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1. Introduction

1.1. lons and ionic radicals

Molecular ions (cations of stable molecules, protonated or deprotonated molecules,
radical cations) play key roles in chemical reactions. Such species are considered to be
highly relevant, because their long-distance interaction with the environment is much more
significant than the one of the neutrals. It results that their detailed characterization is an
important step for understanding and controlling the reactions in which they appear. A key
element in explaining the physical and chemical properties of molecules, ions, and
molecular complexes is their structure. This is a topic of great experimental and theoretical
significance as it provides the basis for predicting the properties of complex molecular
systems.

To this end, spectroscopic investigations are probably the most convenient
experimental approaches. Done either in condensed phase or in gaseous phase,
spectroscopy provides reliable fingerprinting, allowing for positive identification and
separation of various isomers of the same molecular formula. Spectroscopic fingerprinting
techniques have been already successfully used for identification of unknown species. A
category of such unknown species whose properties are highly relevant in chemistry are

transient species (ions, radicals).

Spectroscopic investigations of unknown species have been successful, for example
in astrophysics. More than 146 different molecules and highly reactive ions and radicals
have already been identified via infrared spectroscopic observations of nebulae,
interstellar clouds and circumstellar envelopes."2:Bl Such species can also be found in
planetary atmospheres, where they play an important role in the chemical processes
occurring there WP QOther environments rich in radicals and charged species are
combustion flames; here, they are believed to play key roles in processes like soot
formation. 8]

Knowledge about structure of molecules is of great relevance also for understanding

biological processes.!" Intermolecular interaction like H-bonding or molecular stacking



provide key information for understanding the conformation and function of amino acids,
peptides, proteins, and DNA."" lon-molecule interactions are encountered when studying
the helical structure of DNA in solution, which is influenced by its dense cationic
atmosphere.'” Such information can be provided, for example, via gas-phase
investigations of neutral, ionized, or protonated molecular complexes. Thus, spectroscopy
can be used not only for obtaining clues about the equilibrium structures of the reactants
and reaction products, but also for revealing details of the chemical reactions mechanisms.

It is relevant to note that all the examples presented above are dealing with radicals
and charged species investigated either isolated or surrounded by well-controlled
environments. Given the easiness with which such reactive species undergo changes (via
chemical reactions, charge or proton transfer, and so on), this type of studies appears as

the only reliable option.

1.2. State of the art in gas-phase spectroscopy

Gas-phase investigations come to complement the condensed-phase NMR, IR and
UV-VIS spectroscopy and X-ray crystallography studies which, until recently, have
provided the majority of information about molecular entities. "5 Although these
methods have yielded valuable data about the properties of ions, radicals and molecular
complexes, they all share the disadvantage that their results are distorted because of the
strong perturbation caused by the environment (solvent, other radicals or ions).
Complementary to these studies, gas-phase investigations of isolated molecules, radicals
or cations offer a wealth of information about their intrinsic properties. For example, high
pressure mass spectrometry (HPMS) studies are excelling all other ascertainments of
binding energies of molecular species toward ligands.

The greatest problem faced by gas-phase experiments is the low density of the
investigated species. This makes direct methods like radiation absorption at best hard to
apply and, quite often, unable to yield meaningful results. A workaround is to measure not
the reduction in intensity of the excitation beam but to use a consequence of the photon
absorption (such as electronic emission, dissociation of a molecule or a complex, a
chemical reaction, etc.). All the spectroscopic methods enumerated in the following belong
to this category of action spectroscopy.['®

The most widely used spectroscopic techniques for studying molecular aggregates in
gas phase are the zero kinetic energy photoelectron spectroscopy (ZEKE),""'81'9 the

mass-analyzed threshold ionization (MATI),?2 the autoionization detected IR



spectroscopy (ADIR),?22 the photoionization efficiency spectroscopy (PIE), and the IR
(multi)photodissociation spectroscopy (IRPD and IRMPD). The methods based on the use
of IR radiation are especially interesting. As the IR spectroscopic methods probe directly
the vibrational energy levels, they provide results closely connected with the structure of
the investigated species. The alterations of the IR spectra that occur together with
changes in the environment can reveal fundamental parameters of the intermolecular
interactions as well as details of the reactivity of the investigated species. Control over the
number and species of molecules or atoms surrounding the investigated species also
opens the way toward understanding fundamental mechanisms like proton transfer and
about the solvation onset. [24123112611271(28],[29] 130]

As mentioned above, a number of gas-phase spectroscopic methods are available to
the present-day scientist for investigating properties of isolated ions or weakly bound
complexes. In the present work, single photon IR photodissociation is used in conjunction
with an electron impact ion source for investigating weakly bound complexes. In the
following, some spectroscopic methods which yield similar or complementary results will
be described. As beside the spectroscopic technique, also the ionization technique and the
cluster aggregation path employed are relevant for the outcome of such a gas-phase

experiment, few important cation cluster production techniques will be shortly presented.

ZEKE & MATI Both these methods originate in the basic photoelectron
spectroscopy. There, a light source is tuned over the ionization threshold of a molecule (A)
and the vibrational energy levels of the resulting cation (A*) are extracted by analyzing the
kinetic energy distribution of the electrons ejected from A. The basic idea behind ZEKE
was to delay by few us (with respect to the light pulse) the pulsed extraction field used to
feed the electrons into the kinetic energy analyzer.['®1'%:211 The delay allows the kinetic
electrons to leave the interaction volume and the pulsed extraction field is then responsible
for ionizing long-lived Rydberg states, placed between 1-2 cm™ and 6-8 cm™ below the
ionization threshold. As the electron transferred by the light pulse into a Rydberg state has
little influence over the molecule around which orbits, it follows that the vibrational
properties extracted are essentially linked with A*. MATI follows the same scheme, but is
based on the detection of the resulting ions.?” As the ions are characterized by much
lower mobility, a small field is used for separating the ions produced by the light pulse from
the near-threshold neutrals. As implied by its name, the method is useful for investigations
requiring species identification (clusters, radicals). Specially designed shapes of the

electrical pulses and narrow band lasers essential for improving the resolution of the



method (reference [31] quotes a resolution of 0.06 cm™). Such high-resolution spectra
allow for determination of highly accurate value for the ionization energy of a molecule, of
frequencies for vibrational modes of a molecule or a cluster, and, for small A* ions, of
rotational constants. Dissociation energy of a complex between a cation and a ligand
(A*--L) can be determined using MATI spectroscopy, by monitoring the intensity of the
signal corresponding to A" as a function of the excess internal energy of the complex. Both
methods are reaching their limits when dealing with proton stretch vibrations (O-H, N-H,
C-H). This difficulty comes partly from poor Franck-Condon factors between the ground
and Rydberg states and also from band congestion in electronic transitions used as the
final step of the measurement.??

Recently, reports have been published regarding the use of these spectroscopic
schemes for investigating many molecules. Among the reported experimental results on
substituted arenes, one can find MATI investigations of H-bonded 3-methylindole -C¢Hs
complexes,?? of p-methylphenol, p-ethylphenol, and p-n-propylphenol®!B4 as well as
ZEKE investigations of indole-3-ethanol,®® 4-aminopyridine,?® pyrazine 1 of the

p-aminobenzoic acid,®! and the m-aminobenzoic acid.?

ADIR This method is an enhancement of ZEKE and MATI. While in the standard
ZEKE and MATI the elimination of the Rydberg electron is assisted by an electric field,
ADIR uses a purely optic approach. Thus, after excitation of the ground vibrational state of
a high Rydberg state (via the standard two-color double-resonance technique - see
below), an IR source is scanned over vibrational range of the ion core. Resonant
vibrational excitation results then in autoionization.??2®l The method is valuable as it yields

directly the IR spectrum of the ion core, including weaker combination bands. 41

IRPD This method is based on the dissociation of a weakly bound complex upon
resonant absorption of one IR photon. In the following, it will be shown an outline of the
IRPD scheme applied to cationic complexes (A™--L.). As there are many ways for
producing cationic complexes, few of the methods will be presented in the following
paragraphs. The IRPD process implies the absorption of an IR photon via excitation of an
IR active vibration of the complex; this is followed by internal vibrational energy
redistribution (IVR) and leads to the evaporation of (some of) the ligands, resulting in the
production of a A*--L, fragment #2431 The primary consequence of this single photon
absorption approach is that only weak intermolecular bonds are broken. Thus, the IR
spectrum of the A*---L,, complex is obtained by monitoring the yield of A*---L,, fragments as

a function of the IR wavelength. The experiment is usually done in a mass spectrometric



setup which allows mass selection of both the parent and the fragment species. The IRPD
scheme has specially been devised in order to provide enhanced detection, low
background, and high species selectivity. Despite its simplicity, IRPD spectroscopy can
provide detailed molecular structure of the investigated species, as well as valuable
information regarding the way solvent molecules aggregate around and interact with the
investigated ion. If only a very weakly bound ligand is attached to the target ion (for
example a rare gas atom), the resulting IR spectrum is essentially the same with the one
of the bare ion (messenger technique).

Worldwide, a number of research teams are using this method for exploring the
structure of weakly bound charged complexes. Among the most fascinating results are the
recent investigations of protonated water clusters!*?“*® and the equally recent monitoring of
the dynamic of the photoionization-induced hydrophobic-to-hydrophilic switching in
phenol---Ar, clusters.*”! Other subjects investigated using IRPD are proton wires, 4]

microsolvation of metal ions,P%*" or biologically-relevant molecules.F2 53154

IRMPD This technique is similar with the single photon induced dissociation
technique described above, the main difference being that in the present case a large
number of photons are pumped into the same vibrational mode. The de-excitation of the
pumped vibrational mode occurs via IVR in less that 1 ns after excitation; thus, the method
is best described as multiple photon excitation, in contrast to the coherent multiphoton
excitation.®™ The internal energy thus accumulated is spent into the breaking of
intramolecular covalent bonds. Thus, the method allows the recording of an IR spectrum
with detection sensitivity, background level, and species selectivity similar with the one of
the obtained via IRPD of weakly bound clusters. At the same time, as this method is
applicable directly on bare ions, there is no messenger anymore, thus eliminating the
(small) distortion induced by the ligand.

The multiple photon excitation approach avoids the anharmonicity bottleneck of the
coherent multiphoton excitation which would otherwise limit the use of one controlled,
monochromatic light source for exciting the ion. To this end, the best suited light source is
the free electron laser (FEL). The FEL allows not only for high-intensity, tunable,
narrow-band beams to be produced, but also has the advantage of operating over a broad
range in the IR domain (either via fundamental emission or via harmonic generation).
Recently, FEL were used for recording the IR spectra of model protonated dipeptides like
N-acetyl-alanine and alanyl-histidine, of various protonated aromatic hydrocarbons, ®°!7]

as well as of metal cations binding to organic molecules.*®



A critical aspect of gas phase studies of charged complexes is the way the
investigated species are produced. Often, complexes between a charged moiety and one
or more ligands (A™--L,) are generated in a supersonic expansion. Spectroscopic
information of A™--L, is then extracted via one of the methods presented above (PIE,
MATI, ZEKE, IRPD, ADIR, etc).

The methods of ionizing or producing molecules in high-lying Rydberg states via
photon absorption(s) have both advantages and downturns. Basically, one can use direct
one photon excitation for pumping one molecule from its ground electronic state to a
Rydberg state. This approach is not easily applicable, as in implies the use of a narrow-
band tunable light source in the UV range (usually at 7 ... 9eV or higher). Another
approach is to use non resonant multiple photon absorption, which would again require a
powerful tunable light source in the range of 3.5 ... 4.5 eV (for non resonant two-photon
absorption). Finally, the most successful method uses resonant excitation of the molecule
to an electronically excited state placed at 3.5 ... 4.5 eV, followed by another resonant
absorption process which brings the molecule into a Rydberg state. The method is
appealing as the ions (ion cores) produced this way are readily produced in their ground
vibrational state (vibrationally cold). However, this resonance enhanced multiphoton
ionization (REMPI) method has a major drawback when applied to weakly bound
complexes, as it often generates weakly bound A™--L complexes not in the global
minimum of their intermolecular potential energy surface (PES). This limitation is the result
of the specific sequencing of the events leading to the production of A*--L. Having the
cluster aggregation take place before ionization is likely to result in a complex having its
structure "frozen" in an arrangement similar with the one corresponding to the global
minimum on the PES of the precursor A---L. It follows that, if the preferred ligand binding
site changes from AL to A"--L, the spectroscopic studies of A™--L prepared by
photoionization of A---L will be limited by the Franck-Condon principle. This sets limits for
the population of the most stable structure of A™---L if this structure is largely different from
the global minimum of A--L. Unfortunately, such a situation is quite common for
AL/ A*-L dimers with both polar and nonpolar L.

A different approach, which overcomes this limitation, can be used for producing
ro-vibrationally cold A™--L, complexes. The A*-L, complexes are produced in a
supersonic plasma expansion by electron ionization (El) of A followed by cluster
aggregation. This method predominantly produces of the most stable isomer of a given

A*--L, complex, independent of the most stable structure of neutral A---L,. The excellent



performance of this method has been proven via comparisons of the IR spectra of
Ph(enol)*--Ar,, 2 An(iline)*--Ar,,* and In(dole)*--Ar,?® obtained via El followed by cluster
aggregation with their corresponding photoionization (PIE, ZEKE, MATI) or REMPI-IR
spectra. The IR spectra of these El-generated cations have evidenced the existence of
isomers which previously have completely escaped detection and which were interpreted
as global minimum structures. The major drawback of the method is the considerably
larger molecular fragmentation produced by the colision of the precursor A with the
~100 eV electrons used for ionization.

Other widespread methods for generation of ions and weakly bound complexes in
gas phase are:
* the matrix-assisted laser desorption/ionization (MALDI), which brings into gas-phase ions
of molecules frozen into a matrix which strongly absorbs in the UV output of a laser;?®
* electrospray; o6

* laser ablation.®

A highly attractive aspect of spectroscopic studies of isolated species is that they can
directly be compared with theoretical results obtained via quantum chemical calculations.
Such comparisons are valuable both for theoreticians and for experimentalists. For
theoreticians, they provide feedback on how well a theory is able to reproduce the features
observed in experimental investigations. For experimentalists, a good match between
experiment and quantum chemical predictions increases the usability of the theoretical
evaluations. For example, theoretical information which cannot be directly derived from
experiment (like atomic charge distributions, details of the potential energy surface - PES,
etc.) can further be used to give insight in the structure and reactivity of molecules. Also
spectral information which, for fundamental or practical reasons, cannot be experimentally
obtained, can be extrapolated from quantum chemical calculations. Results obtained on
the experimental setup used in the present work have been successfully matched by high-
level calculations, resulting over the last 13 years in comprehensive IR spectroscopic
studies of small cations and protonated species. 3% More recently, such experimental

and theoretical characterization were combined in studies of larger systems.!”

1.3. Structure and objectives of this work

The experimental results presented in this work have all been obtained via single
photon IRPD. In particular, the experimental setup presented here is used to study the

dissociation of positively charged complexes upon excitation with a single IR photon with



the frequency in the range of proton stretch vibrations (ve, v, Vo = 2500 ... 4000 cm™).
This setup was previously used to obtain IR spectra of small cations and protonated
species, 3 a5 well as of larger cations.®® The production of complexes is based on
El, which, as seen above, has the clear advantage of predominantly generating the most
stable complexes over the method based on REMPI. Indeed, having the cluster
aggregation take place after ionization is more likely to produce global minimum structures
than clustering ligands around a neutral molecule followed by resonant ionization of that
molecule. This latter approach is usually producing complexes with structures similar with
the global minimum in the PES of the corresponding neutral complex.

The present work deals with two major topics. First of all, cations of aromatic
molecules (A") are identified and characterized via IRPD spectroscopy of their complexes
with nonpolar ligands (Chapter 3 and Chapter 5). Following these experiments, similar
investigations are done on the protonated forms of the same molecules (Chapter 4 and
Chapter 6). Finally, continuing the line of spectral investigations on protonated species,
the structure and properties of the ethyl cation are identified and characterized via its
complexation and microsolvation (Chapter 7).

(Substituted) aromatic molecules and their cations play an important role in biological
and chemical recognition as well as organic reaction mechanisms. 7L Theijr
protonation and deprotonation are also important processes in organic chemistry and
biochemistry; for example, protonated aromatic molecules (AH*) are short-lived reaction
intermediates which appear in electrophilic aromatic substitutions where they determine
reaction rates and product selectivities,! in combustion flames,® and in models of
extraterrestrial hydrocarbon plasmas.’ In the present work, two aromatic molecules are
investigated: 1-naphthalenole (1-Np) and imidazole (Im). They have been chosen based
on their chemical relevance and for expanding previous studies made on the same
experimental setup. Both 1-Np and Im can be encompassed in the same group of aromatic
molecules with acidic YH« groups. Researching the topology of the interaction potential of
such aromatic cations with nonpolar and polar ligands (A™--L) is relevant, as it was
demonstrated to differ qualitatively from that of neutral A---L. The difference stems from the
significant additional electrostatic and inductive attraction arising from the positive
charge.["Meel72RLIM Ag g consequence, the equilibrium structures and interaction energies
of A*---L are often different from the ones of A---L. lllustrative examples are Ph*---Ar, 22731176,
71 An*---Ar, 2 and In*---Ar;® they all have H-bound global minima in the ground electronic
state of the cation, whereas the n-bound isomers (which were identified as global minima

in the ground electronic state of the corresponding neutral complexes) are only local



minima. This change will trigger changes in both the chemical activity and the solvation
mechanisms. Such a switch in the ligand recognition motif occurs also upon the
protonation of aromatic molecules with acidic YH¢ groups (AHY): in this case both
complexes of protonated phenol with Ar and with N, (PhH*---Ar and PhH"---N, )48 fayor
H-bonds over n-bonds. This is not true for arenes without YH, groups (such as benzene -
Bz): the most stable dimers of their cation or protonated forms with Ar and N, (Bz"---L and
BzH"-L, L = Ar, N,)71288081 fegtyre n-bonds, because CH protons are only weakly acidic

even in the ground state of the cation or protonated species.®?®

The experimental results presented in Chapter 3, regarding the size-selected
1-Np*---L, complexes (L = Ar, N;) have been published in reference [82]. This study of
1-Np*---L, complexes (L = Ar, N») is an extension of studies done already on Bz" and on
Ph*. Indeed, 1-Np*---L, complexes (L = Ar, N.) serve as a suitable model for solvation of
1-Np* in a nonpolar solvent. From this viewpoint, the competition between H-bonding and
n-bonding and its consequences on the cluster growth are particularly interesting. Another
aspect which has prompted this investigation is that 1-Np is a strong photoacid (the acidity
of the OH group increases drastically upon electronic excitation or ionization). Its
photoacidity may eventually promote proton transfer to a suitable solvent;®3B48 gych
proton transfer processes are among the most fundamental reactions occurring in
chemical and biological systems. As the properties of the proton transfer process depend
sensitively on the environment, the nonpolar environments used here are a first step
toward understanding the unfolding of these processes.

The protonation of 1-Np (Chapter 4) has been previously observed in superacid
solutions® by means of NMR spectroscopy and it has been found to occur exclusively at
the ring hosting the OH group, in para position with respect to the OH group. This is at
odds with studies done for PhH* in superacid solutions,®” that prove the existence of at
least of one O-bound and at least one C-bound isomer. The aim of the investigation
presented here is to give support to the idea that, like Ph, 1-Np can be protonated at more
than one site and that IRPD techniques can be used to select well-defined isomers of
1-NpH*. Analysis of theoretical data allows to first estimates for site-sensitive proton affinity
of 1-Np.

Chapter 5 presents experimental and theoretical results of an IRPD study of Im*---L,
complexes (L = Ar, N2); the experimental results have been published in reference [88]. Im

is a heterocyclic aromatic molecule which occurs as an essential constituent in many



biomolecular building blocks, such as the DNA bases adenine and guanine, and the
histidine residue of proteins.®¥ In agueous biological environments, Im, Im*, as well as
ImH" are involved in electron transfer during photosynthesis, in many biologically important
enzymatic processes, and in protein structure determination.BHLRI1E2 |IM® js interesting
also from technological viewpoints, as it can simultaneously protonate at one N atom and
deprotonate at the other N atom, thus acting as a proton shuttle. Indeed, there are studies
regarding the use of Im in the proton exchange membranes of modern fuel cells as a
proton wire - building molecule. The aim of the present spectroscopic study is to elucidate
the interaction of the radical cation of this basic biomolecular building block with a
hydrophobic environment. Thus, the investigations are selectively focused on the
microsolvation of Im* by a well-defined number of nonpolar ligands (L = Ar, N2).
Fundamental understanding of processes like proton shuttling in Im requires the
detailed knowledge of the intermolecular potential of Im, Im* and ImH" interacting with the
surrounding environment. In this light, in Chapter 6 is studied the microsolvation of ImH" in
an nonpolar environment (Ar or N2) as well as its microhydration. Part of the experimental
results presented here have been published in reference [93]. The interaction of ImH* with
solvent molecules takes place via well-defined families of binding sites: ligand molecules
can interact with the n-electron system of the aromatic ring (m-bond) or form H-bonds to
the acidic protons of Im (N-H---L or C-H---L). The preferred binding motif of all dimers
strongly depends on the protonation state of Im as well as on fundamental properties of L,
such as its proton donor and proton acceptor abilities. This work aims to elucidate the
interaction of ImH* with a hydrophobic or hydrophilic environment. Thus, the investigations
are selectively focused on the microsolvation of ImH* by a well-defined number of nonpolar

ligands (L = Ar, N;) as well as on its interaction with a controlled number of H,O molecules.

Chapter 7 is presenting an experimental and theoretical analysis pertaining to the
structure of the ethyl cation (C;Hs"). This is an alkyl cation fundamental for hydrocarbon
mass spectrometry,® which has recently been identified in the mass spectra recorded in
the atmosphere of Saturn's moon Titan.® In laboratory environments it is frequently used
as chemical ionization reagent for investigating proton transfer toward a wealth of
molecules.®® Despite its ubiquity, there is still a lack of direct evidence of its structure.
Indeed, two largely different geometries are conceptually being considered for its structure:
the classical open geometry ([H.CCH;]") and the nonclassical geometry, where one
proton bridges the double C=C bond of an ethylene molecule (H,CCH,). The viewpoint of

the classical chemistry is based on the structure of the ethyl radical; indeed, for this entity

10



there is a large experimental body showing that its equilibrium structure is an open one
(C2Hs = H,CCHj).PMB8LISII00NI0T At the same time, theoretical studies of CoHs'"% and of the
related C,H, %0419 gnd C3H,"M'%® suggest that in its equilibrium structure, C,Hs" has,
indeed, one proton bridging the double C=C bond. These studies are supported by
photoelectron spectra which exhibit a gradual onset of the photoionization signal, possibly
indicating a significant change in geometry upon ionization."7111%1%] |n the present work,
unique IRPD spectroscopic results obtained on C,Hs™-L, complexes with nonpolar ligands
(Ar, N2, CO,, CH,) are presented. The aim of this investigation is to elucidate the structure

of C;Hs" and its dependence on the solvation environment.
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2. Experimental setup

The XH*--L, complexes have been investigated by gas phase IR photodissociation
spectroscopy (IRPD) in a tandem quadrupole - octopole - quadrupole (QOQ) mass
spectrometric apparatus.[2P4 The cations and their weakly bound complexes have been
produced in an ion source (IS) which combines the electron impact ionization (EI) with
three-body associations in the high-pressure region of a supersonic molecular beam. The
tunable IR radiation source used in the experiments is an optical parametric oscillator
(OPO) laser pumped by the fundamental and the second harmonic of a Nd:YAG laser. A
brief description of the experimental setup (both mass spectrometry and laser systems) is
presented in the following pages. Figure 1 shows a block schematic of the mass
spectrometric apparatus. A number of electrostatic aperture lenses are distributed along
the path of the ion beam, assisting the collimation of the beam and the proper coupling
between the various devices used. The positions of these control elements are presented

in Figure 2. Finally, Figure 3 shows a block schematic of the OPOQ laser system.

