it to be primarily localized on the
electronegative fluorine atoms, which thereby should potentially serve as anchoring
sites in a hydrogen bonding interaction between the anions and the water ligands. The
recorded mass spectrum of the C¢Fg-H,O-Ar, progression is displayed in Figure 3.12

(together with the C¢F¢ -Ar, progression which also occurs).
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Table 3.5 Relevant geometric values for the 1,2,3,4-C¢F4H,™ anion as calculated by
DFT/B3-LYP/TZVPP (for labeling of atoms compare Figure 3.9)

Atoms Bond length [pm]
C6-H12 (= C5-H11) 108
C4-F10 139
C2-F8 138
C3-F9 146
C1-F7 138
C1-C2 137
C2-C3 141
C3-C4 141
C4-C5 137
C5-C6 141
C6-C1 139
Atoms Angle [°]
C4-C1-F7 176
C3-C6-H12 175
C2-C5-H11 175
C1-C4-F10 176.6
C6-C3-F9 142.2
C5-C2-F8 169.6

Although weaker in signal intensity, the C¢FsH,O-Ar, progression can still be grown
out to high Ar solvation numbers. A magic number occurs for n = 24, just one below
the n = 25 observed in the C¢F¢-Ar, progression. This likely means that the water
molecule is replacing one of the Ar atoms, a behavior which has been observed before
for CI"H,O-Ar, clusters,45 where the water ligand takes the place of one Ar atom in
the icosahedral solvation shell. The mass spectrum of the C¢FsH-H,O-Ar,
progression is displayed in Figure 3.13 (together with the C¢FsH™Ar, progression,
which also occurs). Stable local minimum structures have been determined for the
CeFs-H,O (see Figure 3.15) and C¢FsH-H,O (see Figure 3.17) complexes, and the
respective harmonic frequencies have been calculated numerically for the

interpretation of the experimental infrared spectra.
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Figure 3.12 Mass spectra of the Ar progressions of C¢F¢ -H,O-Ar, and CeFe -Ary,
produced by entrainment of small amounts of C¢F¢ and H,O vapor into
an expansion of neat Ar

Anharmonic calculations of the frequency values have been up to now beyond our
computational capacities. However, it is possible to account for the intrinsic
anharmonic nature of the calculated values in the harmonic approximation by scaling
them with an appropriate factor. One way to obtain a reasonable value for the latter
factor is to calculate the harmonic frequency values of the respective neutral molecule
with the chosen computational method and then determine their ratio to the known

experimental values.
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Figure 3.13 Mass Spectrum of CeFsH -H,O-Ar, and Cg¢FsH™Ar, progressions,
produced by entrainment of small amounts of C¢FsH and H,O vapor
into an expansion of neat Ar

However, the quality of this approximation naturally only mirrors the difference in
anharmonicity for the vibrational frequency values of the neutral, so that when
applied to the respective anion-molecule complex it depends heavily on the extent the
ligands are distorted upon interaction with the anion. For this reason, we chose in the
present case to refer to a scenario more closely related to the systems we wanted to
investigate: The frequency values of the CS,-H>O complex (which has been found to

exhibit a DIHB motif) have been experimentally determined'' and fall relatively close
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to the absorptions of the C¢F,Hg., '(H20), complexes in our study, so that they were
ideally suited to reference our calculations. In this manner, we extracted a value of
ks = 0.959 for the symmetric and k,s = 0.963 for the antisymmetric OH stretching

frequency, respectively.

3.3.3. Results and discussion

3.3.3.1. C6F6-'H20

The binding energy of the water molecule to the anion has been experimentally
determined to be 0.32 eV.”" It is therefore comparable to the mid-infrared excitation
energies, making the loss of Ar atoms the preferential experimental route to record
the desired infrared spectra of the cold complexes. All spectra were recorded via loss
of all Ar atoms from the parent ion cluster (three in the case of C¢F¢-H,O and two for
the other two species, C¢FsH-H,O and 1,2,3,4-C¢F4H, -H,0). The spectrum of the
CFsH,0 complex is displayed in the range between 3200 and 3800 cm™ for n = 1
(Figure 3.14), as the OH oscillators of the water ligand are expected to be active in
that region of the infrared spectrum. The two sharp bands in the spectrum at 3620 and
3686 cm’' can be identified as the symmetric and antisymmetric OH stretching
vibration of the water molecule bound to the hexafluorobenzene anion in a clear-cut
DIHB motif. Varying the number of Ar atoms attached to the anionic chromophore
has only negligible influence on the position of the observed vibrational resonances,
which change by less than 1 cm™ on using CgFg-H,0O-Ar; instead of CeFg-HyO-Ars.
There is no signature of a free OH oscillator (which would be a clear indication for an
SIHB motif), and the spectral features of the water molecule are conserved but red
shifted as should be the case for a DIHB motif according to the discussion in section
3.1.2.1. Also, the splitting between the two bands (v = 66 cm™) is smaller than for
bare water (v = 101 cm™). One of the features which has been frequently observed
before in the infrared spectra of anion-water clusters but is missing in the spectrum

shown in Figure 3.14 is the bend overtone of the water molecule.
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Figure 3.14 Infrared spectrum of C¢Fs-H,O-Ar; (recorded via registering loss of all
three Ar atoms); vs — symmetric OH stretching mode of the water
ligand; v,s — antisymmetric OH stretching mode of the water ligand

This mode, which appears around 3300 cm™, usually gains intensity through a Fermi
interaction with the symmetric OH stretching mode of the water molecule. This could
explain its absence in the present case, as the red shifts of the symmetric and
asymmetric OH bands are rather small compared to the cases where the bending
overtone has been observed. This increases the energetic gap between the latter and
the symmetric OH stretch (from which the intensity is usually “stolen’), therefore
effectively suppressing the Fermi resonance interaction to an extent where the

intensity of the bending overtone is too low to be resolved in this experiment. The
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narrow line width of the two bands observed in the experimental spectrum (~ 4 cm™)
suggests that only one structural isomer is populated in the molecular beam. In order
to shed more light on the specific structure the complex adopts in the gas phase, DFT
calculations have been carried out employing the B3-LYP functional and a TZVPP
basis set for all atoms, although one can empirically assign a DIHB binding motif to
the structures based on the recorded infrared spectrum as discussed above. The
symmetry lowering from Dgp, (CsFg) to Coy (CsF) entails a significant increase in the
number of possible different binding sites of the water ligand to the anion. Within the
range of 100 meV we find six structural isomers, which are displayed in Figure 3.15
(isomers higher in energy will not be considered since the probability for them to be
the dominating fraction of the ensemble of anionic complexes in the molecular beam
drops sharply). The two lowest-lying isomers form a DIHB binding motif via
hydrogen bonds to two fluorine atoms of the ring, so that the water molecule and the
aromatic ring come to lie in the same geometric plane. Isomer 4 (34 meV above the
calculated ground state) is the only one constituting an SIHB motif, with the water
molecule binding to one of the fluorine atoms while the other OH group points
towards the ring, leading approximately to a 90° angle between the planes of the
carbon ring and the water ligand. Isomer 3 displays a structure somewhat intermediate
between these two motifs. The two high energy isomers 5 and 6 show again a DIHB
motif, but with the hydrogen bonds formed to the top of the aromatic ring rather than
to the fluorine atoms in the plane of the ring. In order to be able to judge which of
these local minimum structures is predominant, the vibrational energy levels for each
of the isomers have been calculated numerically. Unfortunately, anharmonic
calculations are beyond our computational capabilities, so we confined ourselves to
harmonic approximations, which were adjusted with an appropriate scaling factor as
described in section 3.3.2.4 in order to roughly account for anharmonicity. The results
are shown in Table 3.6 together with the experimental values for direct comparison. It
can be seen that with the exception of isomers 3 and 4 all of the considered structures
are roughly in agreement with the experiment. However, isomer 1 fits best, which
together with the fact that it constitutes the calculated global minimum gives us

confidence that this is the dominating structural motif in the ion beam, bearing in
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mind that the sharpness of the observed spectral features is a strong hint that only one

of the possible isomers is significantly populated.

Isomer 1 Isomer 2

o

0 meV 29 meV

Isomer 3 !—Q Isomer 4

34 meV

34 meV

Isomer 5 Isomer 6

82 meV

Figure 3.15 Calculated structures (DFT/B3-LYP/TZVPP) of the six isomers within
100 meV above the global energy minimum (isomer 1)
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Table 3.6 Experimental and calculated (DFT, B3-LYP, TZVPP, scaled for
anharmonicity) positions of the symmetric (vs) and antisymmetric (v,s)
OH stretching bands of the water molecule in the C¢Fg-H,O complex for
the six lowest lying isomers; Avs / Av,s — corresponding band widths;
dv - splitting between these two bands; the numbers in the first row refer
to the respective isomer as labeled in Figure 3.15

Expt. 1 2 3 4 5 6
vs[cm™] 3617+2 3618 | 3634 | 3557 | 3564 | 3594 | 3613
Avs[cm™] 4.0+0.2
Vas [cm™] 3686+2 3691 3715 | 3690 | 3718 | 3667 | 3693
Avas [cm™] 4.0+0.2
dvcm™] 69+3 73 82 133 154 73 80

Our structural assessment is in agreement with the findings of Eustis et al. with a
DFT (MPW1PW91/6-311++G(d,p)) level of theory. They as well assigned a DIHB
motif to the C¢F¢-H,O anion, with the water ligand hydrogen bonded to two fluorine
atoms of the ring. An interesting aspect arising in that context is the question how
easy it is for the different isomers to interconvert into one another. Isomer 1 and 2 are
of particular interest in that respect, as first of all they are most relevant to our
experiment being the lowest energy structures and secondly interconversion would
not require a major rearrangement in terms of the binding motif. However, either one
of the hydrogen bonds would have to be broken or the hexafluorobenzene ring would
have to rearrange, effectively exchanging a strongly angled CF bond (with respect to
the carbon ring) against one that is more weakly angled. A rough estimate for the
barrier involved in the second process with the above level of theory
(DFT/B3-LYP/TZVPP) amounts to ~ 80 meV, which is too high to be easily
overcome, further corroborating our assumption that isomer 1 is the only one present

in the experiment.
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3.3.3.2. C6F5H-'H20 and 1,2,3,4-C6F4H2-'H20

The spectra of the penta- and 1,2,3,4-tetrafluorobenzene anions solvated with one

water ligand are shown in Figure 3.16, together with that for the CsFg-H,O complex

for comparison.
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Figure 3.16
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Infrared spectra of C¢FgH,O-Ars (top), CeFsH -H,O-Ar, (center) and
1,2,3,4-C¢F4H,-H,O-Ar; (bottom) measured via the loss of all Ar
atoms both over the entire covered spectral range (left column) and
zoomed in around the symmetric (vs) and antisymmetric (v,) OH
stretching vibration (right column)

At first glance, all of them look very similar, as they all display two sharp peaks

which have already been assigned for the hydrated hexafluorobenzene to the

symmetric and antisymmetric OH stretching vibration of the water molecule, bound
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to the anion in a DIHB motif. As expected in this scenario, there is no sign of any
vibrational feature at lower energies (spectra recorded down to 3200 cm™ are shown
in the left column of Figure 3.16), which could be indicative of some population of an
isomer in an SIHB geometry. However, taking a closer look at the symmetric and
antisymmetric OH stretching bands (compare right column of Figure 3.16) reveals
some subtle differences: First, the red shift of both features increases upon decreasing
the number of fluorine atoms around the ring, with the red shift being more
pronounced for the symmetric stretch vibration. Hence, the splitting between the two
bands increases from 69 cm™ in the case of C¢F¢H,O complex to 98 cm’ for 1,2,3,4-
Ce¢F4H, "H,0. The experimental band positions, widths and splittings for all species
are listed in Table 3.7.

Table 3.7 Experimental band positions (vs for the symmetric, v,s for the
antisymmetric OH stretching band), widths (Av, and Av,, respectively)
and splittings (0v) for the Cg¢Fs -HyO-Ar;, Ce¢FsH-H,O-Ar, and
1,2,3,4-CsF4H, -H,O- Ar; clusters

Hexafluorobenzene Pentafluorobenzene |1,2,3,4-Tetrafluorobenzene
(n=3) (n=2) (n=3)
vs [cm™] 361742 359142 357942
Avs [cm™] 4.0+0.2 6+0.1 8+0.4
Vas [cM™] 368642 3683+2 3677+2
Avas [cm™] 4.040.2 3+0.4 5+1
dv [cm™] 69+3 92+3 98+3

The difference between the anions with respect to their chemical nature delivers a
possible explanation for this behavior: As the number of electron withdrawing

substituents around the carbon ring is decreased, the negative charge is increasingly
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concentrated in a smaller region, therefore leading to stronger interaction between the
anion and the water ligand. This would explain the stronger red shift with decreasing
degree of fluorination of both the symmetric and asymmetric OH stretching bands.
However, the binding energy of the water ligand to the anion decreases in the same
direction, contradicting the assertion invoked above somewhat as one would expect
the binding energy to increase proportionally to the interaction strength. It is also
conceivable that an increasing accumulation of the negative charge leads to a less
diffuse distribution over the aromatic ring. This should favor a switching of the
binding motif from the observed DIHB towards an SIHB motif, being the preferred
structure for the halide anions which constitute an extreme case of a negative charge
concentrated on one atom. Consequentially, the symmetric stretching band should
gradually turn into a localized IHB band while the nature of the asymmetric stretching
vibration should slowly become more like the free OH band. This would explain why
the red shift of the former turns out to be more pronounced than for the latter, while
the splitting between the two features increases. As the symmetry of the
pentafluorobenzene anion 1is reduced in comparison to the case of the
hexafluorobenzene anion, there is an even greater multitude of possible isomers upon
attaching a water ligand. An exploratory search for minimum energy structures was
performed using the calculated local minimum energy structures found for the
CeFs-H,O complex (DFT/B3-LYP/TZVPP basis set for all atoms) and permutating
the positions of the hydrogen and fluorine atoms through all possible relative
positions, leading to a considerable number of isomers relatively close in energy. Due
to the large number of calculations necessary following this approach and the
otherwise high computational cost, a smaller basis set (TZVP) was chosen for this
class of complexes. The experimental spectrum still shows only two sharp features,
however, allowing for the conclusion that only one of these isomers is considerably
populated (although in the case of the tetrafluorobenzene anion our signal to noise
ratio is not good enough to completely exclude some contribution from different
isomers). For this reason, isomers lying higher in energy than 100 meV above the
(calculated) global energy minimum have not been considered as suitable candidates

to be present in the molecular beam. The six most stable isomers are displayed in
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Figure 3.17, and some of their calculated relevant energetic properties and vibrational

features are summarized in Table 3.8.

Isomer 1
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Figure 3.17 Calculated structures (DFT/B3-LYP/TZVPP) of the six isomers
within 100 meV above the global energy minimum (isomer 1)
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Table 3.8 Experimental and calculated (DFT, B3-LYP, TZVP, scaled for
anharmonicity) positions of the symmetric (vs) and antisymmetric (v,s)
OH stretching bands of the water molecule in the C¢FsH-H,O complex
for the six lowest lying isomers; Avg / Av,s — corresponding band widths;
dv - splitting between these two bands; the numbers in the first row refer
to the respective isomer as labeled in Figure 3.17

Expt. 1 2 3 4 5 6
vs[cm™] 3591+2 3551 3517 | 3462 | 3521 3618 | 3406
Avs[cm™] 6.0+0.1
Vas [cm™] 3683+2 3689 | 3696 | 3670 | 3704 | 3704 | 3705
Avas [cm™] 3.0+0.4
dvcm™] 92+3 138 179 208 182 85 298

It can be seen that on this theoretical basis a structure with an DIHB motif is
predicted to be the global minimum as expected from the experimental results.
Moreover, this structure is reminiscent of the global energy minimum geometry found
for the CeF¢ -H2O complex and it reproduces the experimentally determined splitting
between symmetric and asymmetric OH stretching vibration best (with the exception
of isomer 5, which is already 90 meV higher in energy). We tentatively assign
therefore isomer 1 to be the dominant isomer found in the experiment. We caution
however, that the next three isomers calculated to be close in energy all display more
of an SIHB than a DIHB motif. It would therefore be desirable to perform more
expensive calculations on this system on a higher level of theory including better
anharmonic corrections. The calculated harmonic frequencies were scaled employing
the same scaling factor that was chosen for the C¢F¢ -H,O complexes (ks = 0.959 for
the symmetric and k,s = 0.963 for the antisymmetric OH stretching frequency,
respectively, see section 3.3.2.4). The 1,2,3,4-C¢F4H, -H,O turned out to be the last
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species in this row we were able to record the infrared spectrum for in the same way.
We refrained from performing an extensive search for minimum energy structures for
this species based on calculations, as the symmetry is even further lowered, leading to
a prohibitively high number of possible isomers. As the signal-to-noise ratio of the
spectrum gets worse too, it would become more difficult to assign a specific structure
from this perspective as well. Hence, we restrict ourselves to the empirical
interpretation given above based on the similarities among all recorded spectra. We
were not able to push our investigations of the hydrated fluorobenzene anions further
to even lower degrees of fluorination: while 1,2,3-C¢F3H3-H,O complexes could be
produced, no charged fragment ions could be registered following exposure of this
species to the infrared light. We suggest that from this degree of fluorination onwards
the stabilization of the negative charge by the water ligand drops far enough to turn
the ejection of an electron via vibrational autodetachement into a faster process than
the concurrent Ar loss channel, effectively shutting down the latter. This kind of
behavior has been observed before by Weber et al. for the CH;NO; - Ar, system,66
where as many as three Ar atoms are necessary to make the Ar loss channel prevail
over vibrational autodetachment of the electron. Use of this phenomenon as an
experimental technique has been first made by Lineberger and coworkers to record
very high-resolution spectra of NH,*” exploiting the fact the vibrational features show
up as resonances embedded in the autodetachment continuum. We were able to
follow the same route to record the spectrum of the bare pentaflurobenzene both via

electron autodetachment and loss of Ar atoms as is discussed in the next section.
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3.3.3.3. Bare C¢FsH

The spectra of the bare pentafluorobenzene anion recorded both via loss of Ar atoms

and vibrational autodetachment of the electron are shown in Figure 3.18.
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Figure 3.18 Electron autodetachment (AD) and vibrational predissociation (VP)
spectra of the C¢FsHAr, (n = 0 - 3) anions. (The VP spectra are
recorded via loss of the attached argon atoms). The lowest spectrum is
a simulation using the scaled calculated harmonic value for the CH
stretching vibration of the bare pentafluorobenzene anion using a
Gaussian fit with 6 cm™ half width.
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The most recent literature value for the electron affinity (EA) of the neutral
molecule™ is given as an upper limit of 0.43 eV, while our calculated value amounts
to 0.17 eV (DFT, B3-LYP, TZVPP). Thus, the EA could fall into or even below the
photon energy range of our spectra. Interestingly, the autodetachment spectra do not
show any or only negligible background from direct electron emission following
vertical electronic excitations. This may mean that electron emission by
autodetachment is much more likely than direct vertical bound-to-free transitions. The
structural deviations between the planar neutral molecule (Dg, symmetry) and the
valence-bound anion, in which some of the fluorine atoms are strongly bent out of the
plane of the carbon ring (as described in section 3.3.2.2), are quite large, as can be
seen from the optimized anionic structure in Figure 3.9 (DFT, B3-LYP, TZVPP).
Based on that, it is plausible that the vertical electron detachment energies lie
considerably above the adiabatic EA and therefore out of the range of our OPO,
suggesting very small Franck-Condon factors for detachment into low lying
vibrational states of the neutral. However, since we observe vibrational
autodetachment, we tentatively correct the upper limit of the EA of the
pentafluorobenzene molecule to < 0.35 eV (= 2800 cm™), which is the lowest
excitation energy of the vibrational feature observed in the experimental spectrum
(see Figure 3.18). In light of the fact that our calculated value (0.17 eV) for the EA
may not be very accurate (for comparison, a calculation at the same level of theory
underestimates the EA of hexafluorobenzene by ~ 85 meV with respect to the
experimental value of 0.53 eV), the energy of an infrared photon used may be just
higher than the energy necessary to detach an electron. Therefore, one could explain
the observation of vibrational autodetachment in the absence of direct detachment by
Wigner’s threshold law:® near threshold, the cross section will be dominated by ¢ =0

(angular momentum of the photoelectron) and the photodetachment cross section o is

proportional to the square root of the energy above the detachment threshold AE:

o < +/AE

Since the cross section goes to zero for excitation energies close to the threshold
energies, direct detachment of a pentafluorobenzene anion may be unfavorable on the

interaction timescale between photon and anion. However, resonant excitation of a
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vibrational transition deposits the energy in the molecule, considerably extending the
timescale available for reaction. Therefore, it might happen on the experimental
timescale (~ tens of pus) despite a low cross section for direct detachment. We caution,
however, that our experiment does not allow us to distinguish between any of the
suggested mechanisms. It would be desirable therefore to perform either more
sophisticated calculations or photoelectron spectroscopy experiments on the C¢FsH
anion in order to get a more reliable value for its EA. Attempts to record vibrational
predissociation spectra of the pentafluorobenzene anion solvated with one argon atom
failed, although there should be no energetic constraint preventing this reaction to
occur. This suggests that electron autodetachment is the dominating reaction channel
for both the bare and the singly argon-solvated pentafluorobenzene anion following
vibrational excitation. Finally, for the anion solvated with two argon atoms the
vibrational predissociation channel becomes accessible as the anion becomes more
stabilized upon increasing argon solvation. The energy gap between neutral and
anionic species therefore grows, slowing down the autodetachment and favoring the
competing predissociation channel. This behavior has been observed before for the
nitromethane anion, where autodetachment is dominating for the bare and singly
argon-solvated anion.’® In that case, the doubly argon-solvated species decays with a
roughly equal ratio into both channels before predissociation takes over for three or
more attached argon atoms. Unfortunately, we are not set up to unambiguously
determine how many argon atoms are necessary to close down the autodetachment
channel for the pentafluorobenzene anion, as we cannot register the ejected electrons
independently but only the neutral products on the linear detector of the time-of-flight
mass spectrometer. Argon solvation does not seem to affect the spectra at all, the
main feature at ~ 3079 cm™' remains exactly at the same position in all spectra. The
minor bands show the same behavior or at least no noticeable trend correlating the
band shifts to the degree of argon solvation. Our harmonic calculations result in only
one band in the frequency range of interest, which represents the CH stretch vibration
of the pentafluorobenzene anion. After scaling this harmonic value with an
appropriate correction factor accounting for anharmonicity (with the scaling factor

being the ratio of the known value for the CH stretch vibration of the neutral



70

molecule® and the calculated value (DFT/B3-LYP/TZVPP basis set for all atoms);
see Figure 3.18), it nicely fits to the strongest band in all spectra, even if it
overestimates its position by about 10 cm”. We can therefore clearly assign the
strongest spectral feature to the CH stretching vibration of the pentafluorobenzene
anion. The less intense bands 1 - 4 are more difficult to interpret, as they cannot stem
from excitation of fundamental transitions and are not reflected in our harmonic
frequency calculations. We can therefore only tentatively assign them to overtone
excitation and combination bands of symmetric and asymmetric CH/CF bending
vibrations, the harmonic intensities of which are calculated to be fairly high. For a
more rigorous assignment of these bands higher level calculations would be needed,
taking the anharmonicity of the vibrations explicitly into account. It is interesting to
note that there is no strong feature around the position where the CH stretch vibration
would be expected in the spectrum of the C¢FsH-H,O complex. We do observe a
small peak at 3092 cm™, which could be tentatively assigned to this feature. However,
we caution that our signal-to-noise ratio is not good enough to make a specific
assignment. Again, the lowest energy isomer with a DIHB motif shows the best
agreement with the experimental result, both depicting a slight frequency blue shift of
the band as compared to the bare anion and a diminished intensity. However, we
refrain from a specific assessment of the problem on the grounds of our theoretical

capabilities at this point.

3.3.3.4. Higher degrees of solvation: C¢F¢+(H,0), and
C¢FsH(H,0),

The infrared spectra of the dihydrated hexa- and pentafluorobenzene anions have
been recorded as well, in order to gain a better understanding about how the binding
motifs will be influenced with increasing numbers of ligand molecules and the

potential onset of water network formation. All spectra are displayed in Figure 3.19.
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Figure 3.19 Infrared Spectra of C¢F¢ (H20),Ar, (top trace) and CgFsH™(H,0), Ar
(bottom trace) measured by monitoring loss of the two Ar atoms upon
irradiation

The number of peaks and the overall spectral pattern of the two different cluster
species are very similar, even if the exact positioning of the bands and the relative
intensities differ, as is to be expected. Also, the bands in the spectrum of the hydrated
pentafluorobenzene trimer seem to be somewhat narrower than in the Cg¢Fg-(H20),
spectrum, although both parent clusters are tagged with two Ar atoms and should
therefore have similar amounts of internal energy, given that they are the same size.
In both cases, there are five intense bands, exceeding the number of OH stretching

modes (four). Hence, there must be at least two different isomers present in the
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molecular beam, which is conceivable with regard to the multitude of isomers already
theoretically possible for the monohydrates, and their number should increase upon
introducing more water molecules into the solvation shell around the anion.
Differences in the relative populations between several isomers might also contribute
to the difference in the band widths of the two species. Determining the most stable
structure by means of calculations would involve a search for these different
structures on a complicated potential energy surface and at the same time require
more elaborate theoretical methods, which is why no specific assignments can be
made at this point. However, it should be noted that the infrared spectra of both
cluster species display intense features at lower wavelengths than was the case for the
monohydrates, which seems to be counterintuitive at first glance, as the interaction
strength between anion and water ligand is expected to decrease with the number of
molecules in the solvation shell increasing. An explanation for this kind of behavior
could involve a change in the binding interactions concomitant with the change in the
number of ligands. Either the second water molecules binds to the anion in a different
motif than the first one, basically adopting an SIHB motif, which seems to be
unlikely. Another explanation involves the onset of hydrogen bonding interactions
between the two water molecules attached to the anion. In that case, the water
molecules are no longer equivalent, but one of them acts as a double hydrogen donor
(DD), donating one hydrogen atom to the interwater-hydrogen bond, while the other
one plays the role of a hydrogen donor and acceptor (AD), being involved in a
hydrogen bonding to the anion and serving at the same time as a docking point for the
hydrogen bond from the neighboring water molecule. This kind of behavior has been
observed before (see section 3.1.2.2), and the corresponding infrared spectra of the
respective anion-water clusters clearly proved that this kind of cooperative hydrogen
bonding interactions can lead to significant lowering in the energy of the vibrational
signatures of the hydrogen bonds involved.'””® Here, this means that water networks
start to form already upon addition of a second water ligand to the respective
fluorobenzene anion, although there are still open binding sites available in such an
extended charge distribution. It also shows that there is strong competition between

ion-water and water-water bonding interactions, which is conceivable in the light of
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the fact that the binding energy between anion and ligand drops from 0.32 eV for the
first water molecule to 0.22 ¢V for the second,’’ therefore lowering it into the range
of typical interwater hydrogen bonding interactions. As mentioned earlier in section
3.3.1, interwater bonding has been found to take place in the Nph™(H,0),* as well,
corroborating our interpretation for the hydrated fluorobenzene trimers. We note that
Eustis et al.”! postulate based on calculations a structure for the C¢F¢ +(H,0), trimer in
which the two water molecules are bound to the anion on opposite ends. Their
calculated value for the vertical detachment energy of this species is only in rough
agreement with their experimental finding though, while our infrared experiment
strongly suggests that both water ligands cannot be bound to the anion in a DIHB
motif. We caution however that we likely have several isomers populated in our
experiment (one of which could display the structure postulated by Eustis et al.) and

we cannot assign specific structures based on the level of our calculations.

3.3.4. Summary and conclusions

Infrared predissociation spectra and mass spectra of the hydrated fluorobenzene
anions CgFxHex (HoO)mAr, (X =4 - 6; m = 1,2; n = 2,3) have been monitored in
order to elucidate the structural motifs occurring upon solvation of an anion with an
extended negative charge distribution. These experimental efforts have been
accompanied by calculations on a DFT/B3-LYP/TZVPP level of theory to aid the
assignment of specific structures to the experimental spectra, which was unfortunately
only possible in the case of C¢Fs-H,O and CeFsH -H,O: for all other species under
study the number of isomers was prohibitively high and the level of theory not
sophisticated enough. However, it was possible to unambiguously assign the
structures of the bare anions C¢Fs, C¢FsH and 1,2,3,4-C¢F4H,". The mass
spectrometric results show that the electron affinity of this class of molecules drops
from positive in the case of hexafluorobenzene to around zero for tetrafluorobenzene
and that it is moreover dependent on the distribution of the fluorine atoms around the
aromatic ring. For C¢FsH™ we were able to record the infrared spectra both of the bare

anion via vibrational autodetachment and by recording the loss of attached Ar atoms.
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From the infrared spectra it can be clearly concluded that water undergoes rather
weak interactions with the fluorobenzene anions. All investigated dimers display a
DIHB motif and in the case of the C¢Fg-H,O and C¢FsH-H,O complexes a specific
structure could be tentatively assigned based on calculations. Comparison of the
spectra of the three fluorobenzene anions under investigation show that upon
reduction of the number of fluorine atoms around the ring either charge localization
or a gradual change in the binding motif from a clear-cut DIHB towards a more
SIHB-like structure takes place. Moreover, in order to gain insight into the further
hydration process, the spectra of Cg¢Fs (H,0),rAr, and CgFsH(H,0),-Ar, were
recorded and the onset of water network formation was found upon addition of the
second water molecule to the respective anion: however, in these cases there have
been several different isomers present under the experimental conditions and no
specific structural assignments could be made based on the calculations. In order to
do so, a more refined theoretical study would be desirable, based on more
sophisticated methods and specifically taking into account the anharmonic nature of

the normal modes.
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3.4. Infrared Spectra of SFg:(H,0), (n = 1 - 3): Incipient
reaction and delayed onset of water network formation

3.4.1. Introduction

Similar to the case of the fluorobenzene anions described in section 3.3, the sulfur
hexafluoride anion constitutes another example of a highly delocalized excess charge
distribution. SF¢ retains octahedral (Oy) geometry upon electron attachment, with the
SF bonds evenly lengthened (from 157.2 pm in the neutral molecule to 171.4 pm in
the anion, RI-MP2/TZVPP level of theory) because the negative charge is equally
distributed over the respective antibonding ¢ orbitals. Apart from this interest in the
SF¢-(H,0), system as a representative for a certain class of anion-molecule
complexes, it is desirable to gain more information about the interaction of the SF¢’
anion with surrounding molecules in light of some other aspects. Neutral SF¢ has
recently been discovered to represent a potent greenhouse gas with ~ 22200 times the
global warming potential of carbon dioxide and it is one of the greenhouse gases
listed in the Kyoto protocol.”" Although its atmospheric concentrations are low, it is
of almost exclusively anthropogenic origin and it can accumulate over a long time
with a lifetime in the atmosphere of ~ 3200 years’* due to its chemical inertness. It is
therefore a concern to learn more about the potential reactions of this molecule under
atmospheric conditions. In addition, SF¢ is used in several industrial application, e.g.
as a plasma etching gas and as a high voltage gaseous dielectric. At the same time,
under the conditions in electrical discharges it is found that in the presence of traces
of oxygen or water vapor reactions occur, leading to a variety of both neutral products
such as SOF,, SOF,, SO,F,, SO, and HF”® and also ionic species, including
H;0"(H,0),, SFs'(H,0),, SOF; (H,0),, SOF,, F(HF),, OH (H,0),, SFs (HF), and
SF¢ (H20),. While not much is known about the exact reaction pathways leading to
these products, it has been suggested that the SF¢ anion is involved at least in some
of them, either reacting with the trace impurities present or the reaction products of
preceding reactions. Moreover, Huey et al. studied the reaction yields and rate

constants of the sulfur hexafluoride anion with atmospheric trace gases, among them
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the acids HCI, HNOs and HOC1.”* These findings triggered a study by Arnold et al. in
which they investigated the reaction behaviour of the SF¢™ anion with protic solvents
such as water and alcohols with short aliphatic chains in an ion flow tube
experiment.”” Although they were not able to account for all of the above-mentioned

reaction products, the following reaction channel

SF¢ -H,O + H,O — SOF4 + 2HF + H,O

could be established to be dominant, while a second reaction pathway leads to a
F*-(HF); product ion. Interestingly, they could confirm earlier reports by Knighton et
al.,”® that the reaction of the sulfur hexafluoride anion with small protic ligands is in
fact cluster-mediated, meaning that at first an association complex (i.e. SF¢ H,0) is
formed in equilibrium with the reactants, followed by a bimolecular reaction (shown
in the reaction equation above) of this intermediate cluster with another solvent
molecule leading to the final products of the overall reaction. This proves the
importance of cluster formation for the reaction to proceed at least along this
pathway. In this context, it is interesting to study the hydration behavior of SF¢
starting with one water molecule and increasing the number of ligands stepwise one at
a time from there. Changes in the structures and binding motifs might hint at the onset
and mechanism of the reactions described above. We recorded infrared spectra of
SF¢(H,0), (n = 1 - 3) complexes accompanied by calculations and find interesting
changes in the SF¢ scaffold upon hydration which indicate possible reaction

mechanisms as described in detail in the following sections.”’