2.1. Precursors

The systems investigated in the present work can be broadly classified as either
open or closed shell cations. The group of open shell cations, including 1-naphthalenole”
(1-Np*) and imidazole® (Im*), are systems obtained by electron impact ionization of neutral
molecules. The second group consists of systems obtained by protonation of neutral
molecules; in the following are presented IRPD studies on protonated 1-naphthalenole
(1-NpH™"), protonated imidazole (ImH*), and protonated ethylene (C:Hs"). All these
protonated species are obtained via chemical ionization, by adding a suitable protonation
agent (H, or CH,) to the carrier gas mixture.

In all cases, the ion production starts with a suitable mixture of precursors in gas
phase. Special care is required to ensure that the gas mixture has the proper composition,
as some of the substances used have too low or too high vapor pressure at room

temperature. Gases (Ar, N2, H,, CH4, CO.) are mixed in a buffer gas bottle in various
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ratios, depending on their destination: carrier, ligand or protonation agents. Overall static
gas pressure, both before and inside the buffer gas bottle ranges between 2 and 9 bar and
proves to be an important parameter in the optimization of clusters production. As H2O is
sometimes used as a ligand, a small flask is inserted in the gas line; the vapor pressure of
H,O is controlled by heating or cooling the flask accordingly. The substances which are
solid at room temperature are placed in a small container, whose temperature (< 150°C)
can be altered with a heating circuit. Thus, the control parameter list for the precursors
include: gas pressures after the regulators, mixing ratio of the used gases, static pressure
of the mixture, vapor pressure on top of the liquid and solid samples (via their

temperature).

2.2. lon source

The gaseous mixture of precursors is injected into a vacuum chamber, where the
average pressure is kept under 10“ mbar during operation (107 mbar without gas
injection) by a 2 m3s diffusion pump backed by a rotary pump. A liquid nitrogen trap is
used to stop oil vapor backstreaming from the diffusion pump from reaching the mass
spectrometry system. The injection system consists of a pulsed valve (nozzle diameter
0.5... 0.8 mm), electromagnetically actuated at a repetition rate of 40 Hz. The valve
opening duration (50 ... 250 us) influences the background pressure in the ion source
chamber. Two electron beams, accelerated to about 100 eV by a pulsed electric field, are
crossing the gas jet less than 1 mm from the nozzle. The small distance is paramount
here, as it ensures that the targets of the ionization process are molecules (not clusters!)
and it maximizes the volume of the high pressure range where complexes can grow in size
(number of ligands). The gas is thus excited and / or ionized via electron impact and a
series of reactions (Penning ionization, chemical reaction, etc) yields the species to be
investigated. The most probable reaction path for generating cations (X*) or protonated
species (XH") is presented in each chapter. Still in the high-pressure range of the
expansion, the weakly bound complexes are created by incremental three-body collisions:

X(H L _,+L+M— XH)"L+M M=L, X (1)

n

The entire setup is placed inside a metallic cage which shields the particles from
external electrical fields. This cage defines the body of the ion source and its potential
(+40 V with respect to the walls of the vacuum vessel) is used as reference.

The central part of the supersonic beam is sliced with a skimmer placed at a static
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potential of ~-4 V with respect to the body of the ion source. A small cylinder placed inside
the skimmer (02 in Figure 2, static potential, typically around -35 V with respect to ground)
insures that only a small amount of ionized complexes passing through the skimmer
opening are lost. Finally, a plate (03) placed at -180 V with respect to ground accelerates
the ions toward the mass spectrometry stage. Briefly, the IS control parameters are: valve
position with respect to the electron beams, valve opening duration, the duration and the
position in time of the electric pulse used for electron acceleration with respect to the gas
pulse, magnitude of accelerating field for electrons, skimmer and extractor potentials with

respect to the shell of the ion source (which acts as shield and reference).

2.3. lon selection, steering, and detection

The output of the ion source is directed through the opening of lens 04 toward the
high vacuum chamber which houses the mass spectrometry stage. The species of interest
must be separated from the wealth of ions and ionic complexes produced by the source.
This is done with a quadrupole mass filter (QMF) which operates by destabilizing the
trajectories of all particles entering the device, bar the selected m/q. The ion beam which
exits QMF1 is overlapping with a flow of neutral gas (mainly gas ejected from the nozzle
and not ionized by the electron beams). These molecules can become trapped in the
volume of the machine and their possible collisions with the ion beam can give rise later on
to unwanted background signals. In order to avoid this, the ion beam is separated from the
neutrals flow using electrostatic fields (10 and 11) and the neutrals are pumped out of the
enclosure. Another beneficial effect of this "bending" of the ion beam is that the region in
which IR photodissociation occurs is separated optically from the production and the
selection ranges.

The ion beam is injected afterwards into an octopole ion guide, whose offset potential
is used to control the kinetic energy of the ions. Here the ions undergo dissociation

following either IR vibrational excitation

XH' L+ h-v — [ XH L | — XH"---L,, + (n—m)-L 2)

or collision with background gas. While the laser-induced dissociation (LID) is the targeted
process during spectra recording, collision-induced dissociation (CID) is required for
optimization of the ion production, selection, and transmission. The former process
requires as little as possible collisions with the background gas, while the latter process

requires a certain amount of background gas. The pressure in the volume housing the
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octopole ranges between ~107 mbar (background pressure during maintenance pumping
and during IRPD spectra recording) and ~10®° mbar for CID. The gas used for CID is air
and the pressure of the background gas is fine-tuned using a regulating valve.

The next device in the chain is a second quadrupole mass filter - QMF2 - which
offers the ability to mass-select only one product of the reactions taking place in the
octopole (this ability can be extended to more than one mass channel by switching the

selected mass between various channels to be monitored).

Figure 1. Block schematic of the QOQ mass spectrometric apparatus, coupled with the

tunable OPO laser system.
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Finally, the detection of the ions is done using a Daly cation detector.® Here, the ions
enter an electrical field perpendicular to the ion beam axis. The electrical field is produced
by applying a potential difference larger than -20 kV (with respect to ground) across two

electrodes. The ions collide with the cathode of the device where secondary emission
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processes are responsible for creating electron pulses; these electron pulses are collected
by the anode, which is a thin metallic layer on top of a scintillator plate. The photons
emitted by the scintillator plate upon electron impact are collected by a photomultiplier.
The chain is designed so that the detection efficiency is close to 100%.

Three turbomolecular pumps are used for evacuating the high vacuum chamber
housing the mass spectrometry stage. The pump placed close to the quadrupole bender is
mainly used for evacuating the neutrals that have drifted through QMF1. Another pump is
used to evacuate the volume of the octopole. This serves the double purpose of
eliminating the background gas during IRPD investigations and of stabilizing the
background pressure during CID investigations. The last turbomolecular pump maintains

the low pressure required for a low-noise operation of the Daly detector.

Figure 2. The positions of the electrostatic lenses along the path of the ion beam.
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Along the ion path there are a number of electrostatic lenses whose potentials (with
respect to ground) can be controlled independently and are used to adjust the path of the

ions and the collimation of the ion beam. The positions of these lenses are shown in

Figure 2, while typical values of the potentials are listed in the table below. It must be
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stressed that all these potentials are tuned during optimization and that their values

depend on many parameters (gas pressure, gas species, investigated species, etc.).

02 -35 V 08 -90 V 14 -90 V 20 +18 V
03 -180 V 09 0V 15 -80 V 21 -20 V
04 -6V 10 -33 V le -10 V 22 +17 V
05 -12 Vv 11 +33 V 17 -40 V 23 -17 V
06 floating 12 -4 Vv 18 +18 V
07 -17 V 13 -20 V 19 -39V

Overall, the control parameters for the ion selection, steering, and detection are: the
offset voltages of the two QMFs and the one of the octopole and the voltages of the
electrostatic elements. The voltage applied on the Daly detector and the one applied on
the photomultiplier are used as elements adjusting the intensity of the current in the

detection circuit and thus preventing the saturation of the signals during recordings.

2.4. Laser system

The OPO laser is a Continuum Mirage 3000 which must be pumped by linearly
polarized, near Gaussian laser beams. The pump laser is a seeded Continuum PowerLite

PL8020 which operates at a repetition rate of 20Hz and delivers the following

performance:
fundamental wavelength 9394.492 cm (further denoted 1064 nm)
energy @ 1064 nm ~750 mJ (no SHG) ~400 mJ (with SHG)
linewidth @ 1064 nm 1.0 cm™ (unseeded) 0.003 cm™" (seeded)
pulsewidth @ 1064 nm 8..9ns

temporal jitter @ 1064 nm 1 ns
energy @ SHG (532 nm) ~100 mJ
pulsewidth @ SHG (532nm) 6...8ns

The OPO laser system is used to convert the pump laser radiation into mid-IR light
continuously tunable in the range 2500 ... 6900 cm™'. The layout of the three stages of the
OPO laser system is presented in Figure 3. It consists of one laser stage (master oscillator

- MO) followed by two amplification stages (one non-resonant oscillator - NRO and one
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optical parametric amplifier - OPA).

The MO stage is using about 20% from the 532 nm pump beam, which is separated
via a beamsplitter. This beam is injected into a laser cavity built with two planar mirrors,
where it is used for pumping the active medium (a potassium titanyl phosphate - KTP -
crystal). A grating inserted in the cavity is used as tuning element. The tunable output of
this laser is used primarily as seed for the NRO stage. At the same time, a small part of
the MO output is separated using a beamsplitter and is used to monitor the performance of
the MO cavity. The use of the MO stage is required and sensible only if the Nd:YAG pump
laser operates in single longitudinal mode (seeded mode). In this case, the bandwidth of
all the outputs of the OPO laser system is <0.017 cm™ (<500 MHz).

Figure 3. Block schematic of the OPQ laser system.
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The NRO stage consists of two KTP crystals which are seeded by the MO output and
pumped by the remaining 532 nm beam. This stage acts as amplifier for the MO output.
The output of the NRO stage consists of two components; their photon energies are linked

via the following equation:

_ . NRO NRO
Vis3onm = Vsignal + Vidler (3)

This equation is also valid for the output of the MO stage. The two mirrors encompassing
the NRO stage are directing these two outputs in opposite directions: the signal output
(11900 ... 14100 cm™ = 710 ... 840 nm) is directed outside the laser system and the idler
output (6900 ... 4700 cm™) is directed toward the OPA stage, where it is used as seed.

The OPA stage also uses two KTP crystals seeded by the NRO idler output and
pumped by the 1064 nm beam. Like in the case of the NRO stage, the output of this stage
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consists of two components (signal - 6900 ... 4700 cm™ and idler - 2500 ... 4700 cm™)

linked via an equation similar with (3):

V1064nm — Vsignal T Vidier (4)

Apart from the NRO stage, OPA is a simple amplifier: there is only one mirror which simply
deflects the remaining 1064 nm pump into a beam dump. Both outputs of the OPA stage
are extracted via the same output port of the laser.
For all three stages of the OPO laser system, the wave vectors of the photons
involved in the nonlinear processes must conserve momentum:
Rpump = Rsignal + Ridler (9)
Simultaneously, the energies of the pump and output photons of the OPO laser

system are linked via the following equations:

pump: Vssanm = 2 V1osdnm (6)
MO NRO
. _ . NRO NRO signal — Y signal
MO and NRO: Vs3onm = Vsignal T Vidier ( MO _  NRO ) (7)
Vidier = Vidler
) __ _OPA OPA OPA __ _NRO
OPA V1064nm = Vsignal + Vidier <Vsignal - Vidler) (8)

The OPO laser system is tuned to a certain wavelength if (5) is true for all three
stages; this is achieved by adjusting the angles between the pump beams and all five
active media as well as the tuning mirror. The scanning of a spectral domain thus involves
continuous angular matching between the afore-mentioned elements; this is achieved via
a dedicated computer. It must be noted that the two outputs of the OPA travel in slightly
different, frequency-dependent directions. Such displacement is not significant for scans of
less than 300 cm™. For longer scans, the laser beam might be shifting enough to be
clipped by the apertures of the electrostatic lenses. To prevent this, the overlap of the laser
beam with the ion beam is optimized as close as possible to the maximum of each
observed band. Thus, ratios between the strength of various observed bands are reliable
to within a factor 2; this factor decreases toward unity as the distance between the

considered bands drops below 300 cm™.

2.5. Laser frequency calibration

As the driving computer is able to reliably compute only the displacement of the

22



tuned wavelength with respect to the beginning of a scan but offers no absolute
wavelength control, additional measurements must be used to properly establish the
position of the observed IRPD spectra features. In the present experiment, these
measurements take the form of opto-acoustic spectra recorded together with every IRPD
spectrum. Given the direct relationship between the signal and the idler outputs, either of
them can be used for calibration purposes.

The opto-acoustic spectra are recorded in a long, narrow tube filled with a substance
whose ro-vibrational spectrum is known from literature®! and matches the investigated
range. If the wavelength of one output of the OPO laser matches a ro-vibrational line of
this substance, absorption of the IR laser radiation occurs. It is followed by de-excitation,
resulting in a small shockwave which is recorded via a microphone placed on the wall of
the tube. The wavelength evaluated by the driving computer is then shifted so that at the
beginning of the scan the recorded and the etalon opto-acoustic spectra are overlapping.
The recorded spectrum is then stretched / compressed so that the recorded opto-acoustic
lines match in position the etalon spectrum. This procedure is giving better than 0.2 cm™
accuracy. Extensive analysis shows that, during apparently smooth continuous scans, the
computer-evaluated wavelength of the laser output oscillates with an amplitude of
maximum 2 cm™ with respect to the opto-acoustically calibrated value.

The substance used for calibrating the range above 3500 cm™ is H.O. This is done
not by using opto-acoustic spectra but by monitoring the drops in intensity of the OPO
laser, which occur as the idler laser beam is absorbed by atmospheric water. The etalon
substance used for calibrating the range under 3200 cm™ is HDO; in this case, the opto-
acoustic spectra are recorded by using the signal laser beam. The 3300 ... 3500 cm™
range is covered by the ro-vibrational spectrum of NHs.

If the recorded IRPD spectra contain fully rotationally-resolved features, the
calibration described above is repeated using the output of a Fabry-Perot interferometer.
In this case, each interval between successive opto-acoustic lines is checked and adjusted
knowing that the interference fringes seen through the Fabry-Perot interferometer are

equally spaced in wavelength.
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3. IRPD spectroscopy of 1-Naphthol*---L, complexes (L = Ar, N;; n =1...5)

Abstract The two rotamers of the 1-naphthol cation are investigated and their
interaction with nonpolar ligands (Ar, N2) in the ground electronic state is characterized by
IR photodissociation spectra of isolated 1-Np*---L, complexes (L = Ar, N2) and by density
functional calculations at the UB3LYP/6-311G(2df,2pd) level. The complexes are created
in an electron impact cluster ion source, which predominantly produces the most stable
isomers of a given cluster ion. The behaviour of the investigated dimers points toward a
competition between H-bonding and n-bonding. The dependence of the OH stretch
vibration shifts (Avon) on the number of ligands and the photofragmentation branching
ratios provide information about the stepwise microsolvation of both 1-Np* rotamers in a
nonpolar hydrophobic environment. Estimations for the ligand binding energies and the
acidities of both rotamers are also obtained. Finally, analysis of the Avos shifts of the
H-bound dimers yields a first experimental estimate for the proton affinity of the

t-1-naphthoxy radical.

3.1. Introduction

Arenes and substituted arenes are fundamental molecules in chemistry and biology.
The properties of benzene (CeHs = Bz, Figure 1a), one of the simplest aromatic
hydrocarbon, and of the substituted benzenes have been studied for a long time. The
interest for the substituted benzenes stems from the variety of interesting properties which
result from both the substituent functional groups and the aromatic n-electron system. !l
Naphthalene (C1Hs = Np, Figure 1b), with its two fused benzene rings, is an appealing
molecule for extending the exploration from monocyclic to polycyclic aromatic
hydrocarbons.

Because of the symmetry of the molecule, monosubstitution of naphthalene yields
two nonequivalent isomeric products: o (or 1, close to the fusing bond) and 3 (or 2, away
from the fusing bond). Usually, the major product of the monosubstitution has the

functional group in o-position. 1-Naphthol (1-C1oHsO = 1-hydroxynaphthalene =
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o-hydroxynaphthalene = 1-Np), obtained by the substitution of an H atom by an OH group,
is of particular interest. Depending on the orientation of the OH group with respect to the
aromatic rings system, two rotamers of 1-Np are known: frans (anti, further denoted as
t-1-Np, Figure 1d), having the OH group pointing away from the rings and cis (syn, further
denoted as c-1-Np, Figure 1e), having the OH group pointing toward the rings.

Figure 1. Structures of the calculated monomers and H-bound dimers: a Bz; b Np; ¢ Ph*;
d t-1-Np*; e c-1-Np*; f Ph*---Ar; g t-1-Np*--Ar; h c-1-Np*---Ar; i Ph*---No; j t-1-Np*--Na, k
c-1-Np*--N.. All geometries are evaluated at the UB3LYP/6-311++G(2df,2pd).

This bicyclic monohydroxyarene is a strong photoacid, that is the acidity of the OH group
increases drastically upon electronic excitation or by ionization, which eventually may
promote proton transfer to a suitable solvent.?BH The properties of such proton transfer
processes, which are among the most fundamental reactions occurring in chemical and
biological systems, depend sensitively on the environment. Thus, the controlled solvation
of such a molecule is seen as a valuable model for studying the energetics and the

dynamics of photo-induced proton transfer in both isolated complexes and in solution
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under controlled solvation conditions. Consequently, a study of the solvation of the 1-Np*
cation by a well-defined number of non-polar ligands can be seen as providing direct
information on the acidity of the OH group in the cation ground state and its dependence
on stepwise solvation in a hydrophobic environment.

In general, aromatic molecules (A) offer two major types of recognition sites for inert
ligands L. Ligands can bind to the aromatic n-electron system (m-bond) or to one of the
aromatic CH protons (H-bonds). It should be noted that such H-bonds are usually less
stable. This situation can change dramatically upon substitution: the aromatic molecules
(A) with acidic functional YH, groups (e.g., Y = N, O) offer the k acidic protons of YH, as
more favourable binding sites than the aliphatic or aromatic CH protons. The preferred
binding site in A---L dimers (rn-bonding or H-bonding) depends on several factors, including
the degree of electronic excitation and charge state of A, the acidity of the YH group, and
the ligand type (polar or nonpolar).

Complexes of neutral A with rare gas atoms have w-bound equilibrium structures in
the singlet electronic ground state (So): Ar complexes of benzene (Bz:--Ar),”! phenol
(Ph---Ar, YH, = OH),® aniline (An---Ar, YHx = NH,),®! and indole (In---Ar, YH, = NH)®! are
all m-bonded. The attraction in the m-bonded A---Ar dimer is the result of dispersion
interaction between Ar and the n-electron system of A. In fact, H-bound isomers have not
been detected for any aromatic A---Ar complex in So. This situation changes for A--*N;
dimers, because the quadrupole moment of N, leads to additional electrostatic interactions
with the polar YH« group of A with such magnitude that the H-bond may energetically
compete with the n-bond. The presence of a YH¢ group is crucial here: N, favors
H-bonding to Ph®'% byt r-bonding to less acidic Bz'""1"?! or An.["?]

In general, the topology of the interaction potential of A*---L radical cation dimers
differs qualitatively from that of neutral A---L, because of the significant additional
electrostatic and inductive attraction arising from the positive charge.[""SIeII7E Ag g
consequence, the equilibrium structures and interaction energies of A*---L are often rather
different from the ones of A---L. lllustrative examples are Ph*---Ar 1920 211221 An*... Ar 23]
and In*--Ar;4 they all have H-bound global minima in the ground electronic state of the
cation (Do), whereas the m-bound isomers (global minima in So) are only local minima.
Similarly, Ph*---N, BH19L20L23] Ap*...N, 128l gnd In*---N,?¥ prefer H-bonds over n-bonds in Do; a
major difference between the Ar- and N;-based dimers stems from the additional
charge-quadrupole interaction which increases the strength of both H- and =-bonds in

A™--N. with respect to their A™---Ar equivalents. Such a change in the ligand recognition
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motif occurs also upon the protonation of aromatic molecules (AH") with acidic YH, groups:
the PhH*--Ar and PhH"---N. 282 dimers also favor H-bonds over rn-bonds. This is not
true for arenes without YH, groups (such as Bz): the most stable dimers of their cation or
protonated forms with Ar and N (Bz"--L and BzH"-L, L = Ar, Np)PHBRIE fegtyre
n-bonds, because CH protons are only weakly acidic even in the ground state of the cation
or protonated species.?"

Often, A*---L are generated by resonance enhanced multiphoton ionization (REMPI)
of A---L formed in a supersonic expansion. Spectroscopic information of A™---L may then be
extracted from photoionization efficiency spectra (PIE), mass analyzed threshold ionization
(MAT]I), zero kinetic energy photoelectron (ZEKE) spectra, IR photodissociation (IRPD),
etc. The fact that the preferred ligand binding site changes from A---L to A*--L is limiting
the spectroscopic studies of A*™--L prepared by photoionization of A---L. More exactly, the
Franck-Condon principle sets limits for the population of the most stable structure of A™--L
if this structure is largely different from the global minimum of A---L. Unfortunately, such a
situation is quite common for A---L/A*--L dimers with both polar and nonpolar L. The
present study has employed a method for producing "cold" A™--L, complexes which
overcomes this obstacle. The A™--L, complexes are produced in a supersonic plasma
expansion by electron ionization of A followed by cluster aggregation. This results
predominantely in the production of the most stable isomer of a given A*---L, complex,
independent of the most stable structure of neutral A---L,. The excellent performance of
this method has been proven via comparisons of the EI-IRPD spectra of Ph*--Ar,,
An*--Ar,, and In*---Ar, with their corresponding photoionization (PIE, ZEKE, MATI) or
REMPI-IR spectra. The EI-IRPD spectra have evidenced the existence of isomers which
previously have completely escaped detection and which were interpreted as global
minimum structures.

Spectroscopic information about the structures and relative energies of both c-1-Np
and t-1-Np rotamers is available from a variety of techniques, including (dispersed)
laser-induced fluorescence, REMPI, and IR spectra. Information on the corresponding
x-1-Np* cation rotamers is provided by ZEKE, MATI, and REMPI-IR spectra. The results
relevant for the present work can be summarized as follows. In So, t-1-Np is slightly more
stable than c-1-Np (AE =220 + 50 cm™) and its OH group is somewhat more acidic as
demonstrated by the smaller OH stretch frequency (von =3655cm™ vs. 3663 cm™).
Interestingly, the energy order of both rotamers is reversed in S¢ (AE =-59 cm™). In D,,
t-1-Np* is again more stable than c-1-Np* (AE = 495 cm™), indicating that the potential for

OH rotation is quite sensitive to both electronic excitation and ionization. The acidity of
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t-1-Np is substantially increased upon ionization, as revealed by the large decrease in von
from 3655 cm™ to 3579 cm™. No spectroscopic information is available for the acidity of
c-1-Np”.

Spectroscopic and theoretical information about neutral and ionic complexes of 1-Np
(1-Np---L, and 1-Np*--L,, L = Ar, N2) is rather limited. REMPI, hole-burning, and IR spectra
of t-1-Np---Ar are consistent with a n-bound structure in Sg, in agreement with the quantum
chemical calculations. Similarly, the REMPI-IR spectrum of t-1-Np*---Ar in the OH stretch
range was interpreted with a n-bound isomer in Do. No evidence has been reported for
H-bound 1-Np---Ar or 1-Np*---Ar dimers. Calculations predict n-bound t-1-Np--"N. to be
more stable than the H-bound isomer in S, and preliminary REMPI and hole-burning
spectra appear to be consistent with this view. Extensive literature searches failed to
identify spectroscopic information for c-1-Np---L, or c-1-Np*--L, complexes. Such
information is diffcult to obtain because of the usually low population of the less stable
c-1-Np rotamer in molecular beams and steric hindrance involved in the formation of
H-bound c-1-Np---L or c-1-Np*---L complexes.

Several aspects motivated the present EI-IRPD and theoretical study on
size-selected 1-Np™--L, complexes (L = Ar, N2). First of all, these clusters serve as a
suitable model for solvation of the highly acidic 1-Np* cations in a nonpolar solvent. The
competition between H-bonding and n-bonding and its consequences on the cluster
growth are particularly interesting. As Ar and N, are weak proton acceptors, proton transfer
from 1-Np” to the solvent may not be expected in Do even for complete solvation. Second,
the ability of the OH group to form H-bonds to a ligand is correlated with its acidity. This
means that the IR spectra of H-bound 1-Np*---L dimers directly probe the acidity of the
1-Np* rotamers and eventually enable a first estimate of the unknown proton affinity (PA)
of the 1-naphthoxy radical. Finally, the comparison of 1-Np*---L, with Ph*---L, and H.O"--L,,
reveals the influence of substitution of a monocyclic and bicyclic aromatic system on the
acidity of ROH® cations. The acidity is expected to decrease in the order

H,O" > Ph* > 1-Np* because of increasing charge delocalization in the aromatic rings.

3.2. Density functional calculations

In order to support the characterization of the intramolecular O-H and intermolecular
H---L bonds, density functional theory (DFT) quantum chemical calculations were carried
out for a number of monomers (Ph®, t-1-Np® and c-1-Np® - see Figures 1c, 1d, and 1e)

and for the corresponding OH-bound dimers (Ph*L, x-1-Np™-L) at the
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UB3LYP/6-311++G(2df,2pd) level of theory, using the Gaussian 03 quantum chemistry
package.®¥ The geometrical and energetical properties relevant for the present study are
summarized in Table 1. The listed parameters are:

* intramolecular O-H bond length (ron), stretch frequency (von), and von IR intensity (l1)

* intermolecular H---L bond length (ru.), angle (8on), stretch frequency (vs), vs IR intensity

(Is), and the dissociation energy of the dimers (D).

Table 1. The geometrical and energetical parameters relevant for the description of the
intramolecular O-H bond and the intermolecular OH---L bond in A®™---L complexes (A = Ph,
t-1-Np, c-1-Np; L= Ar, N,), as calculated at the UB3LYP/6-311++G(2df 2pd) level of
theory; the harmonic frequencies have been scaled by 0.9503.

Ton, A (Ixmk;?:;l) T, A | Bom, © (I:sk;7;;1) Do, cm
h 0.9617| 3643 ( 63)
Bh 0.9713| 3533 ( 269)
Ph*- - -Ar 0.9755| 3445 ( 780)| 2.38 167 68 ( 7) 446
Ph*- - - N, 0.9803| 3353 (1239)| 1.98 167 107 (10) 1274
t-1-Np 0.9617| 3644 ( 74)
c-1-Np 0.9604| 3659 ( 46)
t-1-Np* 0.9673| 3580 ( 294)
c-1-Np* 0.9665| 3587 ( 123)
t-1-Np*---Ar | 0.9700| 3524 ( 722)| 2.48 172 49 ( 5) 274
t-1-Np*---N, | 0.9737| 3454 (1184)| 2.05 170 88 ( 8) 927
e-1-Np*---Ar| 0.9681| 3553 ( 297)| 2.62 148 42 ( 4) 212
e-1-Np*---N, | 0.9708| 3504 ( 522)| 2.15 150 80 ( 6) 803

The relative stabilities of the monomers and the transition states between them are
including zero-point energy contributions. The calculations of the dimer properties were all
counterpoise corrected for basis set superposition error (BSSE).P4™! As the vibrational

frequencies were computed as harmonic, they were scaled by an average scaling factor of
0.9503 to bring the calculated von frequencies of both t-1-Np* and Ph* in agreement with

the experimental value, von = 3579 cm™ (3534 cm™").BeE7

3.2.1. DFT calculations of monomers

The optimized geometries of the monomers (x-1-Np® and Ph®) were found to be
planar for both neutral and cation ground states; this result is consistent with available

spectroscopic data.P8 Transition states between the cis and trans minima of 1-Np® and
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around the equilibrium geometry of Ph® are best described by a rotation motion of the O-H
bond around the C,-O bond (see Figure 1d for identification of atoms). Figure 2 compares
the relative stabilities of these monomers and the potential barriers for the internal OH
rotation.

In the neutral ground state (So), t-1-Np is predicted to be more stable than c-1-Np by
322 cm™, in reasonable agreement with the 220 + 50 cm™ estimated from the analysis of
the UV spectrum recorded in an absorption cell.¥ In the cation ground electronic state
(Do), the trans rotamer is also the most stable isomer, c-1-Np* being 730 cm™ less stable
than t-1-Np*; this difference in stability is more than twice as large as in So. The difference
in stability of both rotamers in Do and Sy corresponds to the difference in their adiabatic
ionization potentials; owing to the harmonic character of the calculations, the predicted

value (408 cm™) is slightly larger than the experimental measurement (281 cm™).29

Figure 2. Relative stabilities and OH rotation barriers for the considered monomers.
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The experimental barrier for OH rotation in Ph (EEZr’exp =1215 £ 10 cm™, determined
by rotationally resolved UV spectroscopy in a molecular beam)*"! compares very well with
the calculated one (EE:r,calc =1109 cm™). This means that the level of the theory is
appropriate for energetic calculations related to the internal OH rotation. As no value has
been yet experimentally found for the OH rotation barrier of 1-Np, one must rely on the
calculated value (E:,;r'fi’alc =1121 cm™). In the D, state, the OH rotation barrier of Ph* is

almost four times larger than the one encountered in the neutral, ECM  =4386cm™:

bar, calc
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similarly, the barrier for OH rotation from t-1-Np* toward c-1-Np* (E1’Np+ =3136 cm™) is

bar, calc
significantly larger than in So. The OH rotation barrier of hydroxyarenes is usually
correlated with their C>-O bond strength.P®*! In general, the stronger (and shorter) the
C.-O bond, the more hindered the internal rotation. This correlation between the length of

the C,-O bond and the OH rotation barrier can be seen in Table 2.

Table 2. The correlation between the length of the C2-O bond and the OH rotation barrier
computed for Ph™ and 1-Np™.

isomer Teo (A) Evar cac (cm™) TS
Ph* 1.3076 4386 Ph* «— Ph"
t-1-Np* 1.3196 3136 t-1-Np' < c-1-Np'
t-1-Np 1.3655 1121 t-1-Np « c-1-Np
Ph 1.3897 1109 Ph « Ph

It is remarkable that not only the OH rotation barrier, but also the O-H bond strength
varies along the same line, as is signaled by the changes in bond length and stretch
vibration frequency (see Table 3). In general, the differences between the t-1-Np* and
c-1-Np” rotamers are significantly smaller than between any of them and Ph". Interestingly,
the steric hindrance in the c-1-Np* is reducing the IR oscillator strength for von by a factor
of 2.4 with respect to t-1-Np* (l1 = 123 km/mol vs. 294 km/mol).

Table 3. The correlation between the O-H bond parameters of various monomers; the
sequence of the monomers in the table is similar with the sequence in Table 2, linking the
changes in the C.-O and the O-H bond characteristics.

isomer Ton (A) Vou (cm™)
c-1-Np 0.9604 3659
t-1-Np 0.9617 3644

Ph 0.9617 3643
c-1-Np* 0.9665 3587
t-1-Np* 0.9673 3580

Ph* 0.9713 3533

3.2.2. DFT calculations of H-bound dimers

The H-bound 1-Np*--L dimers feature quasi-linear H-bonds of L to the acidic OH

group of 1-Np*, leading to planar equilibrium geometries with Cs symmetry (Figures 1g, 1h,
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1j, and 1k as well as Table 1). The linearity of the intermolecular bonds is more visible in
the t-1-Np™--L dimers (Bon.-L = 170°). The steric hindrance arising from the interaction of
the ligand with the proximal proton on the second aromatic ring (CH), is "bending" the
intermolecular bonds created by c-1-Np* (6on.-L 2 148°). The deviation from linearity
registered by the angle made by the N=N molecular axis with the intermolecular H---N
bond is a good indication of this steric hindrance. It is known that the anisotropy of the
long-range charge-quadrupole and charge-induced dipole interactions aligns the N; ligand
in such a way that the molecular axis points toward the positive charge.['7}[191241.1261[281.131].142].
M3 I5L8] The H---N=N configuration of t-1-Np*---N, is closer to the ideal linear bond than
the configuration of c-1-Np*--N, (180° > 170° > 150°). Another indication of the steric
hindrance in c-1-Np*---L results from the C4/H---N=N separation; this value is slightly larger
than the sums of the van der Waals radii of the bonded atoms (2.71 A=1.1 A + 1.5 A).¥
The CiH:--Ar intermolecular separation obeys the same rule: 3.07 A=11A+19A
The increase in the acidity along the series c-1-Np* < t-1-Np* < Ph* is directly correlated
with the intermolecular interaction strength, leading to shorter H---L bonds, larger
intermolecular stretch frequencies and higher dissociation energies. This trend is

summarized in Table 4.

Table 4. The variation of geometrical and energetical infermolecular bond parameters as
a function of the cation acidity.

L = Ar L=N
T Vs Do T, V. Do
(A) (cm™) (cm™) (A) (cm™) (cm™)
c-1-Np*---L 2.62 42 212 2.15 80 803
t-1-Np*---L 1 2.48 49 274 2.05 88 927
Ph*---L 2.38 68 446 1.98 107 1274

The effects of H-bonding on the intramolecular O-H bonds are an elongation (Aron), a
reduction in the stretch frequency (Avon), and an enhancement in the IR oscillator strength
(Al). Again, the magnitude of these effects is correlated with the H-bond strength and
increases along the same series ¢c-1-Np* < t-1-Np* < Ph* (see Table 5). These theoretical
results demonstrate that IR spectroscopy in the OH stretch range is a suitable tool to
probe both the acidity of the x-1-Np* rotamers and their ability to form H-bonds.

Similar to previous studies on (para-halogenated) Ph(H)"---Ar, and Ph(H)"--(N2)n, it
will be shown that the EI-IRPD spectra of the corresponding 1-Np*---Ar, and 1-Np*---(N2)a
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complexes demonstrate that the H-bonds are more stable than the n-bonds. 9201281129

Hence, the energetically most favorable 1-Np*---L, cluster growth begins with the

Table 5. The variation of geometrical and energetical parameters of the complexated OH
bond as a function of the cation acidity.

L = Ar L =N,
A{;”OH Avoy AT, AJEOH Avoy AT,
() (em™) | (km/mol) (a) (em™) | (km/mol)
c-1-Np*- - -L 0.0016 34 174 | 0.0043 83 399
t-1-Np*- - -L l 0.0027 56 428 | 0.0064 126 890
Ph*- - - L 0.0042 88 511 | 0.0090 180 970

formation of a H-bound 1-Np™--L dimer, to which further n-bound ligands are attached. The
exact position of the n-bound ligands is however not easy to specify (e.g., over the first or
the second aromatic ring) and dificult to determine from both the present spectroscopic
and theoretical approaches. As DFT calculations do not properly describe dispersion
forces, n-bound 1-Np*---L isomers were not investigated theoretically.[' On the other hand,
previous studies revealed that n-bound ligands have only very minor effects on the OH

bond properties.!1261122]

3.3. Experimental details

The IRPD spectra of 1-Np*---L, complexes (L = Ar, N2, n < 5) were recorded over the
O-H and C-H stretch ranges using the QOQ tandem mass spectrometer coupled to the
electron impact ion source (El + QMF1 + OP + QMF2) described in the Experimental
setup chapter of this work; only the details specific to the 1-Np*---L, IRPD experiment are
presented here. The expanding gas mixture was produced by injecting the ligand / buffer
gas (Ar or N, at static pressures of 3...10 bar) through a cell containing molten 1-Np
(T =350 K). 1-Np*---Ln clusters were produced by El of 1-Np and subsequent three-body

association reactions in the high pressure region of the expansion:*®!

1-Np+e —1-Np'+2-e" (1)
1-Np*--L,_,+L+M—>1-Np*-~L.+M  M=L, 1-Np 2)

Previous experiments of small (substituted and / or protonated) arenes are showing

that this reaction sequence produces the most stable A(H)"--L, complexes and to smaller
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extent less stable isomers [20121112212311241[421148] Alternative mechanisms involve the formation
of neutral 1-Np---L, complexes and their subsequent electron impact ionization or the
formation of a neutral L, cluster followed by its attachment to a 1-Np* cation. These
mechanisms are known to play only a minor role in the production of complexes in the ion

source used here.?%

Figure 3. Mass spectrum of the output of the El ion source, obtained after optimization for
1-Np*---(N.), generation; N. (at 3 bar) was used as carrier gas; the 1-Np sample was
heated at =350 K. The inset shows a vertically expanded version of the spectrum (X50) to
ease the identification of weak peaks. A marks the sequence of 1-Np*(Na),
(144 + n-28 u); A marks the sequence of N,*; A marks the sequence of H.O"--(N2),, H.0O
being a contaminant coming from the gas inlet system. Integration over the peaks of
1-Np*--(N.), yields an abundance of 80 : 8 :2: 1forn=0...3.

A A A A A A A A A A A A A A A A AA
177 T
0 50 100 150 150 200 250

m (u)

Figure 3 shows a mass spectrum of the ion source recorded after optimization for
1-Np*---(N2)» generation. The spectrum is dominated by N,* ions; the sequence of
[1-Np--(N2)n]" cluster ions is clearly visible; also a sequence of [H.O--(N),]" ions can be
seen, due to the contamination of the gas feeding lines with H.O. The intensity ratios of

1-Np*---(N2), are of the order of 80:8:2:1 for n=0...3, indicating the sequential
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formation of weakly-bound noncovalent complexes.
The IR spectra of 1-Np™--L, are obtained by monitoring the amount of 1-Np™-Ln
fragments generated in the octopole by the absorption of the IR laser beam by 1-Np*---L,

as a function of the wavelength of the excitation laser:

1=Np*---L, + h-v = [1=Np"---L,]" = 1=Np*---L_ + (n—m)-.L (3)

As the energy density of the excitation laser beam was too low (I <200 kW/cm?) for
multiple photon absorption to occur, no photodissociation channels involving the
fragmentation of the 1-Np* cation were observed.

For certain 1-Np*---(N2), parent complexes (n > 3), several concurrent fragment
channels (m) are appearing. In this situation, the IR spectra were recorded simultaneously
in the two highest-intensity fragment channels. As the spectra recorded in different
fragment channels are similar, only the spectra obtained in the dominant channels will be
shown. The wavelength of the laser was calibrated to an accuracy of better than 1 cm™

using the absorption of the laser beam by atmospheric water.

Figure 4. Mass specfrum obtained by
mass-selecting 1-Np*-(Nz)s with QMF1
and scanning QMF2. The IR laser was
tuned to the von resonance of 1-Np*--(N)4

at 3474 cmr'. The observed fragment ions

arise from metastable decay (m=3) and

laser-induced dissociation (m =0, 1) in the MWN I

octopole. T 200

m (u)

As an example of the photofragmentation process, in Figure 4 are presented mass
spectra recorded with QMF2, as QMF1 was filtering only the mass of 1-Np*--(Nz)s. The
large signal in the m = 3 fragment channel is the result of the metastable decay of the hot
complexes. The signals in the m=0 and m=1 channels are the results of the

laser-induced dissociation of 1-Np*---(N2)a.

3.4. Results and discussion

A comparison of the EI-IRPD spectra of 1-Np*--N. and 1-Np*--Ar with the REMPI-IR
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spectrum of t-1-Np*---Ar is presented in Figure 5. The strong dependence of the spectra on
the parameters of the ion source is underlined in Figure 6, which presents two spectra of
1-Np*---N2 recorded under "cold" (Figure 6a) and "warm" (Figure 6b) expansion conditions.
Finally, the EI-IRPD spectra of 1-Np™---Ar, (n =1, 2) and 1-Np*--(N2), (n = 1...5) recorded
in the OH stretch range are shown in together in Figure 7. Table 6 summarizes the band
maxima and widths of the von transitions observed (A-C), along with their isomer

assignments.

3.4.1. 1-Np*---L dimers

The EI-IRPD spectrum of 1-Np*---Ar (Figure 5b) displays two transitions, which are
attributed to the von fundamentals of the H-bound (A) and =-bound (B) isomers of
t-1-Np*--Ar, respectively. These assignments are based on the band positions, relative IR
intensities, and band profiles, as well as the comparison with the DFT calculations and the
REMPI-IR spectrum.

The more intense band at 3538 cm™ (A) is assigned to von of H-bound t-1-Np*---Ar
(Figure 1e). The derived complexation-induced red-shift of -41cm™ from the
corresponding t-1-Np* transition (3579 cm™)?® is consistent with the calculated value
(-57 cm™). The blue-shaded band contour with a sharp P branch head is characteristic for
excitation of a proton donor stretch vibration, because the intermolecular H-bond becomes
stronger and shorter in the excited state, resulting in larger rotational constants.['7:191143].14]

Band B (3580 cm™) is assigned to von of m-bound t-1-Np*-Ar complexes. The
position is in good agreement with the REMPI-IR spectrum (Figure 5¢).?¥ The modest
complexation-induced blue shift of +1 cm™ and the rather symmetric band profile support
this assignment, because intermolecular n-bonding has almost no influence on the OH
bond. It must be noted that there are actually other binding sites, which also have little
impact on the OH bond, such as H-bonding to aromatic CH groups. Although these
alternative binding sites cannot be completely ruled out from both the experimental and the
theoretical point of view, the presently favored assignment for B is to a n-bound isomer.
This scenario is supported by theoretical and spectroscopic data obtained for
BzH*--ArPEd Bz ArOl gnd PhH*--Ar?® which indicate that intermolecular CH---Ar
bonds in A(H)*--Ar are less stable than n-bonds. The assignment of band B to a rn-bound
isomer is used as working hypothesis for further discussion in this chapter.

The EI-IRPD spectrum of t-1-Np*---Ar clearly demonstrates that the H-bound isomer
is the global minimum on the intermolecular potential, whereas the n-bound structure is a

less stable local minimum. Nonetheless, the H-bound isomer could not be detected in the
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Figure 5. E/-IRPD spectra of 1-Np*---L dimers with L =N, (a) and Ar (b) over the O-H
stretch range compared to the REMPI-IRPD spectrum of t-1-Np*---Ar (c). All EI-IRPD
spectra were recorded in the 1-Np* fragment channel. The line indicates the von position of
free t-1-Np* (3579 cm™). The vibrational and isomer assignments of the transitions
observed are listed in Table 6.

c REMPI 1-Np'---Ar
A
b B 1-Np*- - -Ar
*
A
a ¢ 1-Np*- - N,
3300 3400 3500 3600 '
v (em™)

Figure 6. E/-IRPD spectra of 1-
Np*---N. obtained under warm (a)
and cold (b) expansion conditions.

3300 3400 3500 3600
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REMPI-IR spectrum (Figure 5¢)*! because it was obtained through resonant ionization of
n-bound t-1-Np*---Ar. In contrast to both H- and n-bound t-1-Np™---Ar dimers, spectroscopic
indication of the corresponding c-1-Np*:--Ar complexes in the EI-IRPD spectra is uncertain.
As the von frequency of bare c-1-Np* has not been measured® one must rely on the
calculated value which is slightly larger than for t-1-Np* (+8 cm™). Some of the EI-IRPD
spectra recorded for 1-Np*---Ar actually reveal a very weak band at 3595 cm™ (indicated by
an asterisk in Figure 5b) appearing about 15 cm™ to the blue of n-bound t-1-Np*---Ar. At
first glance, this signal may be attributed to von of m-bound c-1-Np*---Ar, which could occur
in detectable abundance only under certain experimental conditions. If this interpretation
were correct, a minor part of the blue wing of band A may arise from vou of H-bound
c-1-Np*---Ar (Figure 1e). However, according to the analysis of the 1-Np*---N. spectra (vide
infra), the abundances of c-1-Np* and its Ar complex are probably too small for observing
vor Of m-bound c-1-Np*---Ar even under favorable (e.g., warm) expansion conditions. Thus,

the interpretation of the weak 3595 cm™ band remains open.

Table 6. Band maxima and widths (FWHM, in parentheses) of the von ftransitions
observed in the EI-IRPD spectra of 1-Np*---L, recorded in the dominant fragment
channels, along with their isomer assignments; (H/xrm) denotes an isomer with one

H-bound and x m-bound ligands (1 + x = n).

Vox (cm™) band isomer

3538 (10) A t-1-Np'---Ar (H)
3580 (10) B t-1-Np*---Ar (m)
3539 (10) A t-1-Np*---Ar (H)
3467 ( 6) A t-1-Np*- - N, (H)
3499 ( 5) C c-1-Np*---N, (H/m)
3469 ( 5) A t-1-Np*---(Nz), (H/m)
3499 ( 5) C c=1-Np*---(Ny), (H/m)
3472 ( 8) A t-1-Np*---(N:): (H/2m)
3500 ( 5) C c=1-Np“---(Ny); (H/2m)
3474 (7) A t-1-Np*---(N:). (H/3m)
3501 ( 6) C c=1-Np“---(Ny), (H/3m)
3476 (16) A t-1-Np*---(N:)s (H/4m)
3502 (13) C c=1-Np“---(Ny)s (H/4m)

The spectrum of 1-Np™--N. was recorded under two different supersonic expansion
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conditions: "cold" (Figure 6a), characterized by a narrow rotational contour and "warm"
(Figure 6b), exhibiting a slightly larger FWHM. To facilitate the comparison with 1-Np*---Ar,
the "cold" spectrum was plotted also in Figure 5a. The "cold" spectrum displays a single
blue-shaded band at 3467 cm™ (A), which is assigned to von of H-bound t-1-Np*:--N.
(Figure 1h). The measured red-shift of -112 cm™ upon H-bonding is slightly smaller than
the calculated value of -134 cm™. Moreover, it is roughly three times larger than the one for
t-1-Np*---Ar (-41 cm™) because of the stronger H-bond. In addition to band A, the "warm"
1-Np*---N2 spectrum shows a transition at 3499 cm™ (C), which is absent in the "cold"
spectrum. This band is attributed to von of H-bound c-1-Np*---N. (Figure 1i). The -88 cm”
shift from calculated vou of c-1-Np* (3587 cm™) agrees with the prediction (-91 cm™). Both
EI-IRPD spectra of 1-Np*---N2 do not show any absorption near 3580 cm™, implying that
the abundances of the n-bound x-1-Np*---N. isomers were below the detection limit under
both "warm" and "cold" conditions.