3.4.2. Calculations

The sulfur hexafluoride anion is known to pose significant difficulties to its
theoretical treatment by density functional theory. For instance, in a recent study
Brinkmann et al. managed to arrive at a calculated value of 1.48 eV for its electron
affinity employing a KMLYP functional.”® This result still overestimates the

experimental value (1.07 eV + 0.01 eV”’) considerably. In comparison, employing
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density functional theory (DFT)*® using the B3-LYP functional®’ and applying a
TZVPP basis set* (as implemented in the TURBOMOLE program package’') to all
atoms we arrive at a value for the electron affinity of 2.10 eV, which is considerably
worse. However, using second order Meller-Plesset perturbation theory including the
resolution-of-identity approximation (RI-MP2)** and a TZVPP basis set™ for all
atoms as included in the TURBOMOLE program package,*' we calculate a value of
0.70 eV, which in spite of underestimating the experimental result seems to
approximate it much better. For this reason, we chose the RI-MP2 method for the
treatment of complexes involving the SF¢ anion. For the bare SFs™ and its complex
with one water molecule we performed two sets of calculations for two different basis
sets, one using a TZVPP basis set for all atoms to enable comparison with larger
clusters and another one employing a TZVPP basis set only for sulfur but the larger
aug-cc-pVTZ basis set for all other atoms. In contrast to the TZVPP basis set, the
latter augmented Dunning basis set takes diffuse functions into account and should
therefore lead to an improved theoretical description for an anionic system with a
rather diffuse electron cloud such as SF¢, where this potentially plays a role. For
larger cluster systems with an increased number of water ligands we restricted
ourselves to the computationally less expensive TZVPP basis set due to the otherwise
prohibitively high computational cost. In order to be able to judge the accuracy of our
calculations, they can be compared to the results of Gutsev and Bartlett,®' who
performed a high level coupled-cluster calculation for the SFs anion among others.
Relevant geometrical parameters, energies and the harmonic vibrational energies of

both our calculations and theirs are summarized in Table 3.9.
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Table 3.9 Calculated geometric properties, electronic energies and harmonic
vibrational frequencies (in cm™) of SF¢™ from this work and Ref.*' Note
that experimental values for the high frequency t;, mode are 619 cm™
[from Ar matrix isolation studies®] and 683(5) cm™’ [from Ar
predissociation spectrosocopy™]

Level SF distance (pm)
RI-MP2/TZVPP 171.42
RI-MP2/aug-cc-pVTZ 171.43
CCSD(T)/6-311+G(3df)’ 171.67
Mode RI-MP2/TZVPP | RI-MP2/aug-cc-pVTZ | CCSD(T)/6-311+G(3df)"
v(tou) 242 239 237
V() 274 289 306
V(tog) 344 340 336
v(ty) 458 458 447
v(asg) 651 639 626
v(ty) 722 712 722
! from Ref.*!

It can be seen that the SF bond lengths differ only by ~ 0.25 pm and that the largest
deviation in the harmonic vibrational levels amounts to < 20 cm™ for the mixed
TZVPP/aug-ccpVTZ and < 35 cm™ for the all-TZVPP basis set approach, suggesting
that this is an appropriate level of theory for the treatment of this anion. Although the
infrared spectra were all monitored by loss of Ar atoms from the parent clusters
SFe¢-(HyO)p'Ar (n = 1 - 3), the Ar atoms were not taken into account in the
calculations. The vibrational energy levels were determined for each stationary point
identified in the harmonic approximation. All spectra were calculated numerically. In
order to account for anharmonic effects and to facilitate comparison with the
experimental results we scaled the calculated harmonic frequency values by an
appropriate scaling factor as was described for the fluorobenzene-water clusters in

section 3.3.2.4. A scaling factor of k = 0.947 was applied to all frequencies.



79

3.4.3. Results and discussion

3.4.3.1. SF¢H,O

The spectra of the SF¢-H,O-Ar; (n = 1,2) clusters, monitored via loss of the attached

Ar atom, are shown in Figure 3.20.

Photofragment Signal [arb. units]
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Figure 3.20 Infrared spectra of SF¢-H,0O-Ar, (n = 1,2) monitored by Ar loss; vs—
symmetric OH stretching mode of the water ligand; v,s —
antisymmetric OH stretching mode of the water ligand, 2B — bending
overtone of the water ligand; dotted lines mark combinations bands
of the bending overtone and the IHB band (vs) with the water rocking
mode
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Just as for the hydrated metal and fluorobenzene anions described in the previous
sections, it is useful first of all to compare the experimental spectra to the infrared
signatures of the well-known SIHB and DIHB binding motifs. It turns out upon
inspection, that the spectrum of the sulfur hexafluoride monohydrate displayed in
Figure 3.20 is very similar to that of I-H,O. All main features can be explained along
the lines of the interpretation given by Ayotte et al. and Bailey et al.:*'*** The intense
main band at 3430 cm™ (labeled vs in Figure 3.20) is the signature of an OH group
hydrogen bonded to the anion (IHB band), while the weaker feature at 3676 cm™
(labeled v,s in Figure 3.20) is the signature of the remaining dangling OH group (F
band). A band at 3305 cm™ has been attributed to the bend overtone of the water
molecule (labeled 2B in Figure 3.20), gaining intensity through a Fermi interaction
with the strong IHB band. Two weaker features building upon the bend overtone and
the THB band (~ 60 - 70 cm’ higher in energy, respectively) are assigned to
combination levels of these two bands with the water rocking motion (marked with a
dotted line in Figure 3.20). The SF¢-H,O complex therefore shows all spectral
signatures of an SIHB motif. We note that this is very different from the case of
hydrated C¢F¢,”” indicating that not all large charge distributions behave similarly
upon hydration. Hence, although both molecules represent anionic entities with an
extended, delocalized charge distribution and even offer “docking points” for
hydrogen bonding of the same chemical nature in form of the fluorine atoms, they
display the distinct spectral signatures of two different binding motifs. Moreover, it
should be noted that the number of Ar atoms exerts only a negligible influence on the
spectra as can be seen in Figure 3.20, where the band positions of the monohydrate
basically remain the same both for solvation with one and two Ar messenger atoms.
Bearing in mind this unambiguous empirical assessment of the complex geometries
with respect to the binding motifs of the water ligand, we performed calculations (at
the level of theory described in section 3.4.2) in order to resolve the structures
adopted by the complexes under investigation. Surprisingly, in spite of the
experimental data pointing towards one clear, dominant structural motif, the
calculations turn out to yield several close-lying isomers, the structures of which are

shown in Figure 3.21.
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(a)
E=0meV

(b) (c)
E =4 meV E =88 meV

Figure 3.21 Structures of the three isomers lowest in energy of the SFq-H,O
complex. Dotted lines indicate hydrogen bonds. Relative energies are
based on MP2 calculations (zero-point corrected) with a TZVPP basis

set for all atoms.
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The isomer lowest in energy (isomer (a), both employing a TZVPP and an
aug-cc-pVTZ basis set) indeed displays an SIHB motif with one hydrogen atom
involved in a stronger interaction with the anion (FHO angle ~ 166°) than the other
one, which is only weakly tethered to a neighboring fluorine atom in a more acute
FHO angle (~ 130°). The isomer next higher in energy (isomer (b)) lies only 4 meV
(TZVPP basis set, zero-point-corrected) above this global energy minimum, which
would not allow for a clear identification of one of those two structures as the
minimum energy isomer based on the accuracy of our theoretical approach.
Moreover, this structure turns out to be a transition state with an imaginary frequency
of ~ 1130 cm™. The structure next higher in energy is found to represent an SIHB
motif again with one of the hydrogen atoms involved in an even more linear hydrogen
bond than is the case in isomer (a), while the other one is completely free. This
structure lies 88 meV above the ground state and constitutes a transition state, which

is why it is discarded for further interpretation of the spectra.

Table 3.10 Experimental and calculated (MP2, TZVPP and aug-cc-pVTZ basis set,
respectively, scaled for anharmonicity) positions of the symmetric (vs)
and antisymmetric (v,s) OH stretching bands of the water molecule in the
SF¢*H,0O complex for the two lowest lying isomers (STHB ground state
and DIHB transition state); the numbering of the isomers in the first row
refers to the respective geometry as labeled in Figure 3.21.

Mode Expt. Isomer a Isomer b

TZVPP aug-cc-pVTZ TZVPP aug-cc-pVvVTZ

Bend
overtone 3305(2)
Symmtric
OH stretching (vs) 3430(2)| 3390 3389 3572 3572

Antisymmetric
OH stretching (vas) | 3676(2)| 3704 3689 3624 3630

Water rocking
(unscaled) 63(5) 76 78 i144 i126
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In order to enable comparison between theory and experiment we calculated again the

vibrational spectra for the two remaining isomers under consideration in the harmonic

approximation, scaling our results with a factor of k = 0.947 to roughly account for

anharmonicity. The results are summarized in Table 3.10 together with the

experimental findings. Also, in order to facilitate comparison, the theoretical spectra

for both isomer (a) and (b) were simulated (see Figure 3.22), assuming a Gaussian

peak shape for the bands with a FWHM (full width at half maximum) of 6 cm.

Photofragment Signal
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Figure 3.22

SF_“H,O-Ar v,
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v
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Experimental spectrum of the SF¢*H,O (monitored by the loss of
one Ar atom, see top trace) as compared to the simulated spectra
(MP2/TZVPP, scaled for anharmonicity, see text) of isomer (a) and
isomer (b), Figure 3.21. Simulations assume a Gaussian peak shape
and a FWHM of 6 cm™.



84

It can be easily seen that these simulations confirm our earlier empirical assignment
of binding motifs to the recorded infrared spectra: while the simulated spectrum of
1somer (a) resembles the experimental spectrum reasonably well, this is not at all true
for the simulation based on isomer (b). This leads to the conclusion that the relative
energy of the symmetric isomer is underestimated in our calculations. The
observation of an SIHB binding motif in the SF¢“H,O complex is surprising also in
light of an empirical rule established earlier by Robertson et al.'' after studying
complexes of a water molecule with polyatomic anions in which the negative charge
was distributed over a triatomic domain. They found that there exists a connection
between the length of this domain and the stability of the DIHB motif. Stable ground
state structures with a DIHB motif have been found in a region between ~ 230 pm up
to ~ 313 pm. Given that the distance between two neighboring fluorine atoms in the
SF¢ anion amounts to ~ 270 pm, it would fall right into this region of stability for a

DIHB binding motif and therefore obviously constitutes an exception to this rule.

3.4.3.2. SF6-’(H20)2

The infrared spectra of both the SF¢-H,O and the SF¢-(H20), complexes are shown
in Figure 3.23 and comparison shows that both species display the same overall
spectral pattern with only some minor differences. Consequently, the general binding
motif of the water ligands to the anionic moiety and their local environments cannot
change significantly upon addition of a second water molecule. More specifically, the
spectrum of the monohydrate has been assigned to a geometry in which the water
molecule is bound to the anion via one strong and a second weaker hydrogen bonding
interaction to two neighboring fluorine atoms as was explained in the previous
paragraph. Hence, the second water ligand is expected to bind to the SF¢ anion in the
same manner, so the only structural issue that remains to be resolved is the relative
position to the first ligand. This result is surprising in its own right, because most
anions solvated by two water ligands showed the onset of interwater bonding
interactions due to the strong propensity of the water molecule to from hydrogen

bonded networks.
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Figure 3.23 Infrared spectra of SF¢(H,0),Ar (n = 1,2) monitored by Ar loss; vs —
symmetric OH stretching mode of the water ligand; v,s — antisymmetric
OH stretching mode of the water ligand, 2B — bending overtone of the
water ligand; dotted lines mark combination bands of the bending
overtone and the IHB band (vs) with the water rocking mode

This is true even for extended charge distributions such as the hexafluorobenzene
anion as has been described in chapter 3.3, and this binding behavior usually
accompanies drastic changes in the infrared spectral pattern (see e.g. Ref.’ and
references therein). There are some known exceptions to this bonding behavior,
including anions such as F'' and OH".?' However, in these cases the responsible
mechanism is the formation of very strong hydrogen bonds, which outweigh the

water-water interactions and favor linear binding motifs. This scenario is unlikely to
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be at play in the SF¢-(H,0), cluster. It seems to be more favorable for the OH groups
of the water ligands to seek interaction with the charge distribution of the core anion
than interwater binding. This could be understood in terms of electrostatic
interactions dominating in this case over chemical bonding. In order to determine the
geometry of the dihydrate, we performed an exploratory computational search for
stable isomers. Only a TZVPP basis set was employed in this case due to the
otherwise extensively long computation times. The five isomers lowest in energy are
shown in Figure 3.24. It can be seen that the first three isomers are very close in
energy, lying within an interval of 8 meV, which is certainly too small to make a
definitive assignment based on the accuracy of our calculations. Interestingly, in the
first two geometries the two water molecules share the one fluorine atom to which
both of them undergo strong hydrogen bonding interaction. Only the third isomer,
placed 8 meV above the ground state, displays a hydrogen bond between the two
water ligands. Anionic structures in which the water molecules do not share any
single fluorine atom of the SF¢ core anion are found to lie considerably higher in
energy (> 130 meV). Two representatives of this class are shown in Figure 3.24 but
are not considered further for the interpretation of the experimental spectrum due to
the large energy difference. Moreover, they constitute saddle points along several
normal coordinates. In order to shed more light on the question which of the three
lowest-lying isomers contributes significantly to the measured spectrum, we
simulated the vibrational spectra of all three candidates, using a harmonic
approximation but scaling with an appropriate factor to take anharmonic effects into
account in an approximate manner. All simulations are shown in Figure 3.25 together
with the experimental infrared spectrum to facilitate comparison. It is obvious that the
simulated spectra of the two lowest-lying isomers which do not exhibit any interwater
bonding describe the measured spectrum reasonably well, whereas the agreement
with the simulation for the third isomer with an interwater hydrogen bond is rather
poor. First of all, there is no appreciable intensity in the spectrum where the signature
of an interwater interaction would be expected to be. The simulations predict an
intense band at 3491 cm™ for isomer (c), in the spectral region where water-water

hydrogen bonding signatures usually occur.
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A E =8 meV

@ 0 »
V E =132 meV E = 142 meV

Figure 3.24  Structures of the isomers lowest in energy of the SF¢-(H,0), complex.
Dotted lines indicate hydrogen bonds. Relative energies are based on
MP2 calculations with a TZVPP basis set for all atoms. Geometries (d)
and (e) are saddle points along several coordinates.
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Figure 3.25 Experimental spectrum of the SF¢ -(H,0), complex (monitored by the
loss of one Ar atom, see top trace) as compared to the simulated
spectra (MP2/TZVPP, scaled for anharmonicity, see text) of isomer
(a), (b) and (c), Figure 3.24. (Simulations assume a Gaussian peak
shape and a FWHM of 6 cm™)

One could argue that there is some small intensity in that frequency region and that
also the intense peak at 3290 cm™ could be ascribed to the occurrence of isomer (c) in
the ion beam. However, this seems highly unlikely since we observe a similar feature
also in the spectrum of the monohydrate at 3305 cm™, which could be unambiguously
assigned to the overtone of the bending mode of the water ligand. This mode is

expected to appear in the spectrum of the dihydrate as well, which should either lead
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to the occurrence of several bands in this frequency region (which is not observed) or
a broadening of the peak in question due to the overlap of the two bands of different
origin. Given the sharpness of this feature and the absence of an intense signature of a
water-water hydrogen bond, it seems to be justified to exclude isomer (c) from the list
of possible candidates. It is more difficult, however, to decide which of the two
isomers (a) or (b) is dominant in the molecular beam, as both their simulated spectra
match the experimental one fairly well and the calculated energy difference (6 meV)
does not allow for exclusion of isomer (b) from our experiment based on the accuracy
of the performed calculations. More refined theoretical investigations would be

desirable to resolve this issue employing more sophisticated computational methods.