The spectra of 1-Np*--L can yield information about the relative abundance of the
H-bound and m-bound t-1-Np*---L dimers in the plasma expansion, via the ratio of the
integrated intensities of bands A and B. The integrated intensity of each band depends on
the IR oscillator strength of the vibration responsible for the band and on the abundance of
the dimer responsible for the band. Thus, for a given ligand, the ratio of the integrated
intensities of bands A and B is proportional to the relative abundance of the H-bound and
n-bound t-1-Np*--L dimers. The constant of proportionality is the ratio between the IR
intensities of the von vibrations of the H-bound and n-bound t-1-Np*---L dimers (Table 6).
However, no calculations have been made for the w-bound t-1-Np™--L dimers; in this
situation their IR intensity is approximated by the IR intensity of the t-1-Np* monomer.['?+23
% This approximation is considered appropriate because previous studies have shown
that m-bonding has little effect on the properties of a functional group. For t-1-Np™--Ar, this
procedure results in an abundance ratio of Ny : N = 1.6, on the basis of the experimental
Von intensity ratio of = 4 and the theoretical ratio I : I, = 2.5. For t-1-Np*--N, a lower limit
for Nv: N> 10 can be estimated from the achieved signal-to-noise ratio (= 40) and
It : I. = 4. The larger abundance of the H-bound t-1-Np*---L isomers suggests that they are
more stable than the n-bound dimers, because the El source produces predominantly the
most stable isomer of a given complex.?*% Moreover, the energy difference between both
isomers appears to be significantly larger for t-1-Np*--N. than for t-1-Np*---Ar, resulting in a
less eficient production of the m-bound isomer for the N, complex. Similar to previous

studies on Ph*---Ar and In*---Ar?, the relative intensity ratio of the von bands of H-bound
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and m-bound t-1-Np™--Ar depended on the expansion conditions, confirming that both
transitions arise indeed from two different isomers. The spectrum in Figure 5b was
obtained when the conditions were optimized for the production of n-bound t-1-Np*---Ar. As
the relative population of the H-bound isomer increased for decreasing effective source
temperature, this isomer corresponds to the global minimum of the t-1-Np™--Ar potential,
whereas the n-bound structure is a less stable local minimum.

In a similar fashion, the "warm" spectrum of 1-Np*---N. (Figure 6b) yields N;: N, = 8
for the ratio between the H-bound x-1-Np*---N. populations (the integrated band strengths
ratio is ~18 and the predicted IR intensity ratio is ~2.3). As the N, complexation energies
are similar for both t-1-Np* and c-1-Np* (927 cm™ and 803 cm™ respectively), the c-1-Np*
concentration in the plasma expansion is estimated to be roughly one order of magnitude
smaller than that of t-1-Np®. This result can be checked for consistency with the production
mechanism described in the experimental details section and the internal rotation
potentials in Figure 2. Assuming for the gas mixture a temperature of T = 350 K at nozzle
level and knowing the experimental difference between the ground level energies of
c-1-Np and t-1-Np (AE =220 cm™) the thermal population ratio is estimated to be

N:: N. = 2.5 Adiabatic cooling in the supersonic expansion increases this ratio only

slightly because both isomers are separated by a significant barrier (E! " =1121 cm™,

bar,calc

corresponding to T = 1610 K).P" Assuming that the El process described in (1) is mainly a

vertical ionization process, a similar ratio is obtained for the x-1-Np* rotamers because

1—-Np
bar, calc*

isomerization is hindered in Do by a barrier (E.. o = 3198 cm™) even larger than E

bar,calc
Owing to comparable complexation energies for H-bonding and also n-bonding for both
1-Np* rotamers, the t/c-1-Np™---L dimer population ratios should be similar to the t/c-1-Np*
monomer ratios, (2), i.e. Ni: N. = 3...10 depending on the eficiency of adiabatic cooling of
neutral t/c-1-Np. Thus, the deduced ratio of Ni: N.=8 for the H-bound x-1-Np*--N:

isomers is within the expected range. If the weak 3595 cm™ band in the 1-Np*--Ar
spectrum were indeed due to von of m-bound c-1-Np™--Ar, the relative abundance of
n-bound x-1-Np*---Ar (and also x-1-Np*) would be derived as Ni: N.=2.1 from the
experimental (= 5) and predicted (= 2.4) von intensity ratios. This rather small ratio would

imply an unexpectedly high population of both c-1-Np* and m-bound c-1-Np™--Ar and

makes this tentative assignment questionable.

3.4.2. Larger 1-Np*--L, complexes

Figure 7 reproduces the EI-IRPD spectra of 1-Np*---Ar, (n=1,2) and 1-Np*--(N2)a
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Figure 7. E/-IRPD spectra of 1-Np*--L, for L=Ar (n=1,2) and L=N, (n=1..5),
recorded in the dominant 1-Np*--Ln, fragment channel (Table 7). The vibrational and

isomer assignments of the transitions observed are listed in Table 6.

A c
9 1 —Np+ ..
f 1-Np©
e 1-Np*
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(n=1...5) recorded in the dominant fragment channels; the photofragmentation ratio is
listed in Table 7. As seen before, the 1-Np*---Ar spectrum (Figure 7a) is dominated by two
transitions at 3538 cm™ (A) and 3580 cm™ (B) assigned to vou of H-bound and n-bound
t-1-Np*---Ar. The 1-Np*--Ar> spectrum (Figure 7b) reveals only a single band at 3539 cm"™
(A), which is blue-shifted by +1 cm™ from band A of H-bound t-1-Np*---Ar. Consequently,
this band is assigned to von of a t-1-Np*---Ar, isomer, which is obtained by adding a
n-bound ligand to the H-bound t-1-Np™--Ar dimer; this trimer will further be denoted
t-1-Np*---Arz (H/r). It should be noted that the +1 cm™ blue-shifting has also been observed
for the attachment of a n-bound Ar ligand to bare t-1-Np*. Obviously, it is interesting to
search for the t-1-Np*--Ar. isomers with two w-bound ligands, t-1-Np™*--Ar; (2%); the von
transitions of these isomers are expected near 3580 cm™. As the 1-Np*--Ar; spectrum
lacks any signal in that frequency range, it is reasonable to consider the abundance of
t-1-Np*---Ar; (2%) isomers as being below the detection limit; consequently, the abundance
ratio of t-1-Np*--Ar, (2r) and t-1-Np*---Ar, (H/x) is estimated to be less than 5%. A direct
implication is that the H-bond between Ar and t-1-Np* is stronger than the n-bond; this
means that the preferred solvation sequence in small t-1-Np*---Ar, complexes begins with
the formation of an H-bound t-1-Np*---Ar dimer core, which is further solvated by (n-1)
n-bound ligands.

The 1-Np*--N2 spectrum (Figure 7c) displays two transitions at 3467 cm™ (A) and
3499 cm™ (C), which, as discussed above, are assigned to vou of the H-bound isomers of
x-1-Np*---N.. Figure 7d ... f shows the effects resulting from the attachment of four further
N. ligands. The observed small incremental blue-shifts suggest that the dominant
x-1-Np™--(N2)» complexes have one H-bound and (n-1) n-bound ligands. Figure 8 shows a

plot of the von frequencies of x-1-Np™--L, as a function of the cluster size n.

3.4.3. Ligand binding energies

Table 7 lists the photofragmentation branching ratios obtained upon resonant
excitation of the OH stretch vibration of t-1-Np*---(N2).. In agreement with previous studies
on related systems, the range of photoinduced fragment channels (m) for a given parent
cluster size (n) is rather narrow (Figure 4).F12412812 The photofragmentation branching
ratios can be used to extract rough estimates of the binding energies of the ligands. For
this, several assumptions about the evaporation process have to be made. First, one has
to consider that all the energy of the absorbed photon (von) is available for ligand

evaporation.®" Also, only one ligand is considered to be H-bound while the others are
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n-bound; no other binding sites will be included in this simple model. The relative

intensities of bands A and B of the t-1-Np*---Ar spectrum suggest that the H-bond of Ar to
t-1-Np* is more stable than the rn-bond, (Do(H) > Do(r)); as band B is below the detection

limit for the 1-Np™--N2 dimers, the Do(H) > Do(r) inequality is expected to be valid also for

the 1-Np™---(N2)» complexes. In order to further simplify the model, one can assume that

the weakest bound ligands evaporate first and that all n-bound ligands have the same
binding energy. Table 7 shows that the complexes with 6 and 7 N, ligands are shedding

mainly 5 ligands upon excitation with a photon of about 3500 cm™; thus, the estimated
dissociation energy of the m-bound ligands is Do(r) = 640 + 60 cm™. This evaluation of

Do(m) can further be used together with the branching ratio observed for the complex with 5
N. ligands to extract an estimation for Do(H). The fact that ~3500 cm™ are enough for the
evaporation of three n-bound and one H-bound ligands from t-1-Np™--(Nz)s sets the upper
limit for Do(H) at 2000 cm™. The lower limit (500 cm™) is given by the fact that the H-bound
ligands are stronger bound than the w-bound ones. These limits can be translated into
Do(H) = 1210 + 530 cm™, which agrees with the predicted value, Do(H) = 927 cm™. Within
the cluster size range investigated, the von bands assigned to c-1-Np™--(N:), display
photofragmentation branchings similar to the von bands of t-1-Np*--:(Nz)., confirming that

Do(rt) and Do(H) are roughly comparable for both 1-Np* rotamers.

Table 7. Photofragmentation branching ratios (in percents) of t-1-Np*---L, complexes for
the reaction presented in (3) as measured at the von band maxima of the most stable
isomers; only channels with contributions larger than 5% are listed; uncertainties are

estimated as 5%.

Ligand n m=20 m=1 m= 2 m= 3
Ar 1,2 100
N, 1,2,3 100
N, 4 60 40
N, 5 70 30
N, 6 45 30 25
N, 7 15 50 35

As the t-1-Np*---Ar; (H/rt) trimer evaporates both ligands upon von excitation, the only
information which can be extracted from the photofragmentation is that
Do(H) + Do(r) < 3540 cm™. Fortunately, further refinement of these numbers is possible via

comparisons with previously investigated similar systems. The binding energies of the
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n-bound dimers of Bz"Ar, para-difluorobenzene™:-Ar, In"---Ar, and Ph™--Ar were
accurately measured as 512+3cm™® 572 +6cm™ 537 +10cm™@  and
535+ 3 cm™™ respectively. This suggests that the strength of the n-bond of Ar to an
aromatic cation (A*) is rather insensitive to the detailed structure of A™" contrasting with
the neutral A---Ar dimers, where Do(r) increases with the number of aromatic rings.!"®
Thus, one can assume for the x-1-Np*:--Ar dimers a binding energy Do(r) = 550 + 50 cm™,
setting upper and lower limits for Do(H) of x-1-Np*--Ar: 500 cm™ < Do(H) < 3040 cm™.
Further comparisons of the Ph™---Ar with the t-1-Np*---Ar spectra offers reasons for further
reducing the upper limit of Do(H) of x-1-Np*---Ar to something smaller than Do(H) of Ph*---Ar
(670 £ 140 cm™)® First, Avoy of H-bound t-1-Np*--Ar is much smaller than Aven of
H-bound Ph*---Ar (1.15% vs. 2.0%)*° because t-1-Np* is less acidic than Ph*. Second, the
Nu : N, ratio of t-1-Np™--Ar in the EIl source is lower than for Ph*---Ar under comparable
conditions. When the conditions are optimized for the generation of the n-bound isomers,
Ny : N = 1.6 for t-1-Np*---Ar and Ny : N, = 4 for Ph*---Ar?3. This comparison suggests that
Do(H) - Do(r) is larger for Ph™--Ar than for t-1-Np*---Ar. Because Do(n) of Ph*--Ar and
t-1-Np*---Ar are comparable, Do(H) of Ph™:-Ar provides an upper limit for Do(H) of
t-1-Np*---Ar: 500 cm™ < Do(H) < 800 cm™ or Do(H) =650 + 150 cm™. Thus, the calculated
dissociation energy of Do =274 cm™” substantially underestimates the true interaction
energy, in line with conclusions previously drawn for UB3LYP/6-311G(2df,2pd)

calculations of related Ar complexes.['91221231128]

3.4.4. Microsolvation of t-1-Np* by N.

As seen above, the calculations are yielding two types of minima on the
intermolecular PES of x-1-Np*™N,, namely H-bound global minima and less stable
n-bound dimers. The lack of absorptions of n-bound t/c-Np*:--N; in the recorded IR spectra
demonstrates that indeed, n-bound dimers are substantially less stable local minima. The
absence of absorptions over the range of n-bound dimers has also been witnessed for
Ph*---N,,l" PhH*--N,,!1 and An*---N2;[®! at the same time, a weak band was assigned to
the m-bound In*--N,*! isomer. It is notable that the PA of In is the smallest of all other
investigated dimers; the connection between PA and the preferred ligand binding motif can
easily be extended by adding A(H)* without acidic functional groups, such as Bz(H)*, which
also prefer t-bonds with N, over H-bonds. 031

The ligand binding energies extracted from the photofragmentation data show that

the dissociation energies of n-bound A(H)*--N. are relatively insensitive to the detailed
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structure of A(H)".P" Indeed, IRPD of 1-Np*-(N:), yields Do(r) = 640+ 60 cm™ for the
dominant t-1-Np* rotamer, similar to the dissociation energies of the n-bound Ph*---N, -
750 £ 150 cm™, 21 An*---N, - 700 + 200 cm™ 28 BzH*--N, - 800 cm™ B and the carbenium
isomers of PhH"--N, - 750 + 150 cm™. % |n contrast, the strength of the H-bonds in
A(H)™-N. depends heavily on the acidity of the proton donor group of A(H)*. It should be
noted that for all A(H)" with acidic groups Do(H) » Do(x). Also the optimal 1-Np*---L
interaction is significantly stronger than the L-L attraction, (Do ~ 100 cm™ for both Ar---Ar
and Nz--N,).P48% Thys, the 1-Np*---L, cluster growth is mainly driven by the 1-Np*---L dimer
potential, because three-body forces are small for ion complexes with nonpolar ligands.
Consequently, the solvation sequence for the most stable 1-Np™--L, complexes starts with
the formation of H-bound 1-Np*---L, which is further solvated by (n-1) n-bound ligands. A
similar cluster growth was deduced for Ph(H)*--L, and An*--L, with L = Ar and N, which
also starts with the solvation of the acidic protons of the OH« and NH, groups by H-bound

ligands, before further n-bound ligands are attached to the aromatic ring.[2%2411261.(29]

Figure 8. Position of the maxima

of the von bands of the most stable Vo T amt...ar am’t-.. (N,)
isomers observed in the EI-IRPD ‘™ ).\ !
spectra of various A(H)*--Ar, and AV f

A(H)*(N2), as a function of the
number of ligands (n). A(H)" =
t-1-Np* (e), c-1-Np* (e), Ph* (e) — —
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Figure 8 plots the vou frequencies of the most stable isomers for some A(H)"--Ar,
and A(H)"---(N2), complexes as a function of the cluster size n. The A(H)" ions include
monohydroxyarene radical cations (A" = Ph*, t-1-Np”*, ¢c-1-Np*) as well as carbenium ions
of PhH*, which all possess a single OH group. The plots mirror the preferred evolution of
the solvation subshells in these clusters:

* the first H-bound ligand induces a large vou red shift because of the destabilization
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of the O-H bond upon intermolecular H-bonding. The size of A vgy, is correlated with the

strength of the intermolecular interaction: \A VOH‘ is larger for N2 dimers than for Ar dimers
and increases for rising OH acidity in the order c-1-Np* < t-1-Np* < PhH* < Ph*, which is
also reflected by decreasing vou frequencies of the bare monomers n = 0.

*the H-bound dimers (n = 1) are further solvated by n-bound ligands, which induce
small incremental blue shifts of voy. Thus, m-bound ligands slightly destabilize the
intermolecular H-bond to the first ligand via noncooperative three-body forces, which in
turn stabilize the intramolecular O-H bond. As expected, the von frequencies are not

converged at the largest cluster size investigated (n <7), because the first solvent shell

around A(H)" is not complete yet.

3.4.5. Proton affinity of 1-naphthoxy radical

As the PA of the t-1-naphthoxy radical has not been measured so far, one may try to
evaluate it using the complexation-induced red-shift in the proton donor stretch vibration,
Avxn. For of H-bound XH™---L dimers, Avxx is correlated with the difference in the PA of the
two bases X and L: the smaller PA(X) - PA(L), the stronger the intermolecular H---L bond
and the larger Avyy. ['H2OM3LEET This relation may be used to estimate unknown PA values
of bases X from IR spectra of their XH*:--L dimers. Recently, this procedure was applied to
XH*" = In* to obtain the first experimental determination of the PA of the indolyl radical.?¥
The relative red shifts measured for a series of H-bound Ar- and N.-based dimers show a

decrease correlated with the increase in PASs:

XH*- - -N, sioH* Ph* t—l—Np+ Int An*
A vy
— 5.9% 2.0% 1.15% 0.84% 0.31%
VXH |L=Ar
Avyy
— 14.1% 4.8% 3.13% 2.2% 0.57%
VXH [L=N2
PA (kJ/mol) 778 873 9085 923+3 950

The shifts are larger for L = N, compared to L = Ar, because PA(N:) > PA(Ar) (494 kJ/mol
vs. 369 kJ/mol).P® Linear extrapolation using the data for Ph* and An* (measured
independently), yields for the t-1-naphthoxy radical PA = 908 kJ/mol. As the uncertainty of
this method for determining PA values is not well documented, the error should be

enlarged to +30 kJ/mol. The PA of c-1-naphthoxy is predicted to be larger by around

10 kJ/mol according to the smaller Avon values. These evaluations demonstrate that IR
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spectroscopy of cluster ions can be used to selectively probe thermochemical properties,

such as the PA, of specific conformers of transient radicals.

3.5. Conclusions

The acidity of the x-1-Np* rotamers and their microsolvation in nonpolar hydrophobic
solvents have been investigated by DFT calculations and IR spectra of size-selected
1-Np*--Arn, (n =1, 2) and 1-Np™--(N2)» (n = 1...5) complexes. The shifts in the frequency as
well as the enhancement in the intensity of the OH stretch vibration (Avon) which result
from the complexation have been studied yielding dependences on both the species of the
ligands (L) and the number of ligands (n). The photofragmentation branching ratios of
1-Np*---L. provides information about the microsolvation of both 1-Np* rotamers in Ar and
N.. The IR spectra demonstrate that the preferred ion-ligand binding motif between 1-Np*
and L is H-bonding to the acidic OH group, whereas rn-bonding to the aromatic ring is less
favorable. Consequently, the preferred 1-Np™--L, cluster growth begins with the formation
of H-bound 1-Np*---L dimers, which are further solvated by (n-1) m-bound ligands. In
general, the H/r-bonds in 1-Np™--(N2)» are stronger than those in 1-Np*---Ar,, mainly
because of the additional charge-quadrupole interaction in the N, complexes. The
detection of c-1-Np™---(N2). corresponds to the first observation of c-1-Np* complexes and
enables thus direct comparison of both 1-Np* rotamers.

t-1-Np* is found to be slightly more acidic than c-1-Np* but both 1-Np* rotamers are
considerably less acidic than Ph*. Increasing charge delocalization causes the acidity of
ROH" cations to decrease along the order H.O" > Ph* > 1-Np”, a trend opposite to the one
observed for the corresponding neutral ROH molecules. The Avon shifts of H-bound
t-1-Np*---L yield a first experimental estimate for the proton affinity of the t-1-naphoxy
radical as ~908 + 30 kJ/mol demonstrating that IR spectroscopy of cluster ions can be
used to probe thermochemical properties of transient radicals. The most stable 1-Np*---Ar
structure (H-bound) differs qualitatively from that of the neutral dimer (m-bound),
emphasizing the large impact of ionization on the interaction potential and the preferred
recognition motif between aromatic molecules and nonpolar ligands. The
ionization-induced switch in the preferred binding site from =n-bonding in A--Ar to
H-bonding in A™--Ar has now been established for a large variety of A molecules with
acidic functional YHk groups (Y = O, N) and seems to be a general phenomenon.

The mechanism for clusters generation is shown to be of paramount importance: the

x-1-Np*---L, complexes were generated in an El cluster ion source, which predominantly
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produces the most stable structure of a given cluster ion, resulting in the investigation of
the global minimum structure of x-1-Np*---Ar (H-bound). The spectroscopic results differ
from the previously recorded photoionization spectra, which are able to probe only the
n-bound structures - global minima of x-1-Np---Ar. This demonstrates that the El source is
more generally applicable than photoionization for the spectroscopic characterization of

global minima of cation complexes.
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4. IRPD investigation of (protonated 1-Naphthol)*---L, complexes
(L = Ar, N2; n=1...6)

Abstract The following chapter presents the analysis of the IRPD spectra of
protonated 1-naphthol tagged with weakly bound nonpolar ligands (1-NpH*--L,, L = Ar, Nz;
n=1...6). The spectra were recorded over the O-H stretch vibration range of the
complexes produced in the electron impact cluster source. Mass selectivity was provided
by the tandem quadrupole - octopole - quadrupole mass spectrometry system (QOQ). The
assignment of the spectra was assisted by quantum chemical calculations of the 1-NpH™,
1-NpH*---Ar and 1-NpH™---N. isomers at the B3LYP/6-311++(2df 2pd) level of theory. As
naphthalenoles are closely related to phenol (= Ph), the previously reported IRPD studies
of PhH"--Ar, and PhH"--(N,), were used to support the assignment of the bands. Based
on the calculations and on the 1-NpH*--L, : PhH"--L, comparison, a number of isomers
arising from protonation at the O atom (oxonium) and at certain C atoms (carbenium) were
identified in the recorded spectrum. The carbenium isomers were divided in few groups,
depending on the position of the protonation sites with respect to the OH functional group.
It was demonstrated that protonation on the ring hosting the OH group occurs only in the
ortho and para positions and, on the second ring, in positions similar with ortho and para,
mirrored by the C-C bond common to the two rings. Proton affinities of all the observed
protonation sites were derived from previous experiments and were confirmed by quantum

chemical calculations and by analysis of the O-H stretch vibrations shifts.

4.1. Introduction

Arenes and substituted arenes are basic molecules in organic chemistry. Their
protonation and deprotonation are important processes in organic chemistry and
biochemistry; for example, protonated aromatic molecules (AH*) are short-lived reaction
intermediates of large interest in physical and organic chemistry. They appear in
electrophilic aromatic substitutions where they determine reaction rates and product

selectivities,"" in combustion (flames),” and in models of extraterrestrial hydrocarbon
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plasmas.®! Until recently, experimental techniques used for characterizing them involved
condensed-phase NMR, IR and UV-VIS spectroscopy and X-ray crystallography.* &
Although these methods have yielded some properties of the solvated AH*, they all have
the disadvantage that they provide distorted information about the intrinsic properties of
AH" because of the strong perturbation caused by the environment (solvent, other ions).
Fortunately, gas-phase studies, done on bare molecules or on cations, offer a wealth of
information about the intrinsic properties of AH*. Even more, gas-phase experimental
setups having the ability to monitor the number of solvent molecules are able to fill the gap
by providing detailed images of the solvation onset [MEHEIOIMN2013 Probgbly the most
basic approach is the IR spectroscopy of these isolated species. Despite its simplicity,
when combined with mass selection of the relevant species and - more recently - with
high-level quantum chemical calculations, IR spectroscopy can provide a detailed picture
of the way solvent molecules aggregate around the solvated species.

Naphthalene is one of the simplest bicyclic arenes and its study is seen as a key
expansion from what is known about monocyclic arenes like benzene (Bz) toward larger
systems. Naphthols (monohydroxynaphthalenes), are being known as strong photoacids,
that is the acidity of the OH group increases drastically upon electronic excitation or by
ionization, which eventually may promote proton transfer to a suitable solvent. Their
protonation has been previously observed in superacid solutions!™ by means of NMR
spectroscopy and it has been found that it occurs exclusively at the ring hosting the OH
group, in para position with respect to the OH group. The experimental observation of only
one, C-bound protonation site in 1-Np is at odds with studies done for the simpler PhH" in
superacid solutions, '™ that prove the existence of at least of one O-bound and at least one
C-bound isomer. More recently, quantum chemical calculations have been done to asses
the proton affinities (PAs) of susbtituted naphthalenes; however, the lack of experimental
support is making uncertain the results of such studies.

The aim of this chapter is to give experimental as well as theoretical support to the
idea that, like Ph, 1-Np can be protonated not only at the ring hosting the OH group (ring
A), but also at the oxygen atom, as well as at well-defined sites on the second ring (ring
B). It will be shown that IRPD techniques are able to select well-defined isomers of
1-NpH™. In addition, experimentally- and computationally-derived values will be deduced
for the binding energies of Ar and N, toward various isomers of 1-NpH®*. As the binding
energies are strongly dependent on the ligand attachement site (OH-bound and =-bound),
their relative magnitudes help identifying the onset of the microsolvation.

Unless otherwise specified, all experimental results regarding the PhH™--L,
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complexes were extracted from references [7], [16], and [17]. In order to allow for direct
comparisons, the quantum chemistry results already known for PhH*(---L)e7 were

repeated in the present work at the same level as the x-1-NpH*(---L).

4.2. Quantum chemical calculations
4.2.1. DFT calculations of 1-NpH*

Depending on the position of the OH functional group with respect to the conjoining
C-C bond of naphthalene, two naphthol isomers can be identified. In the following only the
one with the OH functional group attached in an ortho position with respect to this
conjoining bond will be discussed (1-Naphthol = 1-Np). Also, depending on the orientation
of the OH functional group, cis and trans isomers of 1-Np can be identified. In Figure 1 is
presented the atomic numbering of 1-Np and Ph and some of the studied isomers of
1-NpH*. In the following, each isomer will be identified by a letter which denotes the
species (t = trans-1-Np, ¢ = cis-1-Np, p = phenol), and a number which marks the atom at

which the protonation occurs.

Figure 1. Atomic numbering of 1-Np and Ph and geometry of some isomers of 1-NpH*;
the isomers are named xk, where x = t(-1-Np), ¢(-1-Np) or p(henol), and k marks the

atom at which the protonation occurs.

The protonation of the two rotamers of 1-Np was studied by means of density

functional theory (DFT) calculations, using the Gaussian 03 quantum chemistry
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Figure 2. PES of t-1-NpH* (a), c-1-NpH* (b) and PhH" (c) respectively, obtained at the
B3LYP/6-311++G(2df 2pd) level (see also Figure 1).
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packagel'®. Theoretical studies of small AH* ions (A = Bz, Ph, etc.) are showing that the
isomers where the proton is bound on the n-electron system are actually saddle points on
the potential energy surfaces (PES)!"?. Based on this observation, only the carbenium and
oxonium c-isomers are investigated. Figure 2 shows the relevant points on the PES of
t-1-NpH*, c-1-NpH* and PhH" respectively as they were obtained by relaxing all
coordinates at the B3LYP/6-311++G(2df,2pd) level of theory. The basis set was chosen in
such a way as to resonably describe the oxonium protonation of Phi?'®l gand to give a
good description of the diffuse interaction which dominates the xk:--Ar potential. All the
equilibrium geometries (except x2, x6, and x11) have Cs symmetry, with the two protons
present at each investigated site sticking symmetrically out of the molecular plane. The
relative stabilization energies for tk and ck are given with respect to t6 (the lowmost
isomer on the scale of absolute stabilization energy) while the reference point for pk is
p5:'"M1 all values are also zero point energy-corrected (ZPE-corrected). Generally
speaking, the comparison between tk and ck on one hand and pk on the other hand
should be made taking into account the position of the protonation site with respect to the
position and orientation of the OH group. However, the strong similarities between p3 and
p7 and between p4 and p6 respectively??" are suggesting that comparisons can be done
directly between ck and pk (k = 1...5). It should be noted that for both x2 input geometries
considered, the equilibrium structure found was the same. The transition states (TS)
depicted represent the barriers encountered by the proton as it hops between neighboring
minima.

Checks of the harmonic vibrations are showing that all the xk and pk isomers labeled
on the Figure 2 are minima on the PES. Table 1 summarizes the significant properties
(relative stabilization energies - E xk, O-H bond length - I'on 4k, and the O-H harmonic
vibrations frequencies - Woy xk) Of these isomers, together with the relevant information for
the x-1-Np and x-1-Np* species. It can be seen that the listed properties are strongly
isomer-dependent. Based on the properties presented in Table 1, the multitude of isomers
of x-1-NpH* can be split into few categories.

x3 & x5 The first group of monomers to be considered comprises t5 and {3 (¢5 and
¢3). They are characterized by similar roy and their E x» are the lowest of all investigated
isomers, being separated by just 18.10 kd/mol (16.00 kd/mol). The barriers that are
isolating one from the other are 107.92 kd/mol (107.81 kd/mol) high - large enough to limit
isomerization. It is interesting to note that the part of the PES of xk encompassing these
isomers differs from the corresponding part of the PES of pk just by the height of the

barrier, which rises at just 85.7 kd/mol. It can be seen that, in terms of IR intensity, tk
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dominate ck by a factor 2. It then makes sense to mainly investigate the tk monomers and
their dimers. As wq, ;, are basically identical (their separation is of less than 2 cm™), they
are probably indistinguishable in the conditions of the present experiment.

x7 & x9 Similar reasoning allows us to group together t7 and 9 (¢7 and c¢9).
Although these isomers have no equivalent among the isomers of PhH", their position with
respect to the C¢-C+s bond and the location of the OH group makes them somehow similar
with ortho and para PhH". It should be noted that in this last group the separation of the
parameters is slightly larger which may translate in experimental observation of the

individual bands.

Table 2. Geometrical parameters (bond lengths and angles) most affected by the

t-1-NpH*—c-1-NpH™* isomerization.

param. t1 (A) cl (A) A () param. t1l (°) cl (°) A (°)
R(1,2) 1.5101 1.5030 0.0071] A(12,1,20) 110.98 110.29 0.69
R(1,12) 0.9733 0.9745| -0.0012] A(1,2,3) 117.37 114.78 2.59
R(1,20) 0.9733 0.9745| -0.0012] A(,2,11) 114.99 117.66 -2.67
R(2,3) 1.3586 1.3568 0.0018] A(2,3,13) 122.31 121.55 0.76
R(2,11) 1.4008 1.4024| -0.0016] A@4,3,13) 120.86 121.66 -0.80
R(3,13) 1.0817 1.0802 0.0015] A(9,10,19) 119.94 118.78 1.16
R(5,6) 1.4154 1.4165| -0.0011]A(11,10,19)| 120.34 121.23 -0.89
R(6,11) 1.4355 1.4341 0.0014
R(7,8) 1.3695 1.3704| -0.0009
R(8,9) 1.4109 1.4094 0.0015
R(9,10) 1.3707 1.3721| -0.0014
R(10,19) 1.0802 1.0830, -0.0028

x1 The ¢1 and #1 isomers will be analyzed apart from all other isomers, as they are
characterized by almost identical E; (Ereizt - Ereret = 1.54 kd/mol with ZPE, 1.94 kJ/mol
without ZPE) and the lowest lying TS separating them, which is found on the path of the
inversion of the OH. group, is extremely low (Esaricr - Erein = 1.62 kd/mol ZPE-corrected,
4.88 kJ/mol without ZPE correction). The modifications of the geometry upon the f1—c1
isomerization are localized mainly at the O-H bonds and the neighboring atoms (see
Table 2 for a list of the most significant changes). This isomerization barrier is consistent
with the p1—p1 inversion barrier (1.93 kd/mol ZPE-corrected, 5.15 kJ/mol without ZPE
correction) at the same level of the theory. Previous studies on 1-Np*?? done at
UB3LYP/6-311G(2df,2pd) and repeated here at the B3LYP/6-311++G(2df,2pd) level for the
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sake of consistency, are showing that c-1-Np* is placed 8.73 kdJ/mol higher than {-1-Np*
and that they are separated by a barrier Eeitc - Eric = 28.79 kd/mol. The O-bound protons
of ¢1 are outside of the molecular plane, lowering their interaction with the Cio-bound
proton and they are oriented in a way that facilitates their interaction with the n-electron
system of the B ring. In the case of c-1-Np* the molecule is planar and the O-bound proton
is repelled by the Cio-bound proton, accounting for the higher stabilization energy of
c-1-Np* with respect to {-1-Np*. It should be noted that the barrier heights cannot be
directly compared as the isomerization processes are different. while the t1—c1
iIsomerization is an inversion process, the f-1-Np*—c-1-Np* isomerization occurs via the
rotation of the O-H bond around the O-C; bond.

The almost identical E. values and the very low isomerization barrier found for ¢1
and #1 suggest similar populations for both isomers. Even more, they are surrounded by
exceptionally  high  isomerization  barriers  (Ewiae - Eren = 138.70 kd/mol  and
Ereictcz - Ereic1 = 141.63 kd/mol), two orders of magnitude larger than the #l—c1
isomerization barrier, providing excellent isolation of x1 from the neighboring stable

isomers. The x1 isomers are the most acidic ones as shown by oy x1 (the longest) and

their woy »1 (the lowmost). This high acidity will be further translated in large red-shifts of
the vibrations upon attachment of a tagging ligand, making them easily identifiable in the
IR spectrum.

Protonation at C,, Cs or C4; atoms is quite improbable as it distorts the molecule,
pushing E. close to the surrounding barriers and consequently making quite probable the
depletion of the x2, x6, and x11 populations via isomerization.

x4, x8, & x10 The remaining isomers (x4, x8, and x10) are characterized by rather
similar values of oy vk @nd Woy k. The values of their wqy ,k are well separated from other
groups of vibrations (slightly tighter grouped for tk than for ck). At the same time, their
Woy xk are the highest ones from all investigated monomers, underlining the strength of the
corresponding intramolecular O-H bonds. The strong intramolecular interaction results in a
lowering of their OH-bonding ability. Also their IR intensities are only about 60% of the
other woy 4k It then results that the chances of seeing vibrations coming from these
monomers in the spectrum are rather low. This way, all these 6 isomers can be placed into
a mixed "group" which will not be analyzed further.

An observation which supports another reduction in the number of investigated
isomers is that the IR intensities of wey ¢ are systematically smaller (50% or less) than the

ones of the corresponding tk isomers. Knowing this, it is reasonable to selectively focus
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the dimers' analysis, considering just ¢1 and some tk isomers.

4.2.2. DFT calculations of 1-NpH™*---Ar

Following the analysis of the relative stability of the monomers, the attachment of an
Ar ligand to the OH functional group of the most stable tk monomers (n =5, 3, 7, 9) and to
x1 was investigated. Previous experimental studies of PhH"---Ar obtained in the same EI
ion source and in similar conditions!'®'" gre showing that although the attachment of the
Ar ligand to the m electron system is possible, it yields systematically lower binding
energies and its impact on the OH acidic group is negligible. As the B3LYP method fails to

properly describe the interaction between rare gases (Rg) and w electron systems,

Won xk..ar Will be considered to be roughly equal with the corresponding monomer's ®Wop x k.

The theoretical analysis of the dimers was done at the same Ilevel
( BALYP/6-311++(2df 2pd) ) as the analysis of the monomers; the effect of the basis set
superposition error (BSSE)®?* was accounted for. Considering the fact that the
intermolecular potential is flat, the geometry optimization has been enhanced by
requesting tight convergence and the usage of GDIIS algorithm®!?! instead of the default
algorithm (RFO).?"! To validate the results, geometry optimizations followed by frequency
calculations have been done also using RFO for the dimers with the strongest
intermolecular bond (£1---Ar, t3---Ar and t5---Ar). The differences in frequencies and IR
intensities were found to be minor but slightly increasing with the distance between the
protonation site and the complexation site. As the differences are appearing to come from
faulty geometry optimizations due to the use of RFO, all the following dimer results were
obtained using the enhanced geometry optimization method. The principal properties of
the computed dimers are shown in Table 3.

Although Ar is a weakly perturbing ligand, its attachment to the OH group is inducing

changes in the corresponding O-H bond: in all cases loy is increasing ( rgnyk___Ar > Ton.xk )
and the wqy is red-shifting (ng,xk---Ar < ng,xk ), showing that the O-H bonds become

weaker. One can also see that together with the red-shifts of ng,xk---Aw their IR activities

are also strongly enhanced: upon complexation, the IR intensity goes up by a factor 2...6,

depending on the protonation site. Similar to the case of pk:--Ar, the calculations predict

that the O-H:--Ar bonds are quasi-linear (165°< 6, , , <177° for xk---Ar versus

166° < 04 .. < 178° for pk---Ar). A more detailed look reveals that while for each

parameter the changes are occurring in the same direction, the exact amount depends on

the protonation site and can be related to the isomers grouping established earlier.
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x1---Ar Similar to the case of p1--—-Ar, the largest changes in the properties of the

O-H bond are observed in the case of the x1---Ar isomers. For both species, the O-H bond

to which the ligand is bound (rgH,“_..Ar) expands by almost 1%. An analysis of the force
constants shows that the corresponding vibration (ng,“_..Ar) is derived from the symmetric

vibration (wgy, .4). This identification allows the estimation of the red-shifts (-163 cm™ for

t1---Ar and -173 cm™ for ¢1---Ar), which are found to be lower than the red-shift exhibited
by p1--Ar (-190 cm™). This seems to come against the finding that rgH’”___Ar expands
slightly more than rgH’m,Ar, but one has to also take into account the dispersion of the
charge across a larger molecular body. By contrast, the free O-H (rgH,“_.Ar) shrinks by a

small amount and the corresponding waH,“_..Ar is shifting toward the average position for

b

f
each rotamer (wOH"”“'Ar ; wOH"”'“Ar). The IR activity of wgy ¢1..4 IS g0INg Up by a factor

~6 and the one of ng’”___Ar goes up by a factor ~4 (rather similar with ng’m___Ar ). As the

two ng’“___Ar bands are separated by just 10 cm™ and their IR intensities are roughly the

same, it is expected the experimental observation of only one feature in the range of
ng’“___Ar . Despite their 28 cm™ spacing, the chances of individual observation of the two

ng’“___Ar are poor, as their positions overlap with the much more IR active waH,m___Ar and

waH,tS---Ar :

All these changes are closely related to the properties of the intermolecular bond. It
can be seen that for both x1---Ar rotamers the intermolecular separation reaches the
minimum value, while the O-H--Ar bond is closest to linearity (0o .. > 174°). The
binding energy of the dimers reaches the highest values of all studied xn---Ar dimers,
being only slightly lower than the value evaluated via calculations for D3 *'"*" (812 cm™
for t1---Ar and 767 cm™ for ¢1---Ar versus 868 cm™ for p1---Ar). Comparing all three x1---Ar

systems, it can clearly be seen that, while in the case of #1---Ar the ring B has little

influence, ¢1:--Ar is clearly affected by its presence: the IR intensity of the ng,M___Ar IS

about 10% lower than the one of ng’”___Ar and the ¢1---Ar isomer is weaker bound than
t1---Ar by ~5%. As the amount of complexes that are created in the ion source is strongly
correlated with their binding energy, it results that although c¢1 is evaluated to be
marginally more stable than #1, the ¢1---Ar dimers will be produced in lower amounts than

t1---Ar. The IRPD signal depends on both the population of the isomer which is absorbing
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and on the IR intensity of the vibration excited; thus, considering the lower values of both
these parameters for ¢1---Ar versus #1---Ar, it can be predicted that the IRPD spectrum of
1-NpH™--Ar will show only one feature in the range of the bound OH vibration, which can
clearly be associated with ng,”_..Ar :

Finally, one more isomer related to ¢1 was investigated: the ¢1---Ar dimer having the
Ar atom held between the two O-bound protons and the C1,-bound proton was found to be
a transition state for the transfer of the Ar from one OH binding site to the other.

t3---Ar & t5---Ar The t3:--Ar and t5---Ar dimers are different from the x1---Ar ones, as
they exhibit far lower stretch vibration frequency of the O-H bond, longer OH---Ar bonds
and less linearity of the O-H--Ar bond (6, .., =165°). As they are deriving from

monomers with very similar properties and the intermolecular interaction is almost the

same, both the wgy ..o Vibrations have almost the same frequencies, making the

discrimination between these two dimers impossible. Their IR intensities are almost

equally enhanced by a factor ~2.5, slightly lower than the enhancement of the

JOH

I
corresponding pn---Ar dimers ( W =2.8).
IR,pk |k=3,57

The calculated DA (345 cm™ for t3-+Ar and 316 cm™ for 5---Ar) are smaller

mOH,pk---Ar
than Dg

ss7 =371 cm™. It should be noted that experimental investigations!” "'

yielded D{M-PHAr

357 = 0650150 cm”, showing that the theoretical level seems to
underestimate the interaction by a factor 1.4...2.2. Considering that the underestimation is
similar for £3---Ar and t5-Ar, it results that 440 cm™ < D™ < 760 cm™ (k = 3, 5). Also
from previous experiments®tnes’™ it is known that the binding energy of Ar to the cations or

protonated forms of small arenes via a n-bond is rather insensitive to the structure of the
arene molecule ( DZ{'N”'Ar = 550 + 50 cm™). A cursory comparison of these numbers shows
that n-bound structures of £3:---Ar and t5---Ar are quite possible; this was also the case for
PhH*--- A8 the recorded spectrum yielded one band which was assigned to such
n-bound dimers.

t7--Ar & 19---Ar The last group of investigated dimers (f7---Ar and t9---Ar) are built
from the least acidic monomers, as proven by the largely unperturbed O-H bond: the red-
shifts of their w%H’tk___Ar (k =7, 9) as well as the frequencies of their intermolecular stretch

vibrations are the smallest of all dimers. Any direct comparison of tk---Ar (k = 7, 9) with the

pk---Ar systems must be carefully pondered as neither {7 nor 9 have equivalents among
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pk; thus, if the underestimation of the intermolecular interaction found for pk--—-Ar
(k =3, 5, 7) would be common to all carbenium-based dimers, the calculated binding

energies (176 cm™ for 7--Ar and 212cm™ for #9--Ar) might be augmented to
240 cm™ < DJ™ ™ < 470 cm™; such values are very low, lower even than the typical

binding energy of a wn-bound A*™---Ar. The idea that the calculations are indeed similarly
underestimating the intermolecular interaction might be supported by the finding that both

groups of carbenium dimers (k=3,5 as well as k=7, 9) exhibit similar calculated

enhancements (~2.5) of their ng’tk___Ar IR intensities. Only the analysis of the experimental

spectra can give further arguments for this discussion. However, it can be clearly seen that

w,tk---Ar

if Dg™ ™A (k =7, 9) are at most slightly higher than the corresponding D (already

evaluated to be 550 + 50 cm™), the presence of four wn-bonding sites versus only one
OH-bonding site will tip the competition in favor of the n-bonded dimers, trimers and even
tetramers. Thus, it is expected that the n-bonded 7---Ar and 9---Ar dimers may contribute
in a noticeable manner to the spectrum.

Overall it can be seen that the effect of the ligand is stronger for the more acidic O---H
bonds and that this isomer-dependence of the properties can be tracked even at the
intermolecular level (intermolecular separation, bond angle, dissociation energy of the

complex).

4.2.3. DFT calculations of 1-NpH*---N.

The attachment of a N; ligand was investigated for the same group of monomers (tk,
k=3,5 7,9 and x1); again, the investigations were limited to OH-bound dimers. Like in
the case of 1-NpH™--Ar, the analysis was done at the same computational level as the
analysis of the monomers, while considering the effects of BSSE. The results of the
calculations are presented in Table 4; it can be seen that the complexation with N:
replicates the complexation with Ar in terms of type of effects, at a scale greatly
augmented by the higher PA of N, (493.8 kJ/mol versus 369.2 kJ/mol for Ar?®). The higher
strength of the intermolecular interaction transpires from every parameter listed: with
respect to the results obtained for 1-NpH™:-Ar, the intramolecular O-H bonds are
expanding more than twice as much, the intermolecular OH---N. bonds are almost 20%
shorter, the red-shifts of the bound OH stretch vibrations are more than twice as large and
the binding energies are almost three times larger. Similar with the case of 1-NpH*---Ar, the

intermolecular interaction occurs largely along the O-H bond axis: the range of values

taken by the OHN angle is identical with the range of values computed for OHAr . In the
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case of the 1-NpH*--N, isomers the intermolecular interaction is a strongly oriented
charge-quadrupole interaction, occurring along the N=N molecular axis. This can be seen
from the values taken by the HNN angle, all of which are in the interval [174°...180°) with
the exception of ¢1:--N,, for which the HNN angle is just 170°; this last value is the result

of the repulsion between the n electron systems of 1-NpH*" and N..
The classification of the monomers established above and confirmed in the case of
1-NpH™--Ar can still be easily identified. In the case of x1:--N,, the intramolecular O-H bond

elongates by almost 2% (in contrast with the 1% computed for the xk---Ar dimers), while

the intermolecular bond is shorter by 0.4 A (~20%). The red-shifts of ng,“_..Nz are
-349 cm™ for #1---N. and -365 cm™ for ¢1---N, which represents more than twice the red-

shifts of ng’“___Ar. The IR activities of these bands are increasing ~9 and ~6 times, with
respect to the monomer; these values represent circa 150% from the values predicted in
the case of x1---Ar. All these results are in line with the predictions made for the PhH*---N,
dimers. In the case of the £3---N; and t5---N; there is practically no separation between the
bound vibrations, making impossible their individual identification; like in the case of
x1--N,, the IR intensities are magnified due to the complexation by factors about 1.5 times
larger than the ones of the corresponding xk:--Ar isomers. Finally, the least acidic £7---N,
and t9---N, are characterized, as expected, by the smallest O-H bond stretches and,
consequently, by the smallest red-shifts (=-100cm™). The binding energies of the
OH-bound dimers are decreasing from x1---N, (~2000 cm™), through £3---N, & t5---N;
(~1000 cm™), to £7--N; & 19---N, (~750 cm™). These numbers are all > 90 % than the
corresponding computed pk---N. binding energies. Even more, the binding energies for all
three groups of dimers (resulted from the quantum chemical calculations which are scaled

to correct the underestimation of the interaction strength) are much larger than the
corresponding DQ""‘"'N2 as evaluated from IRPD®" This is significant, because it implies

that the IRPD spectrum of 1-NpH*:--N, will probably show no trace of n-bound complexes.

4.3. Experimental details

The IR spectra of 1-NpH™*:--L, were recorded in the QOQ tandem mass spectrometer
setup presented in the Experimental setup chapter and previously reported in
literature®?. The 1-Np sample is heated above melting point (Tsampe = 380 K) and the
vapors produced are seeded in a mixture of L (Ar or N;) and H; (typical backing pressure -

3 bar; typical mixing ratio - 20:1). Electron impact reactions are producing a wealth of ions;
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these particles are involved in chemical and physical processes leading to the formation of
ionic clusters. One of the paths toward these ionic clusters, having high production rate, is
described in the following. Brensted acids®! XH* (X = H,, Ar, N2) are formed in the high

pressure range of the supersonic expansion via ion-molecule reactions (1) & (2):

H,+e — H) +2e" (1)
Hj + X > XH" + H @)

The proton is afterwards transferred to the 1-Np molecule:”

1—Np + XH" —» 1—=NpH* + X (3)

The 1-NpH*---L, complexes are produced in the supersonic expansion via three-body

collisions as shown in (4)®

1=NpH*- L +L+M— 1=NpH" - L_, + M M =1-Np, L; L = Ar, N, (4)

A typical mass spectrum of the ion source is presented in Figure 3; as it was
recorded in the expansion of L = Ar, the major peaks are assigned to Ar*, Ar*, 1-NpH* and
Ar,H". The inset is a X50 vertical expansion of the mass scan, revealing the sequence of
1-NpH™---Ar, complexes. It can be seen that the amount of complexes produced by the
source is monotonically decreasing with the increasing in number of Ar atoms, thus
supporting the sequential assembling of the clusters described in (4).

An important aspect of the mechanism described above is that the molecular ions
from (3) are "hot" (vibrationally excited). The energy from the excitation of one normal
mode can "leak" into other normal modes via internal vibrational energy redistribution
(IVR). This leads to the excitation of the intermolecular modes above the dissociation level,
evaporating some of the ligands. This process occurs simultaneously with the three-body
associations (4) and effectively drains the internal energy of the complex to a level lower
than the binding energy of the weakest bound ligand.