3.4.3.3. SFs+(H,0);

As the onset of water-water bonding interactions could not be observed in the
dihydrate, the trihydrate was also studied in order to determine the minimal amount
necessary to start water networks. The spectrum of the trihydrate is shown in Figure
3.26. A comparison of the three spectra reveals a drastic change in the vibrational
pattern, proving the bonding interactions of the water molecules must change
dramatically. Specifically, two broad peaks are observed ~ 3270 cm™ and
~ 3347 cm’™, which are assigned to the overlapping bands of the bend overtones of the
water ligands and the THB bands (ionic H bonds, signatures of the OH groups
hydrogen bonded to the anion), respectively, following the interpretation of the
similar bands in the mono- and dihydrate. The IHB bands are red shifted upon
attaching a water molecule to the SF¢(H,0), due to cooperative hydrogen bonding
effects by about ~ 77 cm™. This has been observed in similar cases before, e.g. for
the hydration of iodide.”*® The broadness of these bands as compared to the
analogous features in the spectra of the mono- and dihydrate may be due to the
presence of several isomers in the ion beam. Moreover, the appearance of two sharp
bands at ~ 3529 cm™ and at ~ 3574 cm' in the frequency region characteristic for the
spectral signatures of interwater hydrogen bonds suggests the onset of a hydrogen

bonded water network.
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Infrared spectra of SF¢(H,O)y'Ar (n = 1 - 3) monitored by Ar loss;
vs — symmetric OH stretching mode of the water ligand; v,y —
antisymmetric OH stretching mode of the water ligand, 2B — bending
overtone of the water ligand; dotted lines mark combinations bands of
the bending overtone and the IHB band (vs) with the water rocking
mode

A sharp feature at 3685 cm™' indicates the presence of at least one free OH group. In

order to get a more detailed idea about the structure of the cluster anion beyond this

empirical assessment, we performed again an exploratory search for minimum energy

structures on the potential energy surface. However, due to the flatness of the latter

and the large number of possible isomers we restricted ourselves to geometries based

on obvious expectations for the ground state structure, for instance the existence of

some water-water hydrogen bonds. Specifically, Figure 3.27 shows two isomers.
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(a) (b)
E=0meV E =37 meV

Figure 3.27 Structures of the isomers lowest in energy of the SF¢(H,0); complex.
Dotted lines indicate hydrogen bonds. Relative energies are based on
MP2 calculations with a TZVPP basis set for all atoms.

Isomer (a) displays a “ring-like” water sub-cluster, in which all three water molecules
are attached to one another and to the anion in hydrogen bonds at the same time. This
motif has been found to be the most stable structure in the halide trihydrates, e.g.
I':(H,0);. It should be noted though, that the water molecules in this case are not all
equivalent as two of them are rather weakly tethered to the anion, while only one is
involved in a strong hydrogen bond to the SFs. The SF bond involved in this

interaction is significantly lengthened to ~ 194 pm as compared to the approximately
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undisturbed ~ 173 pm of the other two SF bonds. This kind of distortion of the
geometry of the SF¢ core anion occurs similarly in the mono- and dihydrate (compare
preceding paragraphs) and will be rediscussed in terms of the reactivity of the SF¢
moiety in the next section. The second structure in Figure 3.27 is based on the isomer
found to be lowest in energy for the SF¢ - (H,O), (isomer (a) in Figure 3.24), meaning
that two water molecules are bound to one fluorine atom in a shared attack, while the
third one is attached both to the SF¢ anion and to one of the other water ligands via
hydrogen bonds. It is calculated to be higher in energy than the ring-like structure by
37 meV. The spectra of the two species under consideration have been simulated on
the same footing as in the case of the dihydrates in the preceding section (harmonic
approximation, but scaled with a uniform scaling factor k = 0.947 to account for
anharmonicity in an approximate way) and the result is shown in Figure 3.28 along
with the experimental spectrum of the trihydrate as monitored by loss of one Ar atom
to demonstrate the relative accordance. The spectrum of isomer (b) seems to be a
better match to the experimental spectrum as it mirrors the free OH, the IHB and the
interwater bands rather well (the bend overtone is an anharmonic effect and therefore
not recovered by our harmonic simulations). This may mean that isomer (b) is the
dominating isomer in the molecular beam, despite the fact that it is placed higher in
energy than the ring isomer by the calculations. However, we stress again that the
spectrum does not at all exclude the existence of several isomers at the same time
under the experimental conditions and that the calculations performed are by no
means an exhaustive search for minimum structures but rather educated guesses of

the most likely structures.
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Figure 3.28 Experimental spectrum of the SF¢-(H,O); (monitored by the loss of
one Ar atom, see top trace) as compared to the simulated spectra
(MP2/TZVPP, scaled for anharmonicity, see text) of isomer (a) and
(b), Figure 3.27. The simulation for isomer (b) fits the experimental
spectrum better, although it is higher in energy than isomer (a)
(Simulations assume a Gaussian peak shape and a FWHM of 6 cm™)

3.4.3.4. Structures of the SF¢+(H,0), (n = 1 - 3) clusters and
implications for their reactivity

In spite of our intense efforts, we were unsuccessful in triggering any reaction within
the SF¢“(H,O), (n = 1 - 3) complexes upon excitation with a mid-IR photon.
However, Arnold et al. have reported reactions between the SF4 anion and water in

an ion flow tube experiment at room temperature,”” with formation of SOF, as the
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main reaction channel. The structures which have been determined to represent the
ground states of the respective clusters in accordance with the experimentally
monitored infrared spectra are still useful in order to elucidate the reaction
mechanisms involved. The SF bond involved in the strong hydrogen bonding
interaction with one or several of the water ligands is significantly stretched from
~ 171 pm in the bare SF¢ anion to ~ 196 pm in the monohydrate. This implies that
attachment of a water molecule leads to localization of electron density in the
antibonding o~ orbital of the respective SF group, diminishing it consequentially in
other parts of the molecule. This can be illustrated in a plot of the highest occupied
molecular orbital (HOMO) of the SF¢+(H,O) complex, shown in Figure 3.29.

Figure 3.29 Highest occupied molecular orbital (HOMO) of the SF¢:(H,0)
complex. The localization of negative charge by the presence of the
water ligand is clearly visible.

The latter effect manifests itself as a contraction of the SF bond opposite to the
“bonding” SF group down to ~ 160 pm from the ~ 171 pm in bare SFs. These
findings help to understand the first steps in the reactions of the SFs moiety with

protic solvents as described by Arnold et al., attachment of a water molecule seems
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to lead to a significant weakening of the SF bond which serves as “anchor” for the
ligand, thereby lowering the reaction barrier in collisions of the ion-molecule
complex with additional water molecules. It is interesting to note in that context, that
the kinetics of these reactions revealed that two solvent molecules were necessary to

initiate a reaction leading to products other than the association complex:”>’®

SF¢ + H,O — SF¢-H,O (3.1)
SF¢-H,O + H,O — SOF4 + 2HF + H,0O (32)

The structures at higher hydration levels possess some interesting properties in line
with these findings. In the dihydrates, the SF bond involved in the hydrogen bond to
the water ligand is stretched even further (~ 206 pm) than in the monohydrate
(~ 196 pm), implying that the dissociation threshold is approached upon increasing
the number of ligands in the solvation shell. This trend is consistent for both low
energy isomers (isomer (a) and (b) in Figure 3.24) determined before to be
appropriate candidates for matching the experimental infrared spectrum. Increasing
the hydration to the trihydrate, the calculations indicate that the SF bond length is
only marginally further increased to ~ 207 pm in isomer (b), while it even shrinks
slightly in the case of isomer (a). The special role the attachment of the first two water
molecules play in this system is further corroborated by taking a closer look at the
binding energies between anion and ligands: for the monohydrate, it is calculated
(MP2 level of theory) to amount to ~ 0.45 eV and increases for the second water
molecule to ~ 0.48 eV: this is counterintuitive behavior at first glance, as the binding
energy of solvent molecules to an anion is usually expected to drop monotonically
upon increasing their number. This is compatible with the cooperative behavior in the
binding mechanism of the first two water molecules to the SF¢ anion. Contrary to this
behavior, the binding energy drops again for the third water molecule to ~ 0.43 eV,
below the value for both the first and the second ligand. Unfortunately, there are no
experimental values available for the binding energies to verify these computational
results, and it must be cautioned that the level of theory applied in the presented

calculations might not be high enough to provide a detailed and reliable background
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for further interpretation, particularly in the limit of dissociation and reaction of the
systems under consideration. The difference in the values presented above is therefore
probably within the error bars of the employed methods. However, they might serve
at least as a guideline, in light of the fact that the trend that water molecules promote
SF bond breaking seems to be clear. Moreover, they support the assumption that the
attachment of the first two water molecules happens in a cooperative fashion,
eventually leading to the observation of a cluster-mediated reaction, while the third
one does not. However, no reactions could be triggered upon excitation of the
SF¢(H20), (n = 1 - 3) clusters, implying the reaction barrier is not low enough that
absorption of one photon in this frequency range would deposit sufficient energy into
the cluster to enable the previously observed reaction products. This implies that the
reaction barrier must be higher than ~ 0.40 - 0.45 eV (3200 — 3600 cm™). In order to
understand the energetic requirements we calculated the reaction enthalpies of some
candidate reactions. The reaction channel observed experimentally by Arnold et al.”

is calculated to be exothermic by ~ 1.37 eV:

SF¢-H,O + H,O — SOF4 + 2HF + H,O / AHr=~-1.37¢eV/-132.2 kJ/mol (3.3)

The reaction partners in those cases in which reactions could be successfully initiated
were mostly protic molecules and obviously involvement of an SF group in a strong
hydrogen bonding interaction leads to its considerable weakening. This suggests that
one of the first crucial steps along the reaction pathway is proton transfer from the

respective protic ligand involved to the anionic moiety. The reaction:

SFsH,0 + H,O — SFs + F-H,0 + H,0 / AHr=~ 1.6 eV / 1544 kI/mol (3.4

is calculated to be endothermic by ~ 1.6 eV. However, it may be overly simplistic to
focus on proton transfer as the crucial step alone. In order to arrive at the
experimentally observed reaction products more steps need to be involved, and the
nature of the potential energy surface along the reaction path is presently unclear. It is

interesting in this context to exchange the solvent molecule for one with a higher
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acidity in order to shed more light on the reaction channels and the energetic barriers
involved. A very suitable candidate is formic acid, as its acidity is noticeably higher
than those of water or alcohols. The results of an infrared study on the SFs-HCOOH
complex as compared to the water clusters described here are presented in the next

chapter.

3.4.3.5. Summary and conclusions

The mid-infrared spectra of the SF¢+(H,O), (n = 1 - 3) clusters have been measured.
The structures of the ground state geometries could be identified with the aid of
accompanying calculations at the MP2 level of theory. The monohydrate was found
to display a rather distinct SHB motif, with the water molecule strongly hydrogen
bonded to one SF group, the bond length of which is in turn considerably increased,
while the remaining OH group is only weakly tethered to one of the neighboring
fluorine atoms. Surprisingly, the dihydrate shows the same overall spectral pattern,
and indeed the isomers lowest in energy are found to have the two water ligands
bound in a shared attack on one SF group in a cooperative manner, even further
lengthening its bond. This is unusual in light of the fact that most anions solvated
with two water molecules already show the onset of water-water hydrogen bonding
interactions, with the exception of some small anions with a strong proton affinity
such as F". Only for the trihydrate (and presumably for larger clusters) the formation
of water networks is found. No reactions could be triggered upon absorption of one
infrared photon by the respective cluster chromophores, despite an active search for
fragment ion products. However, the cooperative effects in the binding behavior of
the first two water molecules are in line with some earlier findings that the reactions
between the SF¢™ anion and protic solvent molecules proceed via a cluster-mediated

pathway.”>"’®

The fact that protic molecules seem to react readily with the anionic
moiety and that attachment of water molecules to the SFs anion leads to a
considerable weakening of one of the SF groups points towards a reaction mechanism
in which at least one of the initial steps involves proton transfer from one of the

ligand molecules.
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4. Infrared-Triggered Reactions

4.1. Some general remarks on ion-molecule reactions

Elucidation of the state-resolved dynamics of chemical reactions is one of the basic
problems of chemistry and necessary for a detailed understanding of the mechanisms
by which reactions are governed. Reactions involving anions are of particular interest,
as they play crucial roles in some of the most common reactions in organic chemistry,
e.g. substitutions, eliminations and reactions involving organometallic compounds
such as Grignard reactions, aldol condensations and many others." Moreover, anions
offer the advantage that they only rarely rearrange, in contrast to cations, for which
this is a frequently observed complication. Most of the reactions cited above are
extremely important in chemical synthesis and, of course, take place then in some sort
of solvent. When it comes to shedding light on ion-molecule reaction mechanisms, it
can be advantageous in many cases to study them in the gas phase despite some
differences which are inherently involved in removing the solvent molecules from the
reactants. However, the interpretation of most experiments conducted in solution
suffer from complications such as transport phenomena, cage effects, the presence of
counter ions and other solvation effects. Many of these problems can be circumvented
by studying the reactions of interest in the gas phase. In addition, experiments in the
gas phase have direct implications for photochemical reactions under atmospheric
conditions. Examples include dissociation of ground electronic state molecules
relevant in the atmosphere by vibrational overtone pumping.” The influence of
solvent molecules on ion-molecule reactions may be investigated by attaching them to
the ions prior to reaction and stepwise increasing their number one at a time. This can
be easily achieved in experiments featuring mass selection, thereby offering another
advantage over condensed phase experiments. It is worthwhile to point out some
important differences between ion-molecule reactions proceeding in the condensed
phase versus gas phase. First, in the gas phase the reactions may take place at

substantial collisional energies due to the long range ion-dipole potential between the
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reaction partners. This interaction will be effectively absorbed by the solvent
molecules in liquid phase, influencing orientation and reactivity of the reacting
molecules. Moreover, the reaction can be drastically influenced by differential
solvation effects, leading to considerable changes in the relative energy of reactants,
products and transition state. This can be illustrated by the example of the Sx2
reaction. It is well-established that in liquid phase, the reaction displays a barrier
higher in energy than both reactants and products (the transition state corresponds to a
Walden inversion state [Y-~R-X], compare Figure 4.1).” In the gas phase, however,
a different pictures arises™ and a double-well shape for the potential energy surface
along this reaction has been established by Brauman and coworkers.® The explanation
for the differences compared to the liquid phase can be found in the relative solvation
energies of the species involved: the reactant and product ions which display a
relatively localized negative charge are effectively solvated, resulting in considerable
stabilization. This is less true for the intermediate entrance and exit channel
complexes, and the comparatively diffuse transition state profits least from the
solvent stabilization effect, which is why the barrier height is increased in solution
relative to reactants and products.” A schematic of the potential energy profile for the
reaction is shown in Figure 4.1 (from Ref.®). The multitude of fundamental problems
inherent even to such a relatively simple chemical reaction is reflected in the long-
standing interest, both experimentally and theoretically (compare Ref.*” and
references therein). Important questions related to nucleophilic substitutions range
from measurements of the thermal rate constants,’ reaction cross-sections and product
distributions at different translational energies' to studies in variable temperature-
selected ion flow drift tube experiments'' and investigations on the complex
formation and attack mechanisms® and time-resolved photoelectron spectroscopy
experiments,12 to name a few. Crossed molecular beam imaging experiments reveal
new subtle details on the mechanisms involved.*"® Moreover, this reaction has been

studied by means of infrared predissociation spectroscopy.'
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Figure 4.1  One-dimensional potential energy profile for a nucleophilic
substitution (Sn2) both in the gas phase and in solution (from Ref.®)

This approach offers several interesting features. First, it provides the opportunity to
study reactive intermediates “trapped” in their complex structures and thereby to
unambiguously identify their geometries. For example, it could be shown that the

entrance channel complex for the reaction

CI' + CH;Br — Br + CH;Cl (4.1)
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adopts C;, symmetry, with the chloride ion attached to the hydrogen atoms of the
methyl group in a “pocket-like” conformation, resembling a backside attack of the
chloride anion (representing the nucleophile in this case). Another example for
elucidation of the structure of a trapped reactive intermediate using infrared
predissociation spectroscopy is the characterization of the OH-HCH,- intermediate in
the O~ + CH, reaction.”” In addition, Ar tagging offers the possibility of subtly tuning
the internal energy of the complexes under investigation. This was exploited in the
study on the reaction between the chloride anion and methylbromide, where Ar
tagging of the CI-CH3Br-Ar; cluster allowed for the spectroscopic investigation of
this cold species, while in the case of the bare complex the reaction could be triggered
upon excitation with an infrared photon.

In this work, infrared predissociation spectra of the SFs-HCOOH-Ar, (n = 0 - 2) are
recorded. The complexes are investigated both with respect to their geometries and
their reaction behavior. The obtained results and interpretations are presented in the

next section.

4.2. Infrared Spectra of SFs-HCOOH:-Ar, (n = 0 - 2):
Infrared-Triggered Reaction and Ar-Induced Inhibition

4.2.1. Introduction

The importance of the sulfur hexafluoride molecule in industrial applications and in
the atmosphere has already been pointed out in section 3.4. It has been described
there, too, that in some of the reactions involving SFg, its anion is thought to occur as
an intermediate, e.g. in electrical discharges. Moreover, it has been shown that the
SFs anion does react with atmospheric trace gases'® and in ion flow tube experiments
at room temperature readily undergoes reaction with a number of protic ligands such
as water and alcohols with short aliphatic chains.'” These reactions are cluster-
mediated, which means they proceed through a stable anion-ligand complex that is

17,18

activated in subsequent collisions. The infrared predissociation spectra and the
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structures of the SF¢-(H,0), (n = 1 - 3) clusters have been described in detail in
section 3.4. For these species, no reactions were triggered by infrared absorption in
the region of the OH stretching fundamentals, presumably because the barrier
associated with this reaction is greater than the photon energy. However, the
calculations suggested a cooperative binding mechanism between the SF4s anion and
the first two water molecules, weakening the SF bond involved in the hydrogen
bonding to the water ligands considerably.” In anion-molecule reactions, proton
transfer often dictates the shape of the potential energy surface governing the
behavior of the relevant particles.”® In the case of SFs, dissociative proton transfer
could lead to the formation of HF molecules. Consequently, an increase in the acidity
of the ligand could lower the barrier to infrared photoactivation. Here, we present

infrared studies on complexes of SFs” with one formic acid molecule.

4.2.2. Calculations

Calculations on the SFs-HCOOH complex have been performed by Skodje and
Takahashi.”' Briefly, both ab initio calculations employing second order Moller-
Plesset perturbation theory (MP2) and calculations based on density functional theory
(DFT) have been carried out. Two stable geometries were obtained (shown in Figure
4.2). The OH group is strongly hydrogen bonded to the SF¢ moiety in both
geometries. The counterpoise corrected difference in energy between the isomers
(based on second order Mgller-Plesset perturbation theory) is 168 meV, with isomer 1
being more stable. The vibrational frequencies of both isomers have been calculated
in the harmonic approximation. Moreover, for six selected modes of the formic acid
moiety anharmonicity was taken into account in a one-dimensional model (namely for
the C-H stretch, the O-H stretch, the C=0 stretch, the O-H bend, the C-H bend, and
the C-O stretch).
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Isomer 1 Isomer 2

Figure 4.2 Structures of the two lowest lying isomers of SFs-HCOOH, isomer 1 is
the global minimum

To obtain an understanding of the effect of mode coupling, four three-dimensional
vibrational calculations were performed for isomer 1. Since the O-H and C-H
stretching modes have the strongest intensity in the relevant spectral region, the mode
coupling of the remaining four coordinates to those two stretching modes was
determined in the three-dimensional calculations. The calculation for the transition
state only converged at the DFT level of theory. Thus, all the tunneling analysis on
the reaction was performed using this method. The details of the theoretical methods

applied are to be published in Ref.*?
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4.2.3. Results and discussion

4.2.3.1. Structure and vibrational assignments

Figure 4.3 shows the infrared Ar predissociation spectra of the SFs-HCOOH:-Ar,
SF¢-HCOOD-Ar,, and SF¢-DCOOH-Ar, complexes (no reactions other than Ar

evaporation have been found for these parent ions).

Photofragment Signal [arb. units]

Figure 4.3
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Vibrational Ar predissociation spectra of SFs-HCOOH-Ar,,

SF¢-DCOOH-Ar; and SFs-HCOOD-Ar,
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The spectrum of SFs*HCOOH-Ar, displays two sharp, intense bands at 2710 and
2822 cm™' (bands 7 and 9 in Figure 4.3), respectively, and several overlapping bands
between 2200 and 2500 cm™. In order to guide the interpretation, it is instructive to
compare the present spectrum to the case of I"HCOOH. Robertson et al.”> showed
earlier for this complex that the OH stretching vibration is shifted by ca. 800 cm™ to
lower energies upon complexation. The CH stretching fundamental on the other hand
is red shifted by only ca. 100 cm™ to 2845 cm™, resulting in a change of the energetic
ordering of the two modes. In addition, they observed a strong band at 2740 cm’
which they assigned to the CH bend overtone, gaining intensity through a Fermi
resonance with the close-lying OH stretching fundamental. It seems therefore
conceivable that the two strong, sharp bands in the spectrum of SFs-HCOOH:Ar; are
due to the CH bending overtone and the CH stretching fundamental, while the many
bands at lower energies result from Fermi resonances involving the OH stretching
fundamental. Assuming that Ar solvation does not significantly affect the vibrational
spectra, the experimental results can be compared to the vibrational calculations on
the bare SF¢q-HCOOH complex. In Table 4.1, the vibrational frequencies and
intensities of both the fundamental and the first overtone of six important modes are
presented, calculated by the one-dimensional model (see section 4.2.2). It can be
clearly seen that the OH stretching fundamental is calculated to be strongly red
shifted by ~ 1100 cm™ compared to the bare acid in both isomers. As a result of this
pronounced red shift, it falls into the spectral region where the broad multiplet of
bands is observed in the experimental spectrum. Moreover, the first overtone of the
C-O stretching vibration seems to be a suitable candidate for one of the peaks
observed in this region, interacting through a Fermi resonance with the OH stretching
fundamental. These findings corroborate the empirical assignment made above.
Moreover, only two sharp bands are observed in the CH stretching region (bands 7
and 9 in Figure 4.3) but the calculated frequencies for the two isomers found differ by
about 40 cm™ for this mode, which means that the existence of several isomers in the
ion beam is very unlikely. One could argue that the two bands are the signatures of
two CH stretching bands of two different isomers themselves, however this seems to

be highly unlikely as well given that the experimental splitting is ~ 110 cm.
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Table 4.1 Fundamental and overtone frequencies and intensities calculated by the
one-dimensional model (see section 4.2.2) for the two isomers of

SFs-HCOOH
Isomer 1 Isomer 2
Mode Av o (cm™) I (km/mol) o (cm™) I (km/mol)
C-O str 1 1244 115.2 1251 140.2
2 2480 0.7 2496 0.8
CH bend 1 1448 7.6 1436 8.2
2 2902 04 2877 1.0
OH bend 1 1519 264.1 1539 181.2
2 3050 0.9 3085 0.9
C=0 str 1 1782 475.3 1781 658.7
2 3560 34 3558 3.7
OH str 1 2443 3082.2 2354 3521.5
CH str 1 2960 77.2 2920 144.3

This assumption is further supported by the fact that the spectrum is very similar for
the bare SFs-HCOOH complex. If several isomers were at play, the relative
intensities of the bands should change upon Ar solvation due to different thermal
populations, which is not the case (see Figure 4.5). For more refined, anharmonic
calculations only the energetically more stable isomer 1 was treated. If we assume
that one of these two sharp bands is the signature of the CH stretching mode, then the
first two overtones of the CH and the OH bend mode are suitable candidates for the
second one, based on the calculations. However, the calculated intensities of these
two modes are ~ 100 times weaker than that of the CH stretching mode, which
directly shows the importance of mode coupling for the understanding of the
spectrum. The results of the three-dimensional calculations taking mode coupling into

account are shown in Table 4.2.
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Table 4.2 Fundamental and overtone frequencies and intensities calculated by the
three-dimensional model for isomer 1

Mode Av o (cm™) I (km/mol)
C-O str ] 1245 1212
2 2477 2.0
CH bend 1 1414 5.6
2 2804 6.9
OH bend 1 1484 268.7
2 2975 752
C=0 str 1 1770 5953
2 3529 5.0
2465, 2463°, 3097.6% 3119.9",
OH str 1 2433¢, 24474 3009.9°, 3018.5°
2949% 2951°, 58.7%, 52.5",
CH str I 2949°, 29509 39.7¢, 55.2¢

a: Calculated using the CH stretch, OH stretch, and C-O stretch modes.

b: Calculated using the CH stretch, OH stretch, and the CH bend modes.

c: Calculated using the CH stretch, OH stretch, and the OH bend modes.

d: Calculated using the CH stretch, OH stretch, and the C=0 stretch modes.

It can be seen that taking mode coupling into consideration causes the CH and OH
bend overtones to red shift by ~ 100 cm™ and an increase in their intensities by an
order of magnitude, as it effectively enables them to borrow intensity from the strong
OH and CH fundamental transitions. Comparing the other modes it can be seen that
the mode coupling does not affect their peak positions; thus the simpler
one-dimensional model will be used for the deuterated species. As the intensities are
very sensitive to small coupling values, fully anharmonic vibrational calculations may
be needed to get the theoretical band positions and intensities to better match the
experimentally observed spectra. In order to unambiguously assign some of the

individual bands and to gain further insight into the interaction between them
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especially in the lower frequency region, the Ar loss spectra of selectively deuterated
species have been measured as well. The spectra for both the complex deuterated in
the formyl position (SFs-DCOOH-Ar;) and for the complex deuterated on the
carboxylic group (SFs-HCOOD-Ar,) are shown in Figure 4.3. The results of the one-

dimensional vibrational calculations for the deuterated species are given in Table 4.3.

Table 4.3 Fundamental and overtone frequencies and intensities calculated by the
one-dimensional model for SF¢-DCOOH and SF¢-HCOOD

SF¢ - DCOOH SFs-HCOOD
Mode Av o (em™) I (km/mol) o (cm™) I (km/mol)
C-O str 1 1244 94.8 1286 249.2
2 2483 0.4 2566 2.5
CH(D) bend 1 1048 9.0 1448 10.7
2 2098 0.2 2901 0.4
OH(D) bend 1 1518 248.6 1077 16.6
2 3047 0.9 2155 0.1
C=0 str 1 1761 492.3 1764 622.1
2 3519 2.6 3521 4.7
OH(D) str 1 2438 3147.6 1906 1388.3
CH(D) str 1 2219 34.0 2955 34.8

Two intense, sharp bands at 2712 and 2828 cm™ are observed in the high frequency
region of the spectrum of SFs-HCOOD-Ar,, while both of these features disappear in
the spectrum of the complex deuterated in the formyl position. Based on the
calculations, the weaker band at 2712 cm™! (2710 cm’ in the SFs-HCOOH-:Ar,
complex, band 7 in Figure 4.3) can therefore be assigned to the overtone of the CH

bend vibration, while the more intense band at higher energy (band 9 in Figure 4.3) is
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due to the CH stretching fundamental. The spectrum of the complex deuterated in the
formyl position retains a feature at 2414 cm™ (corresponding to the band at 2427 cm™
in the SFs-HCOOH-Ar, complex (band 4 in Figure 4.3) while being absent in the
SF¢-HCOOD-Ar, complex) which is affiliated with the OH stretching fundamental. A
weaker feature at 2686 cm™ (showing up as an unresolved shoulder on the low
frequency side of the CH bending overtone band in the spectrum of the
non-deuterated complex) is probably due to a combination band of the OH stretching
fundamental with a SF stretch vibration of the hydrogen bonded fluorine which is
calculated to occur at ~ 316 cm™. The band appearing at 2295 cm™ (2336 cm™' in the
non-deuterated compound (band 2 in Figure 4.3), while hardly visible in the spectrum
of the SF¢s-HCOOD-Ar, complex) is assigned to the overtone of the CO stretching
vibration, which is calculated to have an excitation frequency in this energy range.
The increased intensity of this mode in the spectra of the SF¢-DCOOH-Ar, and the
SF¢-HCOOH-Ar, complexes stems from a Fermi resonance with the OH stretching
fundamental which cannot be at play in the case of the SFs-HCOOD-Ar,. Finally, a
weaker band occurring at 2796 cm’! in the spectrum of SF¢-DCOOH-Ar; (band 8 in
Figure 4.3) and at 2761 cm for SFs-HCOOH-Ar; is assigned to the OH bend
overtone, based upon the most suitable calculated value. The fact that it is absent in
the case of the SF-HCOOD-Ar, complex corroborates this interpretation. This is in
contradiction with the three-dimensional vibrational calculation, which predicts a
rather strong intensity for this transition, however, this might reach the limit of the
applicability of the reduced-dimensional treatment. We note that some features
remain unexplained (e.g. a band at 2482 cm™ in the spectrum of SF¢"DCOOH-Ar,
band 6 in Figure 4.3), an unambiguous interpretation of which would probably
require anharmonic calculations for all vibrational degrees of freedom. However, the
most important features in the spectra of all three investigated complexes can be
assigned in accordance with the presented computational level based on the lowest

energy isomer structure as described above.
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4.2.3.2. Infrared-triggered reactions

Contrary to the case of the SF¢:(H2O), clusters, we observe infrared triggered
reactions in complexes of SFs with formic acid. For SFs-HCOOH and
SF¢-HCOOH-Ar complexes, no loss of neutral ligands from SF¢ is observed, and the
SF¢ ion is not preserved as an intact molecular species. The absence of the formic
acid ligand loss channel is not surprising, as the binding energy of this molecule to
the SF¢™ anion is calculated to be 1.22 eV (DFT) and 1.10 eV (MP2), respectively,
much greater than the highest accessible photon energy in our experiment. Instead,
several new fragment ions were detected upon infrared excitation of the respective
anionic complex. Irradiation of the bare SFs*HCOOH complex ions results in the

following reactions:

SF¢-HCOOH + hv — SF4” + neutral fragments (4.2)
SF¢*HCOOH + hv — “[CO,, 2HF]™ + neutral fragments (4.3)
SF¢*HCOOH + hv — “[CO,, HF]™ + neutral fragments (4.4)

The products of reaction channels (4.3) and (4.4) are set into quotation marks, as
experimentally the masses of the occurring fragment ions can be observed, but their
structures can not be unambiguously assigned at this point. However, educated
guesses are possible, supported by calculations on the possible transition state for the
reactions, as detailed below. The calculations show that both reactions (4.2) and (4.3)

are exothermic, while (4.4) is slightly endothermic:

SFs-HCOOH + hv — SF, + CO, + 2HF; AHg = -0.95/-1.19 eV (4.9)
SFs-HCOOH + hv — SF, + CO,~(HF),; AHg = -0.20/-0.37 eV (4.10)
SFs-HCOOH + hv — SF4 + CO,“HF + HF;  AHg =+0.39/ +0.20 eV 4.11)

The values for AHgr are the DFT / MP2 values, respectively. Consistent with the
greater exothermicity for the formation of SF,, this product ion is found to be much

more abundant (typically by a factor of about four to five) than the other two
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fragment ions, which are observed with approximately equal intensities. Reaction
(4.4) is most probably following reaction (4.3), if the original product “[CO,, 2HF]™
possesses enough internal energy to evaporate an HF molecule. Figure 4.4 shows the

IR action spectra for the three fragment channels (4.2) - (4.4).
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"CO, ‘HF"
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Figure 4.4 Spectrum of SF¢-HCOOH complex recorded via registering the product
ions of all possible fragmentation channels: SF,, “CO,-2HF” and
CGCOz'_HF’7

These spectra are very similar to those monitored via registering Ar loss from
SF¢-HCOOH-Ar,, with the line widths being narrower for the Ar solvated parent ion.