The complexes can interact resonantly with the excitation laser beam, absorbing one
IR photon via excitation of an IR active vibration (in the present case excitation of the O-H
stretch vibration - voy). This is followed by IVR and possibly by the evaporation of one or

more ligands:BoB1

1_NpH+'-'Arn+h'V|R_’1—NpH+-"Arn,m+m-Ar (5)

As detailed in the Experimental setup chapter, the charged fragment resulting from
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the evaporation process described in (5) is filtered using the second QMF and enters in
the Daly detector. Thus, the IR spectrum of 1-NpH*---L, is recorded by monitoring the ion

current of 1-NpH™---L..m versus the wavelength of the IR laser.

Figure 3. A typical mass spectrum of the ion source, recorded by using a 20:1 mixture of
Ar:H, at 3 bar, which flows over the 1-Np sample heated to ~380 K. The major peaks are
assigned to Ar**, Art, and Ar,H* (A ) as well as to 1-NpH* (A ). The X50 vertical expansion
of the scan (right hand) reveals the sequence of 1-NpH"--Ar, (A ).

J‘UMULAU SPUSIA AMJMW

I L} L} L} L} I L} L} L} L} I
50 100 150 200 250 300
m (u)

A recording of the laser power (done using an InSb IR detector) is used to eliminate
the ion signal fluctuations caused by variable laser power; this is done by linearly
normalizing the ion signal on the laser power. These absorptions of the laser output
(caused mainly by the atmospheric water) are also used to calibrate the wavelength of the
laser. The positions of these dips are compared with data from the literature*21® and a

linear stretching procedure is employed to match them, giving better than 1 cm™ accuracy.

4.4. Results and discussion

Figure 4 and Figure 5 compare the IRPD spectra of 1-NpH*---Ar and 1-NpH™*---N, with
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Table 5. Band maxima (in cm™), FWHM (in parentheses, in cm™) and proposed
assignment for 1-NpH"--Ar, and 1-NpH*--(N).. For comparison, the same information is
listed for PhH*---Ar and PhH"---N.

Position Position
Band (FWHM) Assignment Band (FWHM) Assignment
(cm™) (cm”)
PhH*---Ar PhH*-*N,
A, 3329 (23) vo, (H) A, 3073 (36) v, (H)
b 13 .
Hy 3464 (10) v g ar 'C A, 3252 (34) Vo, (H)
T 3493 (12 > TOT 3365 ( 4) WP is
LEoL B (12) Vpas () LoL | C4) Vonen.ns C
f
A, 3534 ( 9) vi, (H) B, 3408 ( 6) Vhys (H)
Bix 3554 (13) vl (W) A, 3543 (12) Vi, (H)
1-NpH*-Ar, 1-NpH™++(N2)n
A, 3331 (30) Ve, (H) A, 3096 (66) Ve, ()
B, 3513 (11) Vs (H) B, 3440 ( 8) Vs (H)
— o
4 o G 3573 (9) vfg (H) LooL H 3466 (12) V?;A?:+___Nz, e
TR
b
S E p, 3590 (7) v, (H) C. 3520 ( 8) Ve (H)
c, 3620 ( 7) Vi, () D, 3541 ( 3) vey; (H)
D, 3637 ( 4) Vi (T0)
A, 3340 (20) Vb (2mH) . A, 3162 (38)  vo, (2H)
A, 3374 (27) vh, (2H) B A, 3199 (30) vh, (2H)
B, 3514 (10)  vb,. (HW) o B, 3446 (11) v (HW)
N o b c b, OH
L L G 3575 (10) vhy (HT) o Hy 3468 ( 9) vgu s C
D, 3590 ( 5) 2 (Hm) B e, 3525 (9) Wb, (Hm)
c, 3619 (14) vl (2m) D, 3546 ( 9)  vyP (Hnm)
D, 3637 ( 4) Ve (2T0)
A, 3347 (16) VP, (2Hm) R
I 3224 (29)  y2, (2Hm)
A, 3386 (19) Vb, (2HM) A
b
B, 3515 (12) V?3/5 (H2T) " B, 3448 (10) Vt315 (H2T)
I
" o b,OH
L L G 3577 (10) vy (H2W) . . Hi 3471 (12) vges g, ' C
D, 3590 (5) b (H2m) 5 ¢, 3526 (8) Vb (H2m)
C. 3616 (11) vig (3m) D, 3546 ( 8) vg (H2m)
D, 3635 ( 4) v (3m)
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Table 5. (continued)

Position _ Presently unassigned bands
Band (FWHM) Assignment
(cm™) of the 1-NpH*---(N2), spectra,
A, 3340 ( 6) Vf’” (2H2T) together with their fragmentation channel.
T oA 3362 (7) V8, (3HW) Position
& . Band (FWHM)  Assignment
A, 3382 (12) b, (2H2m) (cm™)
T': B, 3516 (10)  vb . (H3W) S; 3432 ( 2) shoulder
o c, 3575 (8) Vb (H3m) 'E E X, 3476 ( 9)
§ p, 3590 ( 7) vh, (H3m) X, 3581 ( 7)
C; 3615 ( 6) vie (4m) S, 3436 ( 2) shoulder
A, 3344 (11) y°. (2H3®) ‘E ‘E X, 3477 ( 9)
‘E A, 3366 (7) v, (3H2m) X, 3582 ( 6)
A, 3385 (18) yb. (2H3m) m o X 3480 (10)
(.
LE B, 3516 (10)  vb, . (H4TW) & E x, 3584 ( 6)
o C, 3575 ( 8) vhy (HAT)
g b
D, 3590 (5) vy (HAM)  INotes:  The proposed geometries of the
C, 3613 (1e) Vi (5T) complexes are listed next to the assignment
A, 3345 ( 9) vf’” (2H4m) |of the bands as xHyx (x OH-bound ligands
E A, 3366 ( 3) vf’” (3H37w) |and y m-bound ligands).
A, 2;23 20, V)b” (2H4T) The sharp dips seen in the 1-
A NpH*---Ar, spectra at ~3519 cmv" and in the
B, 3516 ( 9) v (H5T) . 1
X 1-NpH*--(N.), spectra at ~3446 cm’ are
C, 3574 (7 H5 . .
o T 2 e Vg (HOT) artifacts generated by strong absorption of
] g b
a D, 3589 ( 6) Ve (HOT) the IR excitation beam by atmosphere, thus
f
C: 3613 ( 3) Vig (OT0) they are not listed in the table.
B. 3516 ( 9) vy (H5W) Positions of bands A: (v\,) could
x1
b
o Co 3574 (7)) v (HT)  |not be identified in the 1-NpH*-L spectra.
E p, 3589 ( 6) V:’7 (H57) Bands H; are the result of IR
¢, 3613 (5) vl (eém)  |absorption by  "°C"?CsH,O*-L  and

BC12CeHsO*--L, respectively.




the spectra of PhH*---Ar and PhH™--N; recorded in the O-H stretch range. For comparison,
the stick spectra resulting from the calculations of xk---Ar and xk---N, are also plotted. In
Figure 6 and Figure 7 are presented the IRPD spectra of 1-NpH*™---Ar, and 1-NpH*---(N2)n.

The positions of the maxima, their FWHM, and assignments of the transitions observed
(identified with V)y(k.--Lm or vl (y =bound, free) are listed in Table 5. The most probable

geometries of the complexes are also listed near the assignment of the bands as xHy=w (x
OH-bound ligands and y m-bound ligands). The IRPD spectra of 1-NpH*--L, (n> 2 for
L=Ar and n#1 for L =N;) were obtained by monitoring different 1-NpH™*---L,, fragment
channels; the dominant fragment channel is indicated in Table 5 and on each spectra by

n—m.

4.4.1. Spectrum of 1-NpH™*---Ar

The IRPD spectra of 1-NpH*--Ar and of PhH"---Ar (for reference) are presented in
Figure 4a and Figure 4b. Figures 4c ... 4e show the stick spectra of the explored xk---Ar
dimers; the computed harmonic frequencies have been scaled (by 0.9527) as discussed
below. The positions of the recorded bands, their FWHM and assignments are listed in
Table 5. The bands will be identified by their positions, shapes, comparison with the
computed vibrations of the dimers, and by comparing the 1-NpH*--Ar and PhH"--Ar
spectra.

Table 1 and Table 3 show the frequencies of the normal modes of xk and xk---Ar
respectively. It can be seen that these values are largely different from the positions of the
observed bands centers (Table 5). This is due to the fact that the calculations are
approximating the vibrations as harmonic. A scaling factor - whose value depends both on
the method and on the basis set used? - is usually employed to bring the calculations in
line with the experiment. Later it will be shown that its dependence on the ligand species
(L) represents only a small part of the scaling factor. The scaling factor depends also on
the species of the atom to which the proton is chemically bound (X), but this dependence
will not be discussed any further. In the present case, the scaling factor will be calculated

using the position of band B+ and the harmonic frequencies of the vibrations to which this

band can be associated with (w?, , and wb, ,). As neither of these vibrations can be

considered dominant in their contribution to the IR activity of band B4, their average value

b b

+ . . . :
Prza ™ Dtsa il be used for calculating the scaling factor. The value thus obtained

(0.9527) is virtually identical with the one calculated from the data regarding PhH*---Ar
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Figure 4. IRPD spectra of PhH"--Ar (a) and 1-NpH*--Ar (b). The stick spectra of t7---Ar
and t9---Ar (c), t3---Ar and tb---Ar (d) and x1---Ar (e), together with the stick spectra of the
corresponding monomers are presented for comparison at the same scale of their
calculated IR intensities; all harmonic frequencies have been scaled by a factor 0.9592.

The black unmarked sticks show vfjn of OH-bound isomers while the gray ones marked

with "V " show v;n of possible m-bound isomers (positions derived from corresponding

monomers). The red-coloured band is a x10 enlargement of the band A..

A x10
2
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(0.9525). This scaling factor will be applied to the computed vibrations (see the stick
spectra in Figure 4c ... 4e) which will further assist the identification of the observed bands.

The red-most feature of the spectrum is a rather weak, blue-shaded band (A,
3331 cm™), amply displaced with respect to the others. A similar band is present also in the
spectrum of PhH*---Ar in a close position (3329 cm™). These two bands are similarly blue-
shaded but they greatly differ in terms of relative strength. Both the position (red-shifted
with respect to the normal position of an O-H stretch vibration, but different from the
expected position of any C-H stretch vibration) and the asymmetric shape of this band
suggest that the band corresponds to an Ar-bound O-H stretch vibration. A comparison
between the position of this band with the calculated frequencies (Figure 4c¢ ... 4e) leaves

no doubt about the actual assignment: the only bands so largely red-shifted with respect to

the others are the two v°, . (Figure 4e, 3304 cm™ and 3313 cm™). These correspond to

the dimers with the strongest intermolecular bond and, consequently, are expected to
exhibit the most significant blue-shading of all observed bands. As seen above, the

different binding energies of the two x1---Ar suggest that the population of ¢1---Ar is
smaller than the one of H--Ar; the IR intensity of the v, . vibration is also calculated to
be smaller than the one of v¥, , . Adding to these facts the observation that the FWHM of
band A; (30 cm™) is much larger than the computed separation between w®, . and w?, ..,

(8 cm™), it results that the best assignment of band A, is v, , This assignment is
consistent with the one of band A; from the IRPD spectrum of PhH"---Ar. The most striking
difference between the two experimental spectra is the apparently low IR activity of A, with
respect to the other features of the 1-NpH™---Ar and PhH"--Ar spectra. This is solely the
result of the low yield of x1 monomers from the ion source. In previous experimentst it
had been found that, in the case of a mixture of isomers, it is possible to completely
suppress the production of one isomer by just varying the parameters of the ion source

(nozzle position, gas pressure, filament temperature, extraction potentials and timing).

With the position of v, .. pinpointed, the next step is to search for vi, , and

possibly Vfc1---Ar (marked with black lines above 3500 cm™ in Figure 4e). The first aspect
which should be noted is that the calculated separation between the free vibrations of the
two x1---Ar isomers (v, . — v, » =26 cm”) is much larger than the FWHM of all still

unidentified bands in the spectrum, which means that it no longer makes sense to attempt
to assign only one feature of the spectrum to both of them. Second, the PhH*--Ar

investigation has demonstrated that the calculations are not only overestimating the
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frequency of the bands (because of the harmonic approximation), but they are also
overestimating the splitting caused by complexation by ~17%. Considering a similar
overestimation of the red-shifts for x1--Ar, the positions of v{, , and v, , are evaluated

to be 3521 cm™ and 3505 cm™ respectively. Finally, as seen in Table 3, the predicted ratios

between the IR intensities of v°, , and vl , are >3:1 in favor of the bound ones for both
cis and trans isomers. These intensity ratios are virtually identical with the the similar
intensity ratio predicted and found in the case of PhH"---Ar, proving that the calculations

are accurate enough. The rather low signal recorded from A., together with the predicted

IR activity ratios, put the bands corresponding to vﬁn___Ar very close to the noise level of the

spectrum. Analyzing the recorded spectrum over the predicted range for vﬁn___Ar, one can
see that both these positions are covered by a strong band centered at 3513 cm™, which -
as it will be shown later - can conclusively be assigned to other isomers. The association
of n-bound x1---Ar dimers with any band identified in the spectrum can be dismissed using
the same arguments. The D, of the Ar ligands n-bonded toward p1 was shown to be just
above half the Do of the OH-bounded ones, implying that the latter binding motif is the
dominant one. As the O-H stretch vibration(s) of 1-NpH" are going to be largely unaffected
by a w-bound ligand, one can use the calculations of the monomers as reference for
searching these bands in the spectrum. The observations that their IR intensities are
similar with the ones of v/, _, and that the expected populations of m-bound x1---Ar dimers
are much smaller that the (barely observable) OH-bound x1---Ar dimers are leading to the
conclusion that, if present, signals from the n-bound x1---Ar dimers will be well below the
noise level.

The band B, centered on 3513 cm™, is the strongest feature of the spectrum. As
seen above, only a tiny contribution to its IR activity may come from the two v, .

vibrations. A comparison between the PhH"---Ar and 1-NpH*---Ar spectra relates this band,

both in position and in strength, with a band assigned to vf,3,5_..Ar (B1, 3493 cm™); the only

significant difference is the shape of the band, which is only slightly blue-shaded, while in
the case of PhH"---Ar the blue shading was more important. The more rounded shape and
the apparent splitting of the band are actually artifacts resulting from parent ion flux

oscillations and large IR laser power variations. The spacing between band B, of PhH*--Ar
and band B+ of 1-NpH*---Ar (20 cm™) is almost with the spacing between (I)f,k___Ark:&&.) and

(IJfk___Ar (20.5 cm™). It can be seen that, within the 1 cm™ precision in band position, the

k=35
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two numbers are identical and that even by applying the anharmonic correction factor they
will differ by at most 1 cm™. Adding to the similarities underlined above the fact that 3 and

t5 are the most stable monomers and that £3---Ar and t5---Ar have similar Do, it can safely
be said that the band B, is mainly the result of an overlap between v5, . and vi ..
In the case of PhH"--Ar, the band denoted B, . was assigned to isomers created by

n-bonding the Ar atom to a p3 or p5 monomer. In order to search for the corresponding

band in the spectrum of 1-NpH*---Ar, the same scaling procedure was applied. The

calculated red-shifts are -63 cm™ for (v5,, aJn_ss With respect to (v}, aJnss and -73 cm

for (T/i’,n, arh—ss With respect to (v:,n___Ar)n:&E,. The red-shift thus calculated for the case of
PhH*--Ar is ~19% larger than the one observed. Assuming that in the case of 1-NpH*---Ar
the calculations are similarly overestimating the red-shift, the presumed position of By is
3566 cm™. Investigation of the spectrum is rather inconclusive, as this range is framed by
B+ and another band (C.) which will be shown to be related to other isomers.

The last four bands (C,, D;, Cy and D,) have no equivalent in the PhH"---Ar spectrum.

Based on their positions, spacing and relative intensity, their primary assignment is to OH

stretch vibrations of OH-bound and n-bound 7---Ar and £9---Ar dimers (vfg___Ar, V?T--Ar: Vftg...Ar

and v}, . respectively). As shown in the calculations section, all these four vibrations are

expected to occur in the presently investigated range of the spectrum, at a slightly higher

frequency than v5, s .. The experimental red-shifts (A vy = Ava® = -47 cm™) are close to

calc

the computed values (Av3°©=-44cm™ and AvE°©=-39 cm™). Considering the stability
arguments from the calculations section, it results that the £9---Ar isomers are giving rise to
C1 and C,, while D1 and D- are the result of IR activity of the £7---Ar dimers.

Band H; from the PhH"--Ar spectrum was connected with the contamination of both
IRPD parent and fragment mass channels with a Ph*---Ar complex having one ?C atom
substituted by *C ( m("2C¢H;0*) = m("*C"?CsHs0") = 95 u ). Such a contamination is to be
expected, because the natural abundance of C is a not negligible 1.07%, while the
natural abundance of "2C is 98.93%. As this contamination was clearly visible in the case
of a molecule having six carbon atoms, it is expected that, in the present case of a
molecule having ten carbon atoms, the contamination would be even more prominent. To
identify such a contamination, one has to look for the strongest band in the spectrum of
1-Np*---Ar (attributed to the OH-bound dimer), which appears at 3538 cm™; the
corresponding region of the 1-NpH™---Ar spectrum is fairly absorption-free. The absence of

this band is probably the result of higher protonation rates in the present experiment

74



(resulting from larger amounts of H, in the gas mixture and / or from the higher PA of 1-Np
versus the PA of Ph). A higher protonation rate can render this band invisible by
decreasing the available amount of *C'2CsHsO* on one hand and, on the other hand, by
increasing the amount of 2C4,HsO", which, in turn is increasing the absolute value of the

noise level in the spectrum via higher metastable decay of the ?C1,HyO*---Ar dimers.

4.4.2. Spectrum of 1-NpH*---N.

The features of the spectrum of 1-NpH™--N, (shown in Figure 5, together with the
spectrum of PhH*-N,) are similar with the spectrum of 1-NpH™*:--Ar; the positions, FWHM,
and assignment of the observed bands are presented in Table 5. Stick spectra of the
investigated dimers are also presented in Figure 5, using a scaling factor (0.9524)
computed like in the case of 1-NpH™--Ar.

Table 1 and Table 4 show the frequencies of the normal modes of xk and xk---N;
respectively. Like in the case of xk---Ar, the scaling factor will be calculated using the

position of band B and the harmonic frequency of the vibration to which this band can be

associated with. As band B is considered to originate from ‘U?s...Nz and wf3_..N2, their

b b
wt3---N2 + Wys..N

average value 2 will be used for calculating the scaling factor. It must be

noted that the value obtained (0.9524) is slightly higher than the one calculated from the
data regarding PhH"---N, (0.9503) but it is very close to the value previously used in the
evaluation of the calculations done for the xk---Ar dimers (0.9527). In fact, the xk---Ar and
xk---N, scaling factors are so close, that if one would use their average for scaling all
frequencies, the results would differ by at most 1 cm™ from the ones calculated using the
scaling factors specific to each species.
The scaling factor found here will be applied to the computed vibrations (see the stick
spectra in Figure 5c ... 5e) which will further assist the identification of the observed bands.
The red-most feature of the spectrum is again a rather weak, blue-shaded band (A.,
3107 cm™), amply red-shifted with respect to the others. Considering the characteristics of
this band and the spectra of 1-NpH™--Ar, PhH"---Ar and PhH"--N,, the only possible

assignment is V)b(1---N2-
Figure 5e shows the calculated positions of the four v§1___N2 and V;1---N2 bands. The

lines above 3400 cm™, labeled with inverted triangles ('¥), are marking the positions of the

as

Vy1.n, a@nd vi1_.N2; these bands are regarded as approximations of the O-H stretch

75



Figure 5. The IRPD spectra of PhH"--N, (a) and of 1-NpH*---N. (b). The stick spectra of
t7---N> and t9---N: (c), t3---N. and t5---N- (d) and x1---N- (e), together with the stick spectra
of the corresponding monomers are presented for comparison at the same scale of their
calculated IR intensities; all harmonic frequencies have been scaled by a factor 0.9463.

The black unmarked sticks show vfjn of OH-bound isomers while the gray ones marked

with "V " show v;n of possible m-bound isomers (positions derived from corresponding

monomers). The red-coloured band is a x20 enlargement of the band A..
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vibrations coming from possible n-bound dimers. However, three observations are leading

to the conclusion that none of the presently recorded bands can be associated with any or
all of these bands. First, the fact that w-bound dimers are weaker bound than their
OH-bound counterparts implies that the amount of n-bound x1---N, dimers is smaller than
the amount of OH-bound x1---N, dimers. Second, at equal populations of ©- and OH-bound
dimers, the predicted IR activities of the former are less than 1/6 of the predicted IR

activities of V)b(1---N2- These two facts are leading to the conclusion that although the

presence of n-bound x1---N. dimers in the ion beam cannot be excluded, IRPD signals
from them will fall below the detection limit. Finally, the range in which these bands are
expected is dominated by other far larger features, whose assignment is certain and
different. A similar logical trail, applied to the V;1---N2 bands, leads to the conclusion that
also these bands cannot be conclusively identified in the spectrum.

The strongest band of the spectrum is By (3440 cm™). Like in the case of 1-NpH*--Ar,
it will be assigned to V?S---Nz and vf3_..N2, its highly asymmetric shape, similar to band B+ from

the PhH"---N, spectrum, making this assignment even more obvious. The sharp dip near
3446 cm™ is an artifact produced by the strong absorption of the IR laser beam in the

atmosphere; as it is independent from the investigated species it will be seen at the same
position in all 1-NpH*---(N.), spectra. Based on the observed position of <‘_/kt,n---N2)n:3,5 and on
the predicted red-shift of these vibration modes with respect to the (Vftn)n:3’5 (-135cm™) it

appears that band X, (3581 cm™) can be assigned to (T/ftn_.Nz)n:&g,. However, as it will be
shown later, the investigations of complexes with more than one ligand are disproving this
assignment.

The positions identified in the 1-NpH"Ar spectrum for vi, and v}, (band C, at

3620 cm™ and Dy at 3637 cm™) and the computed red-shifts of these vibrations upon

calc

complexation with N2 (Av$&° =-93 cm™ and Av&3° = -90 cm™) will support the identification
of the vfg___Nz and the vf,...Nz bands in the 1-NpH™---N, spectrum. The evaluated positions of

vfg___Nz and vf7___N2 (3527 cm™ and 3547 cm™) are well matching the bands C, and D;
observed at 3520 cm™ and 3541 cm”. The absence of any evidence of r-bound
1-NpH*-*N. dimers is connected to the binding energies of the OH-bound #7---N, and
19---N. which are evaluated to be larger than the binding energies of the corresponding
n-bound dimers. Indeed, a comparison between the calculated binding energy of p5---N;

(1117 cm™") and the value evaluated from IRPD spectra (1300 + 350 cm™) suggests that
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the theoretical level slightly underestimates D,. At the same time, Dg"’s"'N2 was found to be
750 + 150 cm™; this value is presumably larger than DQ'“‘"'NZ (n > 1) because the positive

charge of the protonated species will be effectively distributed over two rings and not one
like in the case of pn---N; (n > 1).

The band Hs (3466 cm™) originates from a contamination of both IRPD parent and
fragment mass channels with 1-Np*---N, dimers having one '?C atom substituted by a *C
(1-NpH* = 2C4oHsO" = 144 u = *C"?CyHsO" = 1-Np*). Such a contamination was observed
in all PhH*--Ar, and PhH*---(N,), spectra. This band is found only 1 cm” away from the
position observed in the 1-Np*---N2 spectrum.??

Cursory scans done over the aliphatic C-H stretch vibration have shown no visible
absorptions; consequently, the related bands observed in the PhH"---N; spectrum (B; at
2865 cm™ and B; at 2877 cm™ - not marked in Figure 5) have not been listed in Table 4.