This is likely due to the higher temperature of the bare complexes. As mentioned
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above, there is evidence already from the Ar solvated spectrum (shown in Figure 4.3)
that only one of the possible isomers is significantly populated in the molecular beam.
The similarity of the spectra for bare and Ar solvated SFs-HCOOH ions further
corroborates this assumption for both species. If several isomers were to coexist in
appreciable intensities, then due to the different internal energy contents of the bare
and Ar solvated complex one would expect their relative abundances to change
drastically for the two species. This in turn should result in different relative
intensities of the respective vibrational frequencies, which is not observed

experimentally (see Figure 4.5).
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Figure 4.5 Spectra of the SF¢s-HCOOH and the SFs-HCOOH:-Ar complexes
recorded via registering the product ions of the fragmentation channel
leading to the SF4 product ion and of the SFs-HCOOH-Ar, complex via
registering the loss of two Ar atoms
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The data are therefore consistent with only one isomer being present in the ion beam.
For channels (4.3) and (4.4), the signal intensity levels in the OH stretching region are
too weak to record spectra with an acceptable signal to noise (S/N) ratio. All three
spectra show two bands in the CH stretching region. There is no obvious mode-
specificity for the three fragment channels, because the relative intensities for SF,4
from SF¢-HCOOH are the same as for Ar evaporation from SFs-HCOOH-Ar,. With
SF¢s-HCOOH-Ar as a parent ion, we find formation of SF; with similar peak
positions as for the other species and fragment channels under study (see Figure 4.5).
However, the relative intensities of the features at energies below 2600 cm™ and the
S/N ratio in this frequency range are greatly reduced in comparison to the spectrum of
the bare SF¢-HCOOH complex monitored by loss of an SF4 fragment. In order to
shed more light on the reaction mechanisms at play, possible reaction pathways have
been calculated based on the experimentally observed fragment ions. One accessible
reaction channel could be identified, leading to the [SF4-CO,:(HF),]" product anion.
The corresponding adiabatic potential energy curve along the intrinsic reaction
coordinate is shown in Figure 4.6. Interestingly, while in the equilibrium
configuration of the SFs~HCOOH complex the SF2 (labeling as in Figure 4.6) bond is
lengthened upon the attack of the formic acid ligand and the formation of a strong
hydrogen bond (similar to the case of SF¢(H,0), clusters),19 the F1 fluorine atom
undergoes the first reaction, forming HF with the H atom from the CH group of the
formic acid moiety. The relevant bond lengths as a function of the reaction coordinate
are shown in Figure 4.7. It can be seen that close to the transition state, the transfer of
the two hydrogen atoms governs the reaction, with the change in the formyl CH bond
length being most significant. The bent structure of the CO, moiety in the product
complex is consistent with CO, being the negative charge carrier after the reaction.**
The negative charge on the thermodynamically unstable CO, (the value for the
electron of affinity of CO, is: EA(CO,) ~ -0.6 ¢V>) is stabilized by solvation with
two HF ligands. This also justifies the assignment of the structure of the observed
fragment ion in equation (4.10) to a CO, -(HF); cluster. No accessible fragmentation

channel was found for isomer 2 as a starting structure.
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Figure 4.6 Adiabatic potential energy curve along the intrinsic reaction coordinate
(calculated at the DFT level of theory)
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Figure 4.7 Evolution of relevant bond lengths along the reaction coordinate, see
Figure 4.6 for the labeling of the atoms
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Surprisingly, even the lowest calculated value for the reaction barrier (0.78 eV on the
DFT level) is much greater than the energy content of the complex after absorption of
an infrared photon (perturbation theory and coupled cluster based calculations using
the geometries given by the DFT method gave a much higher barrier of 1.82 and
1.25 eV, repectively). Hence, there is no direct way for the reactants to cross the
barrier and the only possibility for the reaction to proceed seems to be via tunneling
through the barrier close to the transition state. Since the reaction is a double
hydrogen transfer, the tunneling contribution is expected to be large. Based on the
experimental detection time of T ~ 20us the dependence of the effective quantum
yield on the internal vibrational energy can be calculated.”’** It turns out that even
differences of a few hundred wavenumbers lead to drastic changes in the effective
quantum yield. This explains the difference in the relative intensities of the SF4™ yield
in the OH stretching and CH stretching regions in the spectra of the SFs -HCOOH-Ar,
complexes for different n. For n = 0, there is no specificity of the reaction yield with
respect to the photon energy. In other words, the reaction efficiency is uniform over
the whole frequency region under study, according to the comparison of the SF4
action spectrum for n = 0 with the Ar loss action spectrum for n = 2 (where the
evaporation efficiency is unity). The situation changes dramatically with Ar solvation.
The time scale for Ar evaporation (likely on the 10 — 100 ps time scale, see Ref.*® and
references therein) is probably much shorter than that for tunneling through the
reaction barrier in atomic rearrangement. This implies that the energy usable for SF¢
activation for n > 0 is lower than for n = 0 because of Ar evaporation upon IR
absorption. Consequently, we observe a photon energy dependence of the reaction
efficiency for n = 1, leading to inhibition of the reaction at lower photon energies
(i.e., in the OH stretching region). For n = 2, no SF4 formation was detectable,
implying a complete suppression of the reaction. The final result according to the PES
displayed in Figure 4.6 is formation of the [SF4--CO, -«(HF),] complex. Due to the
excess energy available in this product complex, it will dissociate into the
experimentally observed [CO,-(HF);]" product and SF4. A long-range electron
transfer may cause the electron on the CO, to migrate to the SF4, resulting

predominantly in the SF4 production. However, to prove this hypothesis, a high level
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multi-reference ab initio treatment would be needed, which at present was beyond the

available computational resources.

4.2.4. Summary and conclusions

The structures of the SF¢q-HCOOH:Ar, (n = 0 - 2) complex ions have been
investigated using infrared spectroscopy and ab initio calculations. It could be shown
that the formic acid ligand attaches to the SF¢ anion via a hydrogen bond involving
the acidic proton, while the CH group is weakly tethered to a neighboring fluorine
atom. Complexes which are solvated by less than two Ar atoms undergo reactions
upon excitation with a mid-infrared photon, leading to three different fragmentation
products, namely SF4", CO,-(HF), and CO,-HF. A possible reaction pathway leading
to the SF4-CO,+(HF), product channel was mapped out computationally and it could
be shown that the reaction proceeds predominantly via tunneling through the reaction
barrier. This assumption could be corroborated experimentally by studying the effects
of differential solvation with Ar atoms on the monitored infrared spectra, thereby
effectively varying the internal energy content of the respective anionic complex. No
mode specificity is observed for any of the fragmentation channels, meaning that
there exists probably no direct coupling between any of the excited modes and the
reaction coordinate. This study represents one of the few examples so far, where a
reaction in a cluster could be triggered directly upon excitation with one infrared

photon exciting fundamental vibrational transitions.
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5. Probing anion-wt interactions: Cl-CsFe.nHn
complexes
5.1. lon coordination and recognition

The selective recognition and binding of ions in solution by specifically designed
receptors is an important aspect of supramolecular chemistry. The field of cation
coordination dates back into the late 1960s and is based on ground-breaking work of
Pedersen, who discovered the coordination chemistry of crown ethers' and Dietrich,
Lehn, and Sauvage, who reported first results on the coordination chemistry of
cryptands.” Since then, there has been intense interest in this particular field of
chemistry which therefore has seen a substantial development. In contrast, the field of
anion recognition received considerably less attention, although first work on
macrobicyclic ammonium cages (katapinands) capable of coordinating to halide
anions through electrostatic interactions and hydrogen bonds has been published by
Park et al.® only shortly after the above-mentioned results on cation coordination
chemistry. This is peculiar in light of the fact that the importance of the chemistry of
anions is by no means inferior to that of cations, given that they play a crucial role in
many chemical applications such as catalysis and acid-base chemistry. Moreover,
they can have a significant impact on the environment, e.g. with respect to the wide-
spread use of fertilizers in agriculture, leading locally to high concentrations of nitrate
and phosphate anions, or the production of pertechnate during the treatment of
nuclear fuel. Besides, anions are ubiquitous in biological systems, e.g. 70% of all
enzyme substrates are negatively charged and, of course, DNA constitutes a
polyanion. These issues directly point towards the importance of the possibility of
selectively binding these species. However, the fact that the coordination chemistry of
anions only recently started to grow as well may be due to some intrinsic differences
between anions and cations.” First, they are larger than the corresponding
isoelectronic cations meaning that their charge-to-radius ratio is lower, which in turn

leads to comparatively weaker electrostatic interactions. Moreover, many anions can
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undergo protonation reactions in protic solvents and are therefore sensitive to the pH
value of the solution. This of course impacts any potential receptor, which must
function within the appropriate pH window of the anion and also compete with the
solvent environment, which might be a difficult task if the latter is capable of forming
strong hydrogen bonds to the anion. In addition, anions are usually coordinatively
saturated and generally cover a wider size region than cations, ranging from spherical
halides to complicated oligophosphate anions. On the one hand, this offers the
opportunity for selectivity based on shape but requires on the other hand specifically
designed receptors depending on the application in mind. As has been mentioned, the
field of anion recognition is important in many areas, with possible applications
ranging from supramolecular catalysis (pioneered by Hosseini and Lehn, see book
chapter by M.W. Hosseini’) to environmental issues, the basic understanding of
biological systems, and anion-directed self-assembly as a strategy to develop new
synthesis routes for complex molecular architectures. The latter is an important
process in nature. For instance, anions have been identified to be crucial as directing
agents in protein folding, and self-assembly is at the heart of processes such as
formation of DNA from complementary deoxyribonucleic acid, formation of cell
membranes and viruses® (see reviews by Beer and Gale*’ and book chapter by
Vilar®). Further directions can be found in the assembly of coordination nanotubes,’
the synthesis of rotaxanes'® and many others. The synthesis of phase transfer agents,
and eventually small molecular sensors and switches are additional areas, which have
gained increasing interest.® It is crucial to understand the interactions at play and the
conditions which must be met in order to achieve progress. Although the number of
synthesized receptors for anion coordination is huge due to their specificity described
in the previous section, one can classify them roughly according to the noncovalent
interaction forces by which they complex the anionic host.*’ In general, these
comprise the following: electrostatic interactions, hydrogen bonds, hydrophobicity,
-t stacking effects, dispersion forces, classical coordination chemistry (e.g.
coordination to a metal ion) and, of course, combinations of all these possibilities.

The role of aromatic molecules in anion recognition is described in the next section.
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5.2. Aromatic molecules in anion recognition

The coordination of ions to aromatic molecules offers a new route towards the design
of a new versatile class of host molecules. The interactions between cations and
aromatic molecules is well understood.'' They constitute relatively strong
non-covalent interactions, with the main contributions stemming from electrostatics,
such as interaction of partial charges and charge-induced polarization.'”” The
supramolecular chemistry of anions in general and their interaction with aromatic
units specifically is far less developed. This is partially due to the counterintuitive
nature of these interactions, as anions are expected to exhibit repulsive interactions
with the negative m electron clouds of aromatic molecules, but also to the
experimental challenges involved with the coordination chemistry of anions, as has

been outlined in section 5.1.>'>'*

Based on the knowledge about cation-w interactions,
the question arose if similar binding motifs could be possible for anions, if the
electrostatic potential of the aromatic unit was reversed by introduction of appropriate
electron-withdrawing substituents. Moreover, it has been well-known that benzene
and hexafluorobenzene adopt a “face-to-face” stacking motif in the case of a 1:1
mixture'® (accompanied by a substantial increase in the melting point as compared to
each compound). This behavior can be rationalized in view of the favorable
quadrupole-quadrupole interaction between the two molecules, since they both
possess a quadrupole moment which is approximately the same with respect to
magnitude, but opposite in sign, due to the fact that an sz carbon atom is more
electronegative than a hydrogen, but less electronegative than a fluorine atom.'® The
calculated (electrostatic) potential energy surfaces of these two species are shown in
Figure 5.1. The sign and magnitude of the quadrupole moments are expected to exert
a strong influence on the binding motifs between these aromatic molecules and
anions. A schematic representation, including the expected binding motifs between an

anion and benzene and hexafluorobenzene, respectively, are displayed in Figure 5.2.
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Figure 5.1 [Illustration of the electrostatic potential around (*36H6 (left) and CgFs
(right) (calculated with Gaussian03W, HF/3-21G" level'’). The color

coding from blue to red represents positive to negative electrostatic
potentials.

CeFg

Figure 5.2 Schematic representations of the quadrupole moments of benzene (left)

and hexafluorobenzene (right) and their suggested interaction motifs
with an anionic moiety
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This triggered several theoretical studies,'®**

e.g. an investigation of the interaction
between hexafluorobenzene and a number of small anions.”* It was found that in all
cases under consideration the interactions are favorable, meaning that stable
complexes of this kind should exist. However, the ground state geometries
determined differed for the various anions considered, with the expected binding
motif where the anion is bound to the top of the aromatic ring in a so called anion-n
interaction being the most stable one for the C1" and Br™ anions. In contrast, in the case
of F" and CO;” anions the minimum energy structures were found to be reminiscent
of a nucleophilic attack of the respective anions on one of the carbon atoms of the
aromatic ring. It could also be established that the non-covalent interactions (coined

2.

“anion-m interactions™") are dominated by the interaction between the anion and the
quadrupole moment of the -electron-deficient aromatic unit and polarization
contributions, with the latter dominating for systems with only small positive
quadrupole moments.*** Crystallographic data from a search of the Cambridge
Structural Database (CSD) provided evidence for the occurrence of such anion-m
interactions in crystal structures. Further studies showed similar results for a number
of other modified benzene molecules, such as 1,3,5-trinitrobenzene,
1,3,5-trifluorobenzene,” hexazine, s-triazine, trifluoro-1,3,5-triazine*' and derivatives
of those species with differing substituents.””> Additionally, larger anions such as
[BF4]" and [PF¢], which are commonly used as counterions in organometallic
chemistry, show favorable anion-m interactions as well, as has been demonstrated for
the case of trifluoro-s-triazine.”> Moreover, it could be shown that even aromatic rings
which are not per se electron-deficient can be modified to make the interaction with
anions still favorable by complexing them with a metallic cationic atom on the
opposite side of the aromatic ring with respect to the anion,”® showing that strong
synergistic effects are involved in the interplay between cation-m and anion-m
interactions.”*?’ Also, it has been demonstrated that these anion-m interactions are
approximately additive,” offering potentially the possibility of designing appropriate
host molecules to bind anions selectively even in the presence of other, competing
interactions (e.g. with the solvent). In spite of these theoretical studies which proved

anion-m interactions to be energetically favorable (with their strengths typically
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varying between 10 - 50 kJ/mol),” there is still a paucity of experimental data
available. Relatively few crystal structures with this kind of binding motif for
complexation of free halides could be clearly identified,”” although there is an
increasing amount of experimental results which support the attractive interaction
between anions and electron-deficient arenes, mainly based on crystallographic
studies (see Ref.'* and references therein). However, solution studies providing data

on anion-m interactions are even more scarce,3°’3 !

and recent experiments on the
solution behavior of halide anions with some highly electron-deficient arenes such as
tetracyanobenzene, trinitrotoluene, tetracyanopyrazine and others yielded data which
were not in accordance with a non-covalent interaction between anions and aromatic
molecules.’” This suggests that in many cases several possible binding motifs
compete with one another, preventing anion-m interactions to occur abundantly
despite their favorable energetics, although they might still contribute to the overall
stability and geometric appearance of these complexes. Intense color changes were
observed upon adding the tetraalkyammonium salts of CI, Br or I' to solutions
containing these electron-deficient arenes, indicating that charge-transfer (CT) takes
place in the complexes, which would be incompatible with weak anion-z interactions,
as by definition they exclude considerable amounts of charge transfer.”> These
discoveries prompted further investigations of the nature of the binding of halide
anions to electron-deficient arenes, revealing eventually that the halide ions are
commonly found in geometries deviating considerably from the structural motif
suggested by pure anion-m interactions (for which the anion is expected to be bound
to the top of the aromatic ring with a 90° angle between the axis connecting the halide
ion to the center of the aromatic ring and the plane defined by the carbon atoms of the

latter).??