The bands which are yet unassigned will be discussed later.

The primary effect of the addition of one ligand to a XH-bound dimer is a slight blue-

shift of the corresponding vf’(H’AXH+___L. This is the result of the noncooperative three-body
interactions, which are driving the H-bonds weaker. It is thus expected that the spectra of

the complexes having at least one OH-bound ligand (2H(n-2)r or H(n-1)x for n = 2...6) will

be characterized by blue-shifts of their O-H stretch vibrations.

4.4.3. Spectrum of 1-NpH*---Ar,

The 1-NpH™--Ar, spectrum was recorded in the 2 — 0 fragmentation channel and no
signal was seen upon laser excitation in the 2 — 1 fragmentation channel. This means
that, like in the case of PhH"--Ar;, the sum of the binding energies of both Ar ligands is
smaller than the energy of the excitation photon for all isomers.

The features in the 1-NpH"---Ar spectrum (Figure 4 and Figure 6a) are largely
reproduced by the spectrum of 1-NpH*---Ar, (Figure 6b). The most notable differences are
the +10 cm™' blue-shift of band A, with respect to the position identified in the 1-NpH*---Ar
spectrum, as well as the appearance of a second amply red-shifted band (A;, 3374 cm™).
This band can be connected with the attachment of the second Ar ligand to the free OH
group of x1-—-Ar. Intuitively, such OH-bound x1---Ar, represent the most stable trimer
structures; the corresponding geometry of p1---Ar, has been investigated via quantum
chemical calculations and was found to be stable. This geometry is characterized by Cs

symmetry, which implies that the two O-H bonds are equivalent, like in the case of the x1
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Figure 6. The IR spectra of 1-NpH*--Ar, (n = 1...6) obtained via the photodissociation
process described in (8); n and m are indicated on each spectrum (left hand and center
respectively); the vertical bands are underlining related bands, as indicated on top of the
figure. The dip at 3519 cm™ is caused by an atmospheric absorption of the excitation laser.
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monomer; thus, the observed vibrations arise from the symmetric and antisymmetric

combinations of these two equivalent O-H stretch oscillators. The assignments of these

bands (v§1___Ar2 at 3340 cm™ and vfﬂ_..Arz at 3374 cm™) are identical with the ones of bands
A; and A; observed in the IRPD spectrum of PhH*---Ar, (3339 cm™ and 3375 cm™); their
very similar positions result in almost the same splitting of the two coupled vibrations
(34 cm™ for x1---Ar, and 36 cm™ for p1---Ar).

The most prominent feature of the 1-NpH*---Ar, spectrum is band B (3514 cm™). The
similarly positioned and shaped band B: from the 1-NpH"---Ar spectrum was assigned to
the spectroscopically indistinguishable OH-bound £3---Ar and 5---Ar. While band A; is blue-
shifting by +10 cm™ when adding a second ligand, band B; is shifting by merely 1 cm™.
Given this minor blue-shift, the attachment of the second ligand must take place via
n-bonding to one of the rings. There is no evidence for a trimer having both ligands
n-bonded (no IR activity around the evaluated position of 3566 cm™), confirming that
OH-bonding is by far the most stable binding motif for €3 and 5.

Similar to band B, the bands C, and D, are easily assigned to trimers built by
n-bonding an Ar ligand to the OH-bonded 9--Ar and £7---Ar. Pretty much like band B,
band C, exhibits a blue-shift of +2 cm™. It is interesting to note that band D, has no
discernible shift; a cursory check of its position in all the 1-NpH™*---Ar, spectra shows that,
indeed, this band is not shifting upon complexation. Thus, it can be inferred that
compexation via n-bonding of Ar has little effect on the properties of the O-H bond of £7. By
far the most interesting features of the 1-NpH*--Ar, spectrum are the bands C; and Dy: in
the 1-NpH*--Ar spectrum, similarly positioned bands were assigned to n-bonded £9---Ar
and £7---Ar dimers. Their presence in the 1-NpH™--Ar, spectrum is regarded as a proof of
the competition between OH- and =w-bonding sites in #9 and €7, derived from the close
binding energies of both types of sites. As evaluated in the Quantum chemical
calculations section, OH-bonding of Ar to both these monomers is characterized by
stabilization energies which are, even after a resonable rescaling, smaller than the typical
value of the binding energy of an Ar ligand to the © electron system of an A(H)" (240 cm"’

to 470 cm™ versus 550 + 50 cm™).

4.4.4. Spectrum of 1-NpH*---(N>).

The spectrum of 1-NpH*(N:). (Figure 7b) was recorded in two fragmentation
channels: the low energy range (3000 cm™...3300 cm™) was obtained by evaporating only

one N, ligand (2 — 1 fragmentation channel), while excitation in the 3400 cm™"...3600 cm"
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range resulted in the evaporation of both ligands (2 — 0 fragmentation channel).

Figure 7. The IR spectra of 1-NpH*--(N.), (n = 1...3) obtained via the photodissociation
process described in (8); n and m are indicated on each spectrum (left hand and center

respectively); the vertical bands are underlining related bands, as indicated on top of the

figure.
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Two bands (A; at 3162cm™ and A, at 3199 cm™) are observed in the 2 — 1
fragmentation channel; based on their positions and shapes they are assigned to the
OH-bound x1---(Ny). trimers. The corresponding bands in the PhH"--(N.). spectrum (also
recorded in the 2 — 1 fragmentation channel) were also assigned to the equivalent
OH-bound p1---(N;). trimer. Like in the case of 1-NpH*-Ar;, the x1:--(N.), trimers are
evaluated to have Cs symmetry; the two O-H bonds are equivalent after complexation, so
the bands in the spectrum arise from the symmetric and antisymmetric combinations of the
two stretch oscillators. Their splitting (37 cm™) compares very well with the splitting of the
two bound O-H vibrations of p1---(N,). seen in the spectrum of PhH"--(N,). (38 cm™). Band
A; is blue-shifted by +66 cm™ with respect to its position in the 1-NpH*"---N. spectrum:
owing to the greater PA of N, with respect to the PA of Ar, this shift is much larger than the
one identified in the 1-NpH*---Ar and 1-NpH*---Ar, spectra (+10 cm™). At the same time, the

blue-shift of band A, observed here is smaller than the corresponding one seen in the
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spectrum of PhH"--(N2), (+81 cm™). Such a decrease is somehow suprising, as both p1
and #1 have very similar PAs (see below); this difference is also larger than the one
expected from the decreased calculated value of the dimer binding energy.

The spectrum recorded in the 2 — 0 fragmentation channel is a replica of the
corresponding range from the spectrum of 1-NpH*--N,. Like in the case of the other
studied systems, all the bands are found to be slightly blue-shifted. Band B (here at
3446 cm™) is shifted by +6 cm™, comparable with the shift seen for PhH*---(N2), (+8 cm™),
while bands C, and D, are displaced by +5cm™. Also band H; is clearly present
(3468 cm™), again shifted by just +1 cm™ from the position seen in the 1-Np*--(N.).
spectrum.

One important aspect resulting from the quantum chemical analysis is that all

D™ ™ are supposed to be slightly smaller than the corresponding Dg™?*"™. The

calculated DOOH’X1"'N2 is close to 2000 cm™ for both dimers, slightly smaller than the

~2150 cm™ evaluated for Dg""P""™ all other OH-bonded xk:-'N, dimers were calculated to

be bound by ~1000 cm™ or less. Driven by the similarity between the pk and xk, one may

,x1+N,

evaluate D, as smaller than the 950 + 150 cm™ evaluated for the n-bonded p1---N,; at

the same time, it can be considered that any n-bonded xk:--N. dimer (k=2) is
characterized by a Do, smaller than the one of the =n-bonded p3:---N. and p5--N;
(750 + 150 cm™). These estimations are supported by the fact that naphthols offer a much
larger molecular body than phenol, yielding a reduction in the effective charge of each &
electron system and, consequently, a reduction of the intermolecular interaction.
Neglecting the three-body interactions, the D, of the trimers can be estimated as sums of
the dimer interactions. Thus, the total D, of the x1--:(N:), trimers having both ligands
OH-bound are evaluated to be above the energy of the excitation photon, while the total Do
of any other trimer is expected to be below the energy of the excitation photon. As the
complexes are expected to be vibrationally cold, it results the x1---(N,). will lose one N
ligand upon ven excitation, while all the other trimers will lose both ligands. Overall, it can
be seen that the separation of the evaporation channels, depending on the total binding
energies of N, ligands to various monomers, occurs as predicted. The FWWHM of bands A:
and A; (38 cm™ and 30 cm™ in the 1-NpH*---(N.). spectrum) are much smaller than the one
of band A, in the 1-NpH*--N, spectrum (66 cm™), suggesting a vibrational "cooling" of the

x1:-(N2)2 trimers with respect to their precursor dimers.
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4.4.5. Spectra of 1-NpH*---L,, (L = Ar, N2; n = 3...6)

The spectrum of 1-NpH*---Ar; develops fairly monotonically, in line with the
characteristics exhibited by the dimers and trimers spectra. All bands are continuing their
complexation-induced incremental blue-shifts; the FWHMSs of bands A, and A decrease
with respect to the values seen in the trimer spectrum, signaling a vibrational "cooling" of
the x1---Ar; complexes of type 2H=n. Starting from 1-NpH*--Ars, the main dissociation
channel of the x1---Ar, complexes changes from n — 0 to n — 1, reflecting the fact that the

total binding energy of the ligands attached to x1 exceeds the energy of the photons

exciting the vf”___Arn or viﬂ...Ar" vibrations. Also from 1-NpH*---Ars onwards, one more band

(As) develops in between the two already known A, and Ai; such a feature has been

observed also in the spectra of PhH*:--Ar; and PhH"--Ar,. Although the precise assignment

of this band is uncertain, its position with respect to the other v,b(k_..Arn vibrations and its

presence in the same fragmentation channel as A, and A, suggest that it originates either
from a presently unidentified x1---Ar, isomer or is a harmonic (combination band) of some
unidentified vibration(s) of the 2H(n-2)r complexes. Simultaneous with the appearance of
band As;, both band A, and A: are red-shifted with respect to the position seen in the
spectrum of the tetramers; further addition of up to two Ar ligands (1-NpH*--Ars and
1-NpH™---Ars) results in all three bands resuming their incremental blue-shifts. Finally, for
the x1---Are complexes it can be seen that the 6 — 2 dissociation channel becomes the
dominant one; the apparent splitting of band A; (3385 cm™ and 3397 cm™) has not been
analyzed further.

A significant detail of this spectra sequence is the fact that, up to the spectrum of
1-NpH*---Ars, all complexes except the ones derived from x1 are losing all ligands upon
vibrational excitation. This has little to do with the modest increase in excitation energy
from <3400 cm™ for x1---Ar, to >3500 cm™ for 1-NpH*--Ars; the parameter driving this
change is the total Do of the complexes. Indeed, the observed fragmentation channel is
consistent with the finding that Do of the th-—-Ar (n # 1) dimers is at most half of D, of the
x1---Ar dimers; even more, this difference implies that Do of the x1---Ar dimers is close to
the Do of other OH-bound dimers plus Dy of a t-bound Ar ligand.

Also noticeable is the finding that while bands C4, C., and D (assigned as originating
from 9---Ar, and £7---Ar, respectively) are the main contributors to the 6 — 0 dissociation
channel, band B4 (originating from t5---Ar, and 3---Ar,) is the major feature of the 6 — 1
IRPD spectrum. Again, this separation, although incomplete, is in line with the predicted

differences in Dg of various dimers.
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Band C1 (assigned to nxt isomers of £9---Ar,) can be seen in all spectra, while band D
(assigned to nm isomers of £7---Ar,) disappears starting from n = 4. Consequently, it seems
that OH-bonding of Ar to 9 is less favourable than OH-bonding to £7. This finding is at

odds with the calculations, which predict that while vi, . < v}, .. the OH-bound t9--Ar

dimer is more stable than t7--Ar. Dg™*® A > D™~ However, the conclusion that
OH-bonding of Ar to 9 is less favourable than OH-bonding to €7 might very well be flawed,
as it is based on the assumption that all the intermolecular & bonds are equally strong.

Like in case of 1-NpH™*--Ar,, the spectrum of 1-NpH™*--(N.); reproduces the features
of the 1-NpH™--(N,), spectrum: all bands are modestly blue-shifted, but the general
structure of the spectrum is maintained. The bands observed under 3300 cm™ were
recorded in the 3 — 2 fragmentation channel, while the ones seen above 3300 cm™ were
recorded in the 3 — 0 fragmentation channel. This early separation underlines the strength
of the bonds created by N, in x1---(N.); with respect to the ones of Ar. It is interesting to
note that, like it is seen in the PhH"--(N,); spectrum, only one band (A, at 3224 cm™) can
be connected to O-H stretch vibrations of x1---(N2)s. Two ways of explaining this have been
found for PhH"---(N,)s. either the splitting of the two expected bands is too small and they
are unresolved Iin the recording, or the two expected bands overlap only in the tetramer

spectrum. Based on the ratio between the IR intensities resulting from calculations, the

as

final assignment was to v,;..

.y, As the relative magnitudes of the shifts and splittings

have been found quasi-identical for both systems, it is hard to tip the balance in favor of

any of these possible explanations, so a similar assignment (Vf:---mz)) will be given to band

A,. The mirroring between the characteristics exhibited by the bands A, and A, of
PhH*--(Nz), on one hand and by the bands A, and A; of 1-NpH"---(N2), (n =1, 2, 3) on the
other hand shows that the microsolvation of both p1 and (at least) #1 starts in an identical
way. The evaporation channels observed for excitation of bands B4, C,, and D, confirm the
assignment of these bands to carbenium isomers.

The bands 3476 cm™ and 3581 cm™ in the 1-NpH*"--N, spectrum, 3477 cm™' and
3582 cm™ in the 1-NpH"--(N2). spectrum as well as 3480 cm™ and 3584 cm™ in the
1-NpH™--(N2); spectrum are presently unidentified. Based on their position, it seems
reasonable to group them as X, (3476 cm™', 3477 cm™ and 3480 cm™) and X, (3581 cm™,
3582 cm™ and 3584 cm™). The hypothesis that all three X; (X;) bands have a common
origin is supported by the slight blue-shifts seen within each group. Their observed
characteristics can be summarized as follows: (a) both X, and Xs are present in all

1-NpH™--(N2), (n =1...3) spectra; (b) the magnitude of their complexation-induced blue-
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shifts, as seen between the between 1-NpH*---N, and 1-NpH*---(N.); spectra, (+4 cm™ and
+3 cm™ respectively) are slightly smaller than the ones of bands C, (+6 cm™) and D:
(+5 cm™); (c) no assigned band has been connected with a purely n-bound isomer. Given
the above-listed characteristics, one can make a few educated guesses about them.

First of all, the positions and IR activities of X1 and X4 in the 1-NpH*---N. spectrum are
not compatible with the evaluated characteristics of any Vftk---Nz derived from m-bound
tk---N. dimers; such an assignment would anyway be doubtful given their presence in all
1-NpH™-(N2)» (n = 1...3) spectra.

Another possible origin of one such band would be the combination between a V?k---Nz

and the corresponding intermolecular stretch vibration vfk__.Nz. Considering the IR activities
of the bands in the recorded spectrum, the best candidates are the combination bands

between the components of band B; and their corresponding intermolecular stretches:

b
b + v and vy, T V§'3___N2. However, these bands are expected to occur close to

Vt5---N2 t5--N,

3530 cm™, far away from both X; and X,.

Considering their positions (close to bands assigned to V?k---Nz) and their persistence
in all 1-NpH*--(N2)» (n=1...3) spectra, these two bands might also be assigned to
fundamental stretch vibrations of ligand-complexated O-H bonds of so-far unidentified
isomers. Thus, the position of band X4, at a higher frequency than the bands originating
from V?k---Nz (k =7, 9), could mean that the monomer from which it derives is protonated in
such a way that the O-H bound suffers little perturbation. An interesting possibility is that
bands X, originate from some ck---(Nz), (k = 3) isomers. As the most stable ck monomer is
¢5, the normal modes of the ¢5--N, complex have been calculated. This calculation
predicts the frequency of the VZS---NZ vibration as 3498 cm™, which does not even roughly

match any of the unidentified bands. It should be noted that the spectra of 1-Np*--(Ny),

(n=1...5) exhibit a sequence of bands attributed to vg,1,Np+__.(N2)n; these bands occur

~30 cm™ above the corresponding bands of t-1-Np*---(N2).. Following this, the assignment
of bands X, will be left open.
4.4.6. Site-dependent proton affinity of x-1-NpH* rotamers

Proton affinities of naphthols have not been measured experimentally; even
information derived frum quantum chemical calculations is rather scarce.®® In the

following, site-specific proton affinities of t-1-Np will be derived from the calculations
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presented above, using as reference the data available for Ph. It should be noted that the
calculations presented here are not done at the level of theory recommended for quantum
chemical evaluations of PA (G2).FM#1B3% However, comparisons between the presently
calculated and previously reported values for PA of Phi2%% may allow to reevaluate how
suitable the B3LYP/6-311++(2df,2pd) level is for determining PA of monohydroxyarenes.

As previous spectroscopic studies have shown, the complexation-induced red-shift in
the proton donor stretch vibration of H-bound XH*--L dimers (Avxn) is correlated with the
difference in the proton affinities (PAs) of the two bases X and L. More exactly, for a given
ligand species L, Avxy is directly correlated to PA(X): the larger the PA(X), the stronger the
intermolecular H-L bond and the larger the Avx4. The shifts depend also on the PA of the
ligand i.e. Avxqy are expected to be larger for L =N, compared to L = Ar, because
PA(N2) > PA(Ar) (494 kJ/mol vs. 369 kJ/mol).?]

Table 6. Site-specific PA of Ph and t-1-Np, leading to the formation of the various isomers
proposed and identified in the spectra: values derived from the presently done calculations
(QC); averages over the groups of spectroscopically indiscernible isomers (QC);
experimental values listed in literature; evaluation of PAs derived by scaling QC values to
match the experimental values of PAr, (scaled QC); values derived from literature data

using the independent substituent approximation (ISA).

site pl p3 p5 p7 t1 t3 t5 £7 t9
QC 743.0[804.3 821.5 810.4|752.3|853.5 871.6(836.8 830.0
QC 743.0 812.0 752.3 862.5 833.4
literature 753.0 817.3
scaled Q_C 762.1 868.1 838.9
ISA 869.8

Table 6 shows a comparison of the presently evaluated data with other published
calculations and with the values previously measured. The calculated values compare well
with the general trends underlined above. Even more, it can be seen that the isomer-
selective PA of Ph is reproduced within 1.5% accuracy,?% suggesting that the direct
quantum chemical evaluation are yielding meaningful results. Considering that due to the
similarity between the two systems the underevaluation is the same, it results that the
average affinity for protonation at the 3 or t5 sites is 868.1 kJ/mol. For the protonation
process leading to oxonium isomers of 1-NpH®* the scaled affinity is 762.1 kJ/mol.

Although sites t7 and 9 have no equivalent in PhH", it seems reasonable to rescale them
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using the same factor as for 3 and 5, thus obtaining an average PA of 838.9 kJ/mol.
Alternatively, an evaluation of the site-specific PA of the 3 and t5 sites can be
evaluated using the independent substituent approximation (ISA) developed by Eckert-
Maksic.B! This theory states that the PA of a polysubstituted molecule can be derived
from the PA of the nonsubstituted parent, to which increments specific to each substituent
(species and position with respect to the protonation site) are added. The theory has
previously been used to predict site-specific PAs of phenol and naphthols using only
quantum chemical calculations; in the present work it will be applied using experimental
results provided in the literature. This is indeed possible if one regards naphthalene (= Na)
as a benzene molecule with two substitutions; thus, hydroxynaphthalenes can be treated
as triple substituted benzenes. More exactly, x-1-Np can be regarded as a benzene
molecule (ring atoms 2, 3, 4, 5, 6, 11 on Figure 1) to which substituting groups are
attached to Cs and C4, (the hydrocarbon chain which builds the second ring) and also to C,

(the hydroxyl group). Thus, the average PA of the x3 and x5 sites can be estimated as

PA c_ss = PAs, + [PA,—PAg,| + [PAp—PAg,| =
_ (7)
= PA — PANa + PAph - PABZ

Xk‘k:3,5

The literature gives the following values for the proton affinities: PAg, = 750.4 kJ/moli®!,
PAn. = 802.9 kJ/mol®?®  (site  unspecified), and PAp, =817.3 kJ/mol (carbenium
protonation).*? It follows that ﬁxk\k:&f’ = 869.8 kJ/mol, which is in excellent agreement
with the calculated value.

The ISA method cannot be applied to study the protonation of x-1-Np at the ring B
(sites x7 and x9); also excluded are the two x1 sites. Indeed, in all these three cases, the
protonation does not take place at the benzene ring, but at the substituent. At the present

moment, the best evaluations available are the ones resulting from calculations.

4.4.7. Ligand binding energies

The photofragmentation branching ratios (Table 7) have been measured for resonant
excitation of a number of von bands of 1-NpH™---Ar, listed in Table 5, namely A;, B4, C,, and
D., and have been used to roughly estimate the ligand binding energies. For estimating Do

for the various ligand positions, a simple model is employed. The ligands are classified as

OH-bound and others (further denoted m-bound), with Do(H) > Do(x); all non OH-bound

ligands are assumed to have the same binding energy. It is also assumed that the entire

absorbed photon energy (von) is available for subsequent ligand evaporation, which starts
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with the weakest bound ligands. HEHELMLI2L[13]16]

An overview of the observed photofragmentation patterns is shown in Figure 8. It can
be seen that, in general, only one or two major fragment channels (m) are obtained for a
given parent cluster size (n); this agrees well with previous studies on related systems. 18}
ELmL2L080e] 1t should also be noted that, in very few cases, the branching spreads over

three significant channels; the implications of these special cases will be discussed later.

The fragmentation pattern observed while exciting the band assigned to v . ar, (3374 cm™

for 1-NpH*-Ar, then following the maximum) exhibits the earliest branching
(n=4—->m=1). This behaviour is expected, as the calculations show that the two

OH-bound Ar ligands of x1---Ar, (n>2) posses the strongest OH--Ar bonds of all

1-NpH™---Ar.. Also the fragmentation pattern driven by V?3/5...Arn (3516 cm™) suggests that
tk-—-Ar (k=3,5) are the dimers with the second highest binding energy; again, the

prediction based on calculations proved to be correct. Finally, the isomers responsible for
the bands C, and D, are forming the weakliest bound complexes: the corresponding

branching from m = 0 to m = 1 occurs at n = 6 for both of them.