In fact, four different binding motifs were identified to dominate the
interactions between aromatic molecules and anions, with the anion-m interaction
described above being just one of them: strongly covalent 6-complexes (with a short
distance between anion and carbon atom, which ultimately adopts an sp> hybridized
geometry), weakly covalent donor m-acceptor complexes (as displayed by structure 2

in Figure 5.3), non-covalent anion-m interaction (structure 1 / Figure 5.3) and finally

C-H hydrogen bonding interactions (structure 3 / Figure 5.3).%*
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Figure 5.3 lustration of possible binding motifs for the interaction of anions
with electron-deficient arenes on the example of MP2/aug-cc-pVDZ
optimized geometries for CI° complexes with tetracyanobenzene
(from Ref.?)

Strongly covalent c-complexes correspond to a nucleophilic attack of the respective
anion on one of the carbon atoms of the aromatic ring. The result is a strong, covalent
o bond between the two reaction partners, with the attacked carbon atom taking on a
sp> hybridized, tetrahedral local geometry and the aromaticity of the arene ring being
lost. This binding motif is the only stable structural motif for the fluorine anion
placed on top of electron-deficient aromatic rings, as has been mentioned already
above.” In fact, this is the structure of the so-called “Meisenheimer-complex™ or

“o-complex”,”* long known to be a reactive intermediate in the aromatic nucleophilic
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substitution reaction, which is the analogue to the electrophilic substitution reaction
for electron-deficient aromatic systems. Examples in which strongly bound
o-complexes have been determined computationally to represent the most stable
structures include complexes of CN™ and CO32' with hexafluorobenzene** and of CN,
NC and CO;* with triazine."® Weakly covalent donor m-acceptor complexes display
less charge-transfer from the anion to the ring and consequently the covalent bonding
interaction is weaker, the anion-carbon distance larger and the aromatic ring still close
to planar. However, the charge transfer is still finite, explaining the behavior found
for mixtures of halide anions with some electron-deficient aromatic systems in
solution.”” The structural motif characterizing these complexes places the anion not
on top of the center of the aromatic ring but rather outside the ring perimeter and is
widely found both in solid and in solution phase,’ indicating that this is one of the
preferred binding motifs for (less nucleophilic) halide anions to electron-deficient
arenes. Finally, also non-covalent anion-m interactions are possible for less
nucleophilic halide anions. They are characterized by negligible charge-transfer of
less than 0.01 e and a comparatively highly symmetric geometry in which the halide
is ideally placed on top of the aromatic ring along the axis perpendicular to the center
of the plane defined by the carbon atoms. As mentioned above, although this motif
has been established in numerous computational studies to be energetically quite
favorable, there is only a limited data set for which this binding motif is actually
found experimentally. Summarizing, it can be stated that strongly bound c-complexes
are likely to display the ground state structure for nucleophilic anions such as RO,
CN" and F’, while more weakly bound anion-n complexes are more likely for more
diffuse, less nucleophilic anions such as ClO4’, BF4 and PF¢ and aromatic units of
moderate electron affinity. For anions of intermediate nucleopilicity (e.g. CI’, Br” or
NOs’) anion-m complexes are still possible in complexes with arenes with
intermediate electron affinity, while as the latter one increases eventually weakly

bound o-complexes start to prevail.*®

However, whenever aryl C-H groups are
present, there is the possibility of hydrogen bond formation to the anion in
concurrence to m-system binding.” Generally, one can classify hydrogen bonds

quantitatively by the magnitude of their gas phase binding energies, AE (provided by
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electronic structure calculations). Hydrogen bonds with AE values < 17 kJ/mol are
considered to be weak, those between 17 - 63 kJ/mol moderate, and eventually values

> 63 kJ/mol are considered strong®”°

(in aqueous solution these strong interactions
can be considerably attenuated). An important feature of hydrogen bonding
interactions is their high degree of directionality, with the “ideal” hydrogen bond
displaying an angle < (XHY) close to 180°. While at first glance it can be argued that
the interaction strength between an anion and aryl C-H groups should be weak,
studies on the enthalpies of formation for the chloride-benzene complex resulted in a
value of ~ -40 kJ/mol,’”* while theoretical investigations of benzene complexes with
the CI, NOs; and ClO4 anions yielded values in the range of -32 kJ/mol to
-39 kJ/mol,* providing further evidence that in fact hydrogen bonding interactions in
these species are of moderate strength. Moreover, it is possible to subtly tune the
acidity of the aryl C-H group over a considerably broad range by introduction of
electron-withdrawing substituents into the aromatic ring system. This trend could be
established already in early mass-spectrometric studies® and more recently, the gas
phase binding energies of the highly electron-deficient 1,2,4,5-tetracyanobenzene for
complex formation with a chloride anion through hydrogen bonding has been
determined to be -113 kJ/mol, establishing that these complexes do display strong
hydrogen bonds.?® In fact, searching the Cambridge Structural Data Base yields far
more examples for interactions between anions and arenes via hydrogen bonding as
compared to anion-m interactions.”> The aforementioned examples highlight that the
binding motifs between anions and electron-deficient arenes are dominated by several
interaction forces of comparable strength competing with one another. The final
structural motif will depend on the properties of the respective system and can
possibly be influenced e.g. by changing the substituents and therefore the electron
density and affinity of the aromatic unit. As most studies so far are theoretical and
experimental data are still lacking, it is clear that much more experimental work is
necessary in order to improve the understanding of the subtle interplay of the these
binding forces. In the following paragraph, an infrared predissociation study on
CI'-CeF,Hg., complexes in the gas phase is presented, aimed to contribute to the

clarification of this problem.



136

5.3. ClI'-CsFnHs.n complexes as prototypes for the
investigation of the binding behavior between anions
and aromatic molecules

5.3.1. Introduction

In the previous section, it has been pointed out that experimental data on the
interactions and geometries of complexes between anions and electron-deficient
aromatic molecules are still rather scarce. Infrared predissociation spectroscopy
applied in combination with electronic structure calculations has been very successful
in the past in elucidating the structural motifs of ion-molecule complexes in the gas
phase. CI"-C¢F,Hg., complexes have been chosen as prototypes for the investigation of
the binding behavior between an anion and aromatic molecules™ for several reasons.
First, fluorinated organic compounds are an interesting class of molecules, as they
play an important role in pharmaceutical and crop production products.*' They offer
the opportunity to subtly tune their properties depending on the number of fluorine
atoms chosen to be introduced in the respective parent molecular structure. This
behavior can be exploited in the case of the fluorinated benzenes to modify their
electronic properties and the two limiting cases benzene and hexafluorobenzene
possess quadrupole moments of similar magnitude but opposite sign, leading to their
unique interaction and binding behavior upon mixing, as has been detailed in the
previous paragraphs. At the same time, fluorinated benzene molecules possess aryl
C-H groups up to pentafluorobenzene. In complexes with anions they offer therefore,
at least for the higher fluorinated (electron-deficient) representatives, in principle all
of the binding motifs mentioned above. The structural motifs adopted for the two
limiting cases are already known: complexes of hexafluorobenzene with various
anions have been described and specifically the chlorine atom is thought to bind in an
anion-m interaction to the top of the fully fluorinated ring.** The geometries of the
halide-benzene complexes on the other hand have been established in pioneering
experiments by Bieske and co-workers in a study combining infrared experiments and

42,43

calculations. Interestingly, they find that the ground state structures of these
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complexes are all characterized by bifurcated hydrogen bonds of the respective halide
anion to two neighboring CH groups in the plane of the aromatic ring. However, the
binding behavior of anions to the arenes of intermediate fluorination degree is
unknown. The questions to be addressed in this study were specifically (i) how many
fluorine atoms are necessary to make the binding motif switch from coordination in
the plane of the ring to the top of the ring and (ii) how the distribution of the fluorine
atoms around the ring (i.e. the structural isomers resulting from the permutation of the
respective ligand positions around the ring) will influence the binding motif. Infrared
predissociation spectroscopy is applied to Ar solvated clusters A™Cg¢F Hgn Ary
(n=0-5,A"=CI, T, SF¢). This enables the simultaneous study of both the influence
of the electronic nature of the aromatic ring (varied by changing the number of
fluorine atoms attached to it) and the Lewis acidity of the respective anion by going
from the small atomic chloride anion to the more diffuse negative charge distribution
in the sulfur hexafluoride anion. Results are presented for the fluorobenzene
molecules up to pentafluorobenzene, as hexafluorobenzene has no infrared signature
active in the mid-infrared range available in the experiment (represented by the aryl
CH groups in the cases of the benzene and the fluorobenzene molecules). The use of
Ar solvation ensures that the infrared spectra result from irradiation of cold clusters,
as fragment ions are monitored following the evaporation of the weakly bound Ar

atom (bond energy of the CI"+Ar bond: Dy = 523 cm™).**

5.3.2. Calculations

As in the studies described in the previous chapters, the minimum energy structures
of the complexes under consideration and their harmonically approximated
vibrational frequencies have been calculated in order to aid the interpretation of the
experimentally obtained data and to be able to assign the appropriate geometrical
motifs to the systems under study. Both DFT (density functional theory,” employing
the B3-LYP functional®® in all cases considered here) and ab initio RI-MP2*
(second-order Moller-Plesset perturbation theory applying the resolution-of-identity

approximation for the evaluation of two-electron integrals) calculations have been
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performed as implemented in the TURBOMOLE program package.*® Due to the
relatively large size of the systems investigated and the large number of complexes
considered, only a TZVP basis set” has been applied in all cases. The vibrational
frequencies (in the harmonic approximation) have been calculated on the DFT level
of theory. In order to ease the comparison with the experimentally measured values
and to obtain a physically more realistic picture, all calculated values have been
scaled with an anharmonic correction factor of k = 0.960, as determined by the ratio
of the calculated value for the frequency of the normal mode mostly due to the CH
group of pentafluorobenzene and its well-known experimentally measured value.”
All calculations have been performed without taking the Ar atoms attached to the ion-
molecule complex into account. However, the interaction strength between an Ar
atom and a benzene molecule (Dy = 31447 cm™)’' is comparable to the Cl“Ar
interaction energy (see above), and it has been shown in a theoretical study on the
CI'-CgHg -Ar cluster that the Ar atom is bound half way between the chloride anion

and the benzene ring in order to maximize the interaction energy with both entities.”

5.3.3. The CI":CgHes complex dimer

It is instructive to take at first a close look at the infrared spectrum of the CI-CgHg
complex dimer (shown in Figure 5.4), as it constitutes the first representative of the
CI-CeF,Hg., complexes under investigation and also the one of highest symmetry.
The interpretation of its spectrum and the conclusions which can be drawn from it
concerning its minimum energy structure should therefore be valuable for the
evaluation of the experimentally obtained data of the other species. Bieske and

4243 the structures of the

co-workers were able to derive in pioneering experiments
halide-benzene complexes from their infrared spectra (with the exception of the

fluoride-benzene complex due to its high binding energy).
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Figure 5.4 Ar predissociation spectra for CI"-C¢Hg Ar (top trace) and CI-CgHg Ar3
(bottom trace)

However, before following their arguments, it is worth discussing the infrared
spectrum of the free benzene molecule. Although it has only one infrared active mode
vao (e1) (following the Wilson numbering® of the modes of benzene) in the CH
stretching region between 3040 cm™ to 3100 cm™, it shows a characteristic “triad” of
absorption bands (namely at 3048 cm™, 3079 cm™ and 3101 cm™) which actually is
an unresolved tetrad due to Fermi resonances of the infrared active v,o mode with the
energetically near degenerate modes [v; + v + Vio], [Vs + Vi9] and [vs + v¢ + v15].54'5 6

The exact interaction scheme resulting in the Fermi tetrad is shown in Figure 5.5

(from Ref.*).
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Figure 5.5  Benzene CH stretching tetrad (according to Ref.>*°)

Comparison to the spectrum of the chloride-benzene complex in Figure 5.4
immediately shows that the spectrum changes appreciably, with two intense bands at
3028 cm™ and 3046 cm™ being red-shifted with regard to the band positions of the
Fermi tetrad of the free benzene molecule. This leads directly to the conclusion that
the chloride anion is not bonded to the top of the aromatic ring, as in this case (in
spite of the symmetry lowering from Dg, to Ces,) almost no alteration of the
frequencies of benzene was to be expected,* while ionic hydrogen bonds result in the
observed red shift of the CH stretching bands. This is in line with the structural
expectations from an electrostatic point of view, as the negative charge of the chloride
anion and the 7 electron cloud of the benzene molecule should result in a repulsive
mutual interaction. The calculations performed by Bieske and co-workers*™*

converged to two stable minimum structures, namely one displaying a bifurcated

double hydrogen bond between the chloride anion and the benzene molecule
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(geometry 1 in Figure 5.6) and a second one in which the chloride anion is bound to
the benzene ligand by one linear hydrogen bond to one of the CH groups (geometry 2
in Figure 5.6).