Table 8. The photofragmentation branching ratios observed at the excitation of O-H
stretch vibrations of various isomers of 1-NpH+---Arn, expressed as percentage of the total

fragment production.
m

0 1 2 3 0 1 2 0 1 2 0 1 2
n Vis1---Arn V?3/5...Arn V:J7...Arn V?S---Arn
1 100 100 100 100
2 100 100 100 100
3 100 100 96 4 100
4 21 | 79 99 1 99 1 100
5 20 | 47 27 6 95 5 90 4 6 | 100
6 0 8 77 15 25 | 72 3 74 | 22 4 63 | 19 18
7 0 9 56 35 15 | 45 40 18 | 70 12 26 | 53 21

The major branching of the x1--Ar; (7 — 2 = 5D *""*" < 3400 ecm "), implies that
Dy*""A <680 cm™'. Using this result together with the x1--Ars branching (4 —» 1 =

3400 cm ' < 2-DgM XA 2.7 XA it results that 1020 cm ™' < Dg A At the same

time, the major evaporation channel of x1---Ars 6—-2 =
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Figure 8. The photofragmentation branching ratios observed at the excitation of O-H
stretch vibrations of various isomers of 1-NpH"--Ar,. The red lines mark the number of
ligands in the parent complexes while the black ones represent the resulting fragments
(percentage of the ftotal fragment production). The wavelength at which the
photofragmentation processes were recorded match the position of the bands maxima.
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4.Dy* A 4 DM T < 3400 em ), shows that 595 cm ! < D", This result can be

H

inserted in the inequality resulting from the 3 — 0 branching, vyielding

DM XA < 1400 cm

For tk---Ar, (k =3, 5), the branching ratios can be expanded by following the trend
exhibited by n=6 and n=7; it is reasonable to consider that for n=8 the main

fragmentation product has m = 2. Thus, from the 8 — 2 and 6 — 1 branchings, it results
that 500 cm ™' < D ***"*" <700 cm™", while from the 5 — 0 and from the assumption that

Dy 3% A < DI A it results that 500 cm ' < Dy *'* A" < 1500 cm . It should be noted

that this range can be slightly narrowed down remembering that Dg™P¥% A" < poH-P1 A"

H

thus, it can be said that 500 cm ™" < D™ */*"A" < 1400 cm ™",

Finally, the photofragmentation of the tk---Ar, (k = 7, 9) is unable to provide ranges for

the D, of both types of ligands. This is the result of the absence of an n — 2 fragmentation
channel, which would have enabled the evaluation of Dg’””'“”. Thus, the fragmentation
channels of the two largest clusters (6—0 and 7 —1) implies that
D" + 5-Df <3600 cm ™' < Dg" + 6:Dy. The two inequalities can be supplemented by two

others, one derived from the calculations and the other one derived from previous

evaluations done on other A(H)*---Ar, complexes. From the quantum chemical calculations

it is known that tk--Ar, (k=7,9) are bound by the smallest DJ": this implies that

D™ %A < 1400 cm ™. Also, investigations of other A(H)*-Ar, complexes are showing
that m-bonding of Ar to A(H)" is rather insensitive to the detailed structure of A(H)*, ranging

from 400 cm” to 700 cm™; it is thus justified to assume that 400 cm ' < Dp*"'®"*"
Together, these inequalities can be translated into 360 cm ™' < DS™""*"*" < 1400 cm ™' and

400cm ' < Dy A < 540 cm .

For the 1-NpH*---(N,), (n =1, 2, 3), the only fragmentation information available is the
one extracted from the IRPD spectra plotted in Figure 7. Although insufficient for a
complete characterization, the fragmentation branching sets certain limits for the binding

energies. The 2 — 1 evaporation channel implies 1600 cm ' < Dg™*""™ while the 3 — 2

1

channel shows that 3200 cm ™' < D™ "™ 4+ D7*""™ As no evaluation can be made for

Dg’“”'Ni one has to turn to the values known for the PhH™---(N.), complexes. It results that,

if Dg*" M~ DFP"™ then 2100 cm™" < DJ™*" ™ < 2400 cm™'. However, the range should
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be enlarged, as the relation between D™ and Dj*'"™ is not one of identity. No

meaningful information can be extracted for the complexes built around tk (k > 2).

Table 8. Experimental (exp) and calculated (QC) estimates for the site-specific binding
energies of Ar toward 1-NpH* and PhH* 11®

1 -1 -1 -1

site Do e(}f;n ) Do (Q%m ) Do (Q%m ) Do e(}f;n ) site
DXt A 12004200 790 868 11504300 DgH-p1 A
Dy A 640+ 40 6504200 Dy PtA
D 3/s A 950+450 330 371 650+150  Dgrp3 AT
Dy t3e A 600+100 600£100  DpP¥S A
Dyt A 8504550 194
Dy 7/ 470+ 70

All the values derived here for 1-NpH™---L,, and previously for PhH"---L, are listed in

Table 8. It can be seen that for x1---Ar, the experimental binding energies are basically

identical. The broad range of DJ™**/*"* is the result of the incomplete fragmentation

OH,t7/9---Ar ATI19---Ar
and Dg

scheme. Very important is the fact that the ranges of Dg are

overlaping, giving support to the very low estimates resulting from calculations. However, it
can be seen that the theoretical estimates are largely underestimating the intermolecular

interaction.

4.4.8. Microsolvation model

Typically, the total interaction in ion-ligand complexes with nonpolar ligands is mainly
composed of the two-body interaction terms. Indeed, the interaction in neutral Ar---Ar and
N2---N2 is on the order of Do = 100 cm™, rendering the "chaining" of ligands energetically
inefficient with respect to their direct binding to the cation.?* As also three-body forces
are weak, the 1-NpH*---L,, cluster growth is mainly driven by the 1-NpH*---L dimer potential.
Thus, the derived solvation sequence for the most stable 1-NpH*---L, complexes starts with
the formation of a H-bound 1-NpH™*:--L dimer core, which is then further solvated by (n-1)
n-bound and / or CH-bound ligands. This is especially true for the x1---Ar, and t3/5---Ar,
systems; the sequence is not so clear anymore for the 7/9 isomers. Here, the apparently

weak OH-Ar interaction makes =n-bonding sites rather attractive, as seen by the

persistence of the vfﬂ,g_..Arn bands even in the spectra recorded for n > 3. A cluster growth
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process similar to the one proposed for the x1---Ar, and 3/5---Ar, systems was also
deduced for Ph(H)"---L,, 1-Np*---Ln, Im*---L,, and An*---L, with either Ar or N, ligands: first,
the available acidic protons of the of the OH and NH. groups are solvated by H-bound
ligands, after which further n-bound ligands are attached to the aromatic ring.

The solvation model presented here can be observed for the x1---Ar, complexes from

their IRPD spectra. Indeed, the complexation induced shifts of the v°, a, @nd vfﬂ_..Arn give

clues regarding the cation-ligand and ligand-ligand takes place. In Figure 8 are presented
the average values of the two O-H stretch vibrations of x1---Ar, and of p1---Ar,. As the free
O-H vibration of x1:--Ar could not be localized in the experimental spectrum, the position

evaluated from calculations was used. Also the frequencies of the O-H vibrations of the

bare 1-NpH" have been extracted from calculations. The values of v}, and v have been

taken from literature.['”]

Figure 8. Experimental vo, frequencies
of the x1---Ar, and p1--Ar, dimers as a

function of the cluster size n (Table 5).

Vou for the bare 1-NpH* as well as v, _,.

are evaluated from quantum chemical

calculations. The values of v:

as
o1 and v 1

have been taken from literature.

From the plot it can be seen that the microsolvation of x1 mirrors closely the one of
p1. The first two ligands are inducing large red-shifts in v, because of the destabilization
of the O-H bond. The magnitude of the red-shift which occurs upon the addition of the
second ligand (34 cm™) is similar to the one produced by the attachement of the first ligand
(52 cm™). The H-bound x1---Ar; trimer is further solvated by n-bound ligands, which slightly
destabilize the intermolecular H-bonds to the first two ligands via noncooperative three-

body forces, which in turn stabilize the intramolecular O-H bonds. This results in small
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incremental blue-shifts of vy, At the same time, the noncooperative three-body
interactions between the various n-bound ligands result in a decrease in magnitude for the

incremental blue-shifts, essentially leading to the convergence of the v, to a certain
"solvated" value. This limit is not reached within the investigated cluster size, as the first
solvent shell around x1 is not complete even at n = 6. As there are no Ar matrix isolation

studies of 1-NpH®, it is not possible to expand the analysis of the band shifts.

4.5. Conclusions

The present study of 1-NpH* was focused on the IR spectroscopy of size-selected
1-NpH* L, complexes (L = Ar, N;; n=1...6). IRPD spectra were recorded over the O-H
stretch vibration range of these complexes. Quantum chemical calculations were
employed to provide a basic description of the monomers and dimers observed.
Comparison of the presently recorded IRPD spectra with the ones of PhH*--L, complexes
(L = Ar, N2; n = 1...6) was used to assist in the assignment of the observed structures.

The results show that, in the output of the presently used ion source, three classes of
1-NpH* isomers can be identified: oxonium ions (1-Np protonated at the O atom);
carbenium ions obtained by protonation in the para and ortho positions with respect to the
OH functional group; carbenium ions obtained by the addition of a proton to well-defined
sites on the second naphthalene ring. The spectral identification of these three classes of
protonation sites is supported by their different photofragmentation patterns. No spectral
signature can be associated with any other carbenium isomers.

As the O-H stretch vibration of the cis and trans rotamers are largely overlapping,
there is no experimental evidence to identify the dominant rotamer in the expansion. The
quantum chemical results suggest that: the cis rotamers are placed slightly higher on the
PES than the trans ones; the stability of the cis-based dimers is lower; the von stretch
oscillators of these dimers are less IR-active. Thus, there is a certain collection of
theoretical evidence indicating that cis rotamers are - at best - of less significance than the
trans ones.

The analysis of the photofragmentation branching ratios yields ligand binding
energies for the OH- and n-bonds of the solvent molecules. The experimental values show
that the chosen computational level (B3LYP/6-311++(2df,2pd)) is able to describe the
interaction, albeit only at a qualitative level.

The cluster size-dependent frequency shifts demonstrate that the microsolvation of

x1, and t5/ t3 in an Ar or N, environment starts in a very similar fashion: first, the acidic
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OH bond(s) are complexated, the following ligands probably form n-bonds to the ring

system. The ligand binding energies show the same picture, as the OH-bound ligand(s)

is(are) far better stabilized than the wn-bound ones; this implies that OH-bonding is much
more favorable, thus placing it right at the beginning of the microsolvation process. For this
energetic reason, the microsolvation model presented above is not applicable for the
t7 / 19 isomers, for which both the average binding energy and the binding energy of the
OH-bound ligand are less than 600 cm™.

Finally, it is important to note that the used experimental setup is a suitable tool for
preparing beams of well-specified isomeric ions, because of the double mass selection
coupled with the spectral analysis. Even more, the method sets a certain upper limit for the
internal energy of the selected species. This means that cations which are fundamentally
unstable in condensed phase can be selected and their spectral, thermodynamic, or

kinetic properties can be observed.
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5. IRPD spectroscopy of Im*---L, complexes (L = Ar, N;; n =1 ... 3)

Abstract The intermolecular interaction between the imidazole cation (CsN:H4",
henceforth denoted Im*) and nonpolar ligands is characterized in the ground electronic
state by infrared photodissociation (IRPD) spectroscopy of size-selected Im*--L,
complexes (L=Ar, N;, n<3) and quantum chemical calculations performed at the
UMP2/6-311G(2df,2pd) and UB3LYP/6-311G(2df,2pd) levels of theory. The complexes are
created in an electron impact cluster ion source, which predominantly produces the most
stable isomers of a given cluster ion. The analysis of the size-dependent frequency shifts
of both the N-H and the C-H stretch vibrations and the photofragmentation branching
ratios provides valuable information about the stepwise microsolvation of Im* in a nonpolar
hydrophobic environment, including the formation of structural isomers, the competition
between various intermolecular binding motifs (H-bonding and n-bonding) and their
interaction energies, and the acidity of both the CH and NH protons. In line with the
calculations, the IRPD spectra show that the most stable Im*---L dimers feature planar
H-bound equilibrium structures with nearly linear H-bonds of L to the acidic NH group of
Im*. Further solvation occurs at the aromatic ring of Im* via the formation of intermolecular
n-bonds. Comparison with neutral Im---Ar demonstrates the drastic effect of ionization on
the topology of the intermolecular potential, in particular in the preferred aromatic

substrate-nonpolar recognition motif, which changes from n-bonding to H-bonding.

5.1. Introduction

Imidazole (Cs;N:H4, henceforth denoted Im) is a planar heterocyclic aromatic molecule
(Figure 1a) and occurs as an essential constituent in many biomolecular building blocks,
such as the DNA bases adenine and guanine, and the histidine residue of proteins.l" In
aqueous biological environments, Im, its charged as well as its protonated analogues are
involved in electron transfer in photosynthesis, in many biologically important enzymatic
processes, in protein structure determination, and in proton shuttles. "M2-EH4 The important

role of aromatic molecules and their cations for biological and chemical recognition as well
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as organic reaction mechanisms has also been emphasized in recent reviews. PHeH7E
Fundamental understanding of these phenomena at the molecular level requires the
detailed knowledge of the intermolecular potential of Im, Im* and ImH" interacting with the
surrounding environment. In the following, IR spectra and quantum chemical calculations
of Im* solvated by a well-defined number of nonpolar ligands (L = Ar, N;) are presented,
with the aim to elucidate the interaction of the radical cation of this basic biomolecular

building block with a hydrophobic environment.

Figure 1. Structure of the calculated monomers and dimers, as evaluated at the
UMP2/6-311G(2df,2pd) level: a Im™; b interatomic distances for Im (top) and for Im*
(bottom); ¢ atomic charges derived by AIM for Im (top) and for Im* (bottom); d Im*---Ar(H);
e Im*NyH), fIm*--Ar(x); g Im*--No(x);, h the most stable Im*--N,(CH).

g h

The interaction of the Im® with solvent molecules takes place via well-defined
families of binding sites: ligand molecules can interact with the m-electron system of the
aromatic ring (rn-bond), form H-bonds to the acidic protons of Im (N-H---L or C-H---L), or
serve as a proton donor in a H-bond to the basic N atom of Im. The preferred binding motif
of the Im®---L interaction strongly depends on whether Im is in its neutral or cation form as
well as on fundamental properties of L, such as its polarity and proton donor and proton
acceptor abilities.

While related aromatic complexes have been extensively studied via resonant
multiphoton excitation schemes (because of their cluster size, state, and isomer
selectivity)PHEIOM - relatively few gas-phase spectroscopic data exist for Im--L

complexes. One reason might be that the high excitation energy of the first excited singlet
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state of Im!'? is rather inconvenient for the application of resonant multiphoton excitation
schemes. The experimental results from the literature are summarized below.

A rotational millimeter wave spectrum of neutral Im---Ar has been previously recorded
in a supersonic jet and is consistent with a w-bound equilibrium structure.™® The
characteristic parameters of this structure are: Ar-ring separation R =3.48A;
intermolecular stretch frequency vs=44cm™;, force constant ks=2.88 N/m, and
dissociation energy Do = 302 cm™'. Apparently, Im prefers n-bonding to nonpolar ligands in
its singlet electronic ground state (S,, 'A'), because in this configuration the dispersion
interaction between L and the m-electron system of Im is maximized. No information
appears to be available for the corresponding Im---N. dimer. The quadrupolar N, ligand is
known for its ability to form both H-bonds and rn-bonds to acidic aromatic molecules. For
example, complexes of N, with aniline (An)'"1 and 1-naphthol (1-Np)!*®! feature n-bound
equilibrium structures, whereas that with phenol (Ph)'®M'" prefers H-bonding. The
biologically relevant Im---H,O interaction has been studied via both quantum chemical
calculations and Ar matrix isolation IR spectroscopy!'®. The major competing interaction
motifs identified are: N-H---O H-bonding between the acidic NH group of Im (proton donor)
and the O atom of H,O (proton acceptor) and O-H---N H-bonding between the acidic OH
group of H,O (proton donor) and the basic N atom of Im (proton acceptor).['®920 These
H-bonds are mainly stabilized by electrostatic and induction forces. C-H---O H-bonding of
H,O to the less acidic CH groups of Im and the bonding between Im and H.O via the
n-electron system on one side and a proton of H,O on the other side are predicted to be
less stable than both N-H-O-type contacts.?"

Experimental and theoretical information about the Im* radical cation and its
complexes with neutral ligands is rather sparse. Early photoelectron, photoionization, and
photofragmentation studies demonstrated that the planar 2A" electronic ground state of Im*
(Do) is obtained by removal of one electron from the 3a" orbital, which is a bonding &
orbital delocalized over the whole aromatic ring.[??224 The photoelectron spectrum?®
yielded two ring vibrations, with frequencies of 970 cm” and 1320 cm”, but no
spectroscopic information is available for the N-H and C-H stretch vibrations of Im*. Recent
low-level and rather simplistic calculations have investigated the structures, vibrational
frequencies, IR intensities, and charge distributions of Im and its radical cation, as well as
various intermolecular binding motifs of the [Im---Im]* dimer.?® Neither mass spectrometric
nor spectroscopic data seem to be available for any Im*---L, complex. Hence, the present

spectra of Im*™--Ar and Im*-(Nz), (n=1...3) provide the first spectroscopic information
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about the structure and stability of Im™---L, clusters.

lonization of Im is expected to have a large impact on the topology of the
intermolecular interaction with both polar and nonpolar ligands, because the excess
charge provides additional electrostatic and inductive contributions to the intermolecular
attraction. P21 The |arge difference between the ionization energy (IE) of Im (9.91 eV)?¥
and the |IE of Ar (15.76 eV)®! or N, (15.58 eV)?® implies that the positive charge in
[Im-—-Ar.]" and [Im--(N2).]* will be strongly localized on Im. Thus, the complexes are
properly described as weakly bound noncovalent complexes - Im*--L, (L = Ar, N;). Given
the charge localization, these complexes are mainly stabilized by induction and
electrostatic forces, whereas contributions from charge transfer to the interaction are
negligible.

It is known that acidic aromatic molecules A are interacting with rare gas (Rg) atoms
and with nonpolar molecules (e.g., CHs and N;) mainly via the m-electron system. It is
remarkable that often the interaction motif switches to H-bonding upon ionization.?” This n
— H switch was only recently observed for a variety of A---L dimers, including Ph---L
(L =Rg, CH4), An--L (L = Ar, N2), 1-Np--—-Ar, and In---Ar, suggesting that is a general
phenomenon for this type of complexes.? The explanation of this ionization-induced
n-bonding — H-bonding switch relies on the fact that while in the neutral A---L dimers the
attraction is dominated by dispersion forces (which favor n-bonding), in the cation A*--L
dimers the major contribution to the attraction is provided by induction forces, leading to a
strong affinity for H-bonding.?” On the other hand, dimers of nonacidic aromatic molecules
with nonpolar L (such as Bz:--L) feature n-bound equilibrium structures in both the neutral
and the cation ground electronic states, because the aromatic CH groups are not
sufficiently acidic to make H-bonding more stable than n-bonding. On the basis of these
considerations, both Im*--L dimers investigated in the present work (L =Ar, N2) are
expected to exhibit H-bound global minima, in which L binds to the acidic NH group, and
n-bound local minima.

As Im represents a well-defined building block of various biologically relevant
molecules, the present IR spectroscopic and theoretical study on size-selected Im™-L,
complexes (L = Ar, N2, n < 3) offers the chance of developing a model for the solvation of
biomolecules by nonpolar, and later on, polar environments. It is expected that the
microsolvation of the highly acidic Im* cation in a nonpolar solvent will underline the way
the competition between H-bonding and n-bonding drives the complexation sequence. As

the ability of the NH group to form H-bonds to a ligand is correlated with its acidity, the IR
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spectra of H-bound Im™*--L dimers directly probe the acidity of Im™ and eventually enable a
first estimate of the unknown proton affinity of the imidazyl radical. Similarly, the IR spectra
of Im™-L, provided the first experimental information about the strength of the CH groups
in Im*. Comparison of Im--L with Im™--L and ImH"--L will reveal the effects of both
ionization and protonation of Im on the acidity of the NH protons and the interaction with a

nonpolar environment.

5.2. Quantum chemical calculations

Although calculations for Im have been reported, the literature seems to lack
information regarding Im*---L (L = Ar, N2) dimers, which are of paramount importance for
explaining the properties of the Im cation. This fact has prompted the rather extensive
study reported here.

Ab initio methods are known to reliably describe the properties of both the wn-bonds
and the H-bonds between small aromatic molecules and nonpolar or polar ligands
(A*---L).2% For this reason, the level of theory chosen here for characterizing the effects of
both ionization and complexation on the properties of Im is UMP2. In order to facilitate
comparisons between the present study and previously investigated systems (Ph*---L
In*---L,P% An*---L B2 gnd 1-Np*---L),?® the same set of calculations were carried out using
UBSLYP. Density functional theory (UB3LYP) is far less computationally expensive than
the ab initio approach, but it is able to properly describe only the H-bonded systems. It fails
to properly account for the dispersion interactions, which are significant for n-bonding in
A*--L dimers. Thus, calculations for Im, Im*, and several Im*--L dimers (L = Ar, N;) have
been carried out at both UMP2/6-311G(2df,2pd) and UB3LYP/6-311G(2df,2pd) levels of
theory using the Gaussian 03 quantum chemistry packageP!; unless specified, all the
calculated numbers presented below are the ones derived at the UMP2 level.

The stationary points were identified via fully relaxed scans; the intermolecular
interactions were counterpoise corrected for basis set superposition error (BSSE);B%3 the
intermolecular interaction energies were also adjusted to properly account for zero-point
vibrational energy. The equilibrium geometries are depicted in Figure 1; all the geometrical
and energetical parameters relevant for the present work are summarized in Table 1,
which contains:

* intramolecular N-H and C-H bond lengths (rw, ren), the corresponding stretch frequencies
(Vn, Ven), and their IR intensities (Ink , len)

* intermolecular bond length (ru. or ringL), stretch frequency (vs) and its IR intensity (Is), and
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dimer dissociation energy (Do, ZPE-corrected).

The values marked with bold characters correspond to the intramolecular bonds affected
by ligand binding. Harmonic vibrational frequencies were scaled down by 0.9466 (0.9600
for UB3LYP) to match the calculated N-H stretch frequencies of Im* with the experimental
one estimated from the IRPD spectrum of Im*--Ar (vide infra, vau = 3431 cm™). For the
monomers and H-bound dimers, the UMP2 and UBS3LYP calculations yield similar
energetic, structural, and vibrational data; for the n-bound dimers only the UMP2 data are

considered.

5.2.1. Monomers

Geometry optimization in the ground electronic state of both Im ('A", Sp) and Im* (?A",
Do) results in planar equilibrium structures with Cs symmetry. The effect of the ionization
can be seen in Figure 1b, which compares the intramolecular bonds of the So and Do
states. Previous experiments are showing that the ionization of Im removes an electron
from the bonding 3a" molecular orbital, which is delocalized over the aromatic ring.?® As a
consequence, the ring shrinks slightly up upon ionization (see Figure 1b), giving rise to
Franck-Condon activity in the two symmetric ring stretch modes observed in the He(l)
photoelectron spectra.?® Simultaneously, the N-H and all three C-H bonds become weaker
and longer, inducing shifts in the corresponding stretch frequencies of -1 cm™ > Avgy >
-12 cm™ and Avwa =-74 cm™, respectively. The N-H stretch normal mode is essentially
localized on the N-H bond, whereas the C-H stretch normal modes are largely delocalized
over all three C-H bonds, resulting in similar C-H stretch frequencies. The scaled vyy and
ven frequencies calculated for neutral Im show deviations of less than 15 cm™ (26 cm™ for
UB3LYP) from the measured values (vnu =3518 cm™, vey=3160cm™’, 3135cm™, and
3135 cm™),B1 demonstrating that the chosen theoretical levels appropriately describe the
monomer properties. Atoms-in-molecules (AIM) analyses have been performed for both Im
and Im* in order to get a glimpse of the charge distribution around the molecule
(Figure 1c). In general, the AIM analyses yielded charge distributions which are very
different from those obtained via Mulliken population analysis. The Mulliken approach is,
however, known to be very sensitive to the theoretical level, whereas the AIM method
provides reliable and level-independent charge distributions.®®¥ Hence, the Mulliken
charges are not considered further. Comparison of the AIM population analyses reveals
that the additional positive charge is mainly distributed over the two neighboring ring C
atoms and the four protons. This increase of the positive charge around the protons

strongly enhances the IR activities of all vey and vyy fundamentals.
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5.2.2. NH-bound dimers

The intermolecular Im*---L H-bound dimers (which will further be denoted Im*---L(H))
feature planar - Cs symmetry - optimum geometries. The intermolecular H---L bonds are
nearly aligned with the N-H bonds, the deviation of 6y from linearity being in each case
smaller than 0.5° (see Figure 1d and Figure 1e). In