Figure 5.6  Calculated minimum energy structures for the chloride-benzene
complex

Structure 1 is calculated to be slightly more stable. Based on the simulation of the
vibrational spectra for both species (in the harmonic approximation, scaled with an
appropriate factor to account for anharmonicity) they were able to exclude the linear
structure in line with the calculated trend for the relative stabilities of the two binding
motifs. The most important argument is the absence of a strongly red-shifted band
which would be expected from the hydrogen bonded CH group in the linear motif.
These findings were in contradiction to an earlier study of these clusters, which
predicted the bifurcated motif to be the most stable one only for the iodide-benzene
complex, while all other halide-benzene complexes were expected to display the
linear motif.>” However, this difference could be attributed to the different level of

theory applied, with the higher level calculations of Bieske and co-workers being in
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line with the experimental findings. The exact assignment of the experimentally
obtained bands to the appropriate modes of the complex is difficult due to the
expected occurrence of Fermi resonances already at play in the free benzene
molecule. For the chloride-benzene complex, due to the symmetry lowering from D
to Cay, even more modes should be theoretically allowed to interact at least arguing
from a symmetry based point of view. Most of the observed bands could be
tentatively assigned based on spectra of cold ClC¢Hg Ar, (n = 1,2)* and an equally

7 The three main bands could

well resolved spectrum of the bare C1-C¢Hg complex.
be assigned in the following way (labeling of the peaks is given in Figure 5.4): band 1
is an overlap of the v,p mode (the only one also active in the free benzene) and the v,
band, band 2 is the only pure one as only the v, mode contributes (which explains the
sharpness of this feature), and finally band 3 is the result of Fermi interactions of the
V20 mode with several combination bands of lower frequency. The remaining smaller
bands can be assigned to combination bands and features of the benzene ligand
becoming infrared active due to the symmetry lowering as compared to the free
molecule. It is important to keep the following points in mind from this discussion for
the interpretation of the spectra of the chloride-fluorobenzene complexes which is to
follow: the most intense features in the infrared spectrum of a hydrogen bonded
complex usually stem from ionic hydrogen bonds (which means for the systems under
consideration between the aryl CH groups and the anion). As mentioned above and as
is obviously the case for the free benzene molecule, other modes may possibly
borrow intensity from these intense features through Fermi resonances, e.g. through
mixing of the intense CH bands with overtones and combination bands of CC/CF
stretching modes, thereby greatly complicating the observed spectra. However, the
centroid frequencies will encode the structural properties of the complexes as detailed

above, and their elucidation is at the heart of the study presented.
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5.3.4. Spectra and structures of the CI-C¢F,He., complexes

The spectra of all CI"-C¢FyHe., complexes (monitored via the loss of weakly bound Ar

messenger atoms) are displayed in Figure 5.7 and Figure 5.8.
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Figure 5.7  Ar predissociation spectra for all isomers at all fluorination levels
(each row corresponds to a certain number of fluorine atoms - marked
as green in the sketches of the ligand structures - in the ligand, starting
with benzene on top) of Cl-C¢F,Hen Arn clusters. Horizontal axis:
photon energy in cm™'; Vertical axis: photofragment yield in arbitrary
units. The arrows indicate the calculated scaled harmonic frequencies
of the most intense CH stretching bands
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Figure 5.8  Ar predissociation spectra for all isomers at all fluorination levels
(complexes with equal number of fluorine atoms in the ligand are
marked by the same color) of CI'-C¢F,Hg.n'Ary, clusters (monitored by
the loss of the Ar messenger atoms)
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The spectra are complicated, each consisting of a multitude of bands. The
identification of every single one of these would clearly require a major effort using
high level anharmonic calculations. However, as has been pointed out above, the
main structural information, the clarification of which is the aim of this study, is
encoded in the centroid of the bands for each spectrum. As can be clearly seen, these
bands fall into different classes, allowing for differentiation between two distinct
spectral motifs: (i) a high-energy motif, characterized by absorption bands with a
centroid around 3000 cm™ and (ii) a low-energy motif, with the centroid of the
absorption bands shifted to frequencies around 2400 - 2600 cm™. The signature in the
spectrum of the chloride-benzene complex (centroid of the absorption bands
~3030 cm™; shown in the top trace of both Figure 5.7 and Figure 5.8) is only weakly
shifted in comparison to the free benzene molecule and fully consistent with the

083
** who

spectrum of this complex reported previously by Bieske and co-workers,
were able to assign the spectral features to a bifurcated hydrogen bonding motif, as
has been detailed in the previous section. Figure 5.8 illustrates that the spectral motif
observed does not purely depend on the number of fluorine atoms in the arene ligand,
but also on their specific distribution around the ring. Out of the twelve complexes
investigated, only four display the low-energy vibrational signature, namely 1,3,5-
trifluorobenzene, 1,2,4,5- and 1,2,3,5-tetrafluorobenzene and pentafluorobenzene.
These four molecules are the only ones which are restricted to bind the chloride anion
by one CH aryl group, thereby enforcing on the complex a linear hydrogen bonding
motif. As has been discussed before, the characteristic spectral feature of a singly
hydrogen bonded CH group is a strongly red-shifted band as compared to the free
molecule, which is exactly what is found for the complexes of the chloride anion with
these four fluorobenzene molecules. All other molecules under consideration have at
least two neighboring CH groups, thereby always offering the possibility to
coordinate to the anion via the bifurcated motif, which has been proved to be
dominant in the chloride-benzene complex. Although the appearance of the spectra
differs considerably between the individual complexes (as is to be expected due to the
differences in the overall symmetry and exact chemical nature of the ligands), the

centroids of the absorption bands of all complexes offering the bifurcated binding
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motif are placed around ~ 3000 cm™ in the spectra, only slightly red shifted from the
values of the free benzene molecule. Therefore, one can empirically assign the high-
energy spectral features to the bifurcated structural motifs. This interpretation is
corroborated by our DFT calculations, which converge into the geometries displaying
the bifurcated binding motif whenever possible and yield the linearly bound complex
as the ground state structure only for the four ligands that have only isolated CH aryl
groups. Even if the frequency calculations performed in the harmonic approximation
are incapable of recovering the exact spectra (as features such as Fermi resonances
are anharmonic in nature), the most intense calculated features are roughly consistent
with the centroids of the absorption bands found experimentally. One can therefore
generally conclude that the chloride anion prefers bifurcated bonding to two
neighboring CH groups over linear bonding. 1,2,4-trifluorobenzene constitutes an
interesting case in that respect, as within one ligand, it offers simultaneously the
opportunity for linear and bifurcated docking of the chloride anion. As can be seen
from the spectrum though, only the high energy motif is observed, consistent with the
DFT calculations, which place the linear structure ~ 160 meV higher in energy than

the bifurcated motif, corroborating the statements made above.

5.3.5. Vibrational spectrum and binding motif for the
CI"-CgFsH complex

It is interesting at this point to take a closer look at the spectrum of the chloride-
pentafluorobenzene complex as compared to the case of the chloride-benzene
complex (see Figure 5.9), as these two species constitute the two “extreme ends” with
respect to the fluorination degree of the ligand of the complex series under
investigation in this study. The infrared signatures of the chloride-pentafluorobenzene
complex are centered around ~ 2540 cm™, strongly red-shifted in comparison to the
typical CH stretching region and also to the signatures of the bifurcated motif as
displayed by the spectrum of the chloride-benzene complex. This implies a linearly

hydrogen bonded structure.
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Figure 5.9 Ar predissociation spectra for ClI-CgHg Ar (top trace) and CICgFsH-Ar
(bottom trace)

In addition, no vibrational bands are found around 3103 cm™ (the CH stretching band
of the free pentafluorobenzene molecule),”® where the spectroscopic signature of a
ring-bound geometry is expected (scaled harmonic calculation: 3095 cm™), as in this
case the structure and therefore also the spectral features of the ligand should be only
weakly perturbed. The DFT calculations predict the frequency of the CH stretching
vibration corresponding to a linear hydrogen bond between the remaining aryl CH
group and the chloride anion to be at 2548 cm™, in reasonable agreement with the

experimentally determined centroid of the absorption bands. However, the spectrum
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is quite complicated given that in a harmonic picture one would expect only one
normal mode in this frequency range, namely the vibrational signature of the CH
group. This can be rationalized though by bearing in mind that already the spectrum
of the free benzene molecule shows an unresolved tetrad in the frequency region of
the CH stretching modes due to Fermi resonances with energetically closely spaced
combination bands. Given that the symmetry of the complex is even lower, it seems
reasonable that Fermi interactions with energetically almost degenerate CC/CF
combination bands and/or overtones, “borrowing” intensity from the very intense CH
stretching modes, lead to the observed cluster of bands around 2540 cm™. Clearly,
these Fermi interactions are not the same as in benzene due to the different mode
structure. An exact assignment of the individual bands is not possible on the basis of
the harmonic approximation frequency calculations. However, several modes based
on CC stretching and CF stretching modes that are likely candidates for causing the
observed bands through combination bands and overtones can be identified (see

Table 5.1).

Table 5.1 Candidates for Fermi interaction responsible for the group of bands
around 2540 cm™ in the spectrum of the CI"-C¢FsH complex

Fundamental of mode 36 2643 cm’’ CH stretch

ring deformation,
Combination band modes 34 + 26 | 2706 cm”™ CCI/CF stretching

ring deformation,
Combination band modes 32 + 26 | 2570 cm™ CC/CF stretching

CH wagging, ring deformation,
Combination band modes 31 + 26 | 2461 cm”™ CC/CF stretching

ring deformation,
Overtone of mode 34 2801 cm” CC/CF stretching
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The observation of this strongly red shifted signature of the aryl CH group in the
infrared spectrum indicates that the chloride anion is bound to its fluorobenzene
ligand via a hydrogen bond in the plane of the ring even in the case of a highly
fluorinated arene such as the pentafluorobenzene, which is electron-deficient and
should offer favorable binding interactions to the top of the ring. Indeed, the DFT
calculations find a local minimum energy structure in this geometry, which is placed

~ 300 meV higher in energy than the hydrogen bonded ground state (see Figure 5.10).

Figure 5.10 Calculated structure for the CI"-C¢FsH complex (DFT/B3-LYP/TZVP)
via ring bonding

More precisely, local minima are calculated to exist above every carbon atom except
that belonging to the CH group, with the minimum above the carbon para to the CH
group being lowest in energy, followed by the meta and ortho positions. The
calculated energies of these ring-bound isomers all fall within 10 meV. The fact that
hydrogen bonds constitute a binding motif in anion complexes with highly electron-
deficient aromatics competitive to the binding to the top of the ring has been
discussed in the previous sections and has been described in more detail by Berryman

|.28

et al.”™” (although they did not study anion-arene complexes with only one aryl CH
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group in the aromatic unit). This behavior is not too surprising in light of the fact that
introducing strongly electron-withdrawing groups into the aromatic ring is expected
to significantly raise the acidity of the remaining CH groups, thereby strengthening
the interaction even with a proton acceptor of rather moderate strength such as the
chloride anion.”® As has been detailed in the first chapter on anion hydration, the
energy position of the OH infrared absorption band decreases with increasing proton
affinity of the anion.” This implies at the same time that the infrared absorption band
in an ionic hydrogen bond will decrease in frequency with increasing acidity of the
proton in complexes involving the same anion and consequently low CH stretching
frequencies should suggest hydrogen bonds involving a rather acidic proton. In order
to verify this kind of behavior on a more quantitative basis, MP2 calculations have
been performed in order to characterize the CH stretching potential energy surface for
the acidic proton in the CIC¢FsH complex. A low-lying proton transfer channel can
be identified, resulting in a Cg¢Fs---HCI state (which shows up as a shelf in the
potential energy surface, see Figure 5.11) ~ 1.5 eV above the C¢FsH:--Cl" ground
state. This explains in turn the strong anharmonicity of the potential around the
minimum energy structure, resulting in the huge observed red shift of the vibrational
signature of the CH group. There is yet another issue which deserves further
consideration in view of the relative acidities of the hydrogen atoms in the aryl CH
groups: As the lower-energy absorption band exlusively occurs in the case of the
complexes in which the chloride anion is forced to bind to isolated CH groups, one
could arrive at the conclusion that the hydrogen atom in a CH group surrounded by
two CF groups is more acidic than a hydrogen atom belonging to one of two
neighboring CH groups. Investigations of the thermochemistry of the species
involved, however,”’ revealed that the acidity of fluorobenzenes always increases
with increasing fluorination level, with one of the largest changes occurring from
n =0 to n = 1. As the complexes with bifurcated bonding show only a weak
dependence of the CH stretching frequencies on the fluorination level, it can be
assumed that the bifurcated binding motif effectively shuts down the proton-transfer
channel. Qualitatively this can be rationalized through the fact that the anion interacts

with two hydrogen atoms instead of one, thereby weakening the exerted force on
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every single one. In the linear motif, however, the increasing acidity is clearly

observed, as the much stronger dependence of the CH stretching position on the

number of fluorine atoms shows (see Figure 5.12).

Figure 5.11
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Calculated potential energy surface along the CH stretching coordinate
in [CeFs-H---CI]" (MP2/TZVP). The squares are single-point energies
at various C-H distances, with fixed C-Cl distance, whereas the rest of
the coordinates were relaxed but constrained to C,, symmetry.
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Figure 5.12 Centroid frequency as a function of the number of fluorine atoms.
Open squares denote complexes with bifurcated hydrogen bonds,
while data corresponding to hydrogen bonds involving isolated CH
groups are shown as full squares.

5.3.6. Role of the anion

The conclusions drawn in the previous section have all been based on the variations
in the chemical nature of the ligand (tuned by the degree of fluorination) bound to the
chloride anion. However, the binding interaction between the two entities must be
influenced by the anion, too, and it has been pointed out before, that diffuse, less
nucleophilic anions (such as e.g. BF4") can lead to a preference in the binding motif
towards the anion-m complexes.” Therefore, anions other than chloride might differ
from the observed preference of binding to the last remaining hydrogen atom in the

pentafluorobenzene ligand in the presence of a competing positive electrostatic
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potential above the carbon ring. In order to choose an anion to bias binding to the top
of the aromatic ring, it helps to consider the nature of the two interacting charge
distributions in view of Pearson’s HSAB (hard and soft acid and base) principle.®!
The positive charge in the ring certainly constitutes a softer Lewis acid than the
hydrogen atom in the ring, implying that the right strategy should be switching to
anions representing softer bases than chloride. Just moving down in the periodic
table, this condition is necessarily fulfilled by one of the heavier halides, e.g. the
iodide anion, and the sulfur hexafluoride anion should be even softer, given its large
size and its highly symmetric charge distribution. In order to test these ideas and the
influence of the anion, infrared spectroscopy has been performed on the I'-C¢FsH and
the SF¢-CeFsH complexes. However, neither of the two spectra shows evidence of a

ring-bound complex, as can be seen in Figure 5.13.

I T
SF,-C,F.H-Ar,

IC,F HAr,

Photofragment Signal [arb. units]

| . |

2600 2800 3000 3200

Photon Energy [cm'1]

Figure 5.13 Infrared predissociation spectra of X -C¢FsH-Ar; with X = SF¢ (top
trace) and I (bottom trace)
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Rather, they both display a complex series of intense bands, the centroid of which is
red shifted as compared to the CH stretching positions of the aryl CH groups in the
free benzene molecule. This indicates that the complexes are both still hydrogen
bonded, with the centroid frequency shifting with the increasing ion radius (and
essentially inversely with the decreasing proton affinity) from CI” (2546 cm™) to I
(2818 cm™) and SF¢ (2912 cm™).

5.3.7. Summary and conclusions

Mass selected complexes A™“CeFyHon'Arm (n = 0 - 5, A" = CI', I', SF¢) have been
studied by infrared predissociation spectroscopy, accompanied by (DFT and MP2)
calculations to shed light on the interaction between negative ions and aromatic
molecules. Fluorobenzene molecules have been chosen as model systems, as their
charge distributions can be tuned by varying the degree of fluorination. It could be
demonstrated that full fluorination around the ring is needed to force the anions to
bind to the aromatic ring. At all lower levels of fluorination, anion-fluorobenzene
complexes are bound via ionic hydrogen bonds. Investigating the influence of the size
of the anion revealed that it does play a role with respect to the distortion of the
hydrogen bonded CH groups. However, the preferred binding motif always remains
hydrogen- rather than ring-bonded. The analysis of the CIC¢F,He, complexes
revealed that bifurcated hydrogen bonds with two neighboring CH groups are
preferred over binding to a single CH group in a linear hydrogen bond, a finding
which had been established before by Bieske and co-workers in the case of the
Cl'-C¢Hg complex.42’43 Overall, it has been shown that infrared predissociation
spectroscopy on anionic complexes in the gas phase is a powerful tool to investigate
the interaction between anions and electron-deficient arenes and can yield valuable
results at least partially filling the experimental gap in this field. In the study
presented here no complexes displaying an anion-n binding motif could be found, but
other experimental data clearly prove that these interactions do exist. One could
envision the investigation of other molecular systems which would be designed in a

way to favor the respective geometries. For instance, other electron-deficient aromatic



155

units which have been theoretically suggested to display very favorable interactions
with anions such as cyanuric acids could be studied. Even more promising, species
could be chosen which would still allow for the obviously preferred hydrogen
bonding, but in which the anion-m interaction would be used to influence the
conformation. One possibility would be to replace the hydrogen atom in the
pentafluorobenzene molecule by an aliphatic chain with an appropriate anion binding
site at the end (e.g. a CH,OH group), thereby introducing a flexible lariat which
would enable the anion to be hydrogen bonded and attached to the aromatic unit at the
same time. Comparison to electron rich aromats such as benzene would then reveal
the influence of the electron density in the arene ring on the overall binding motif of

the system under investigation.
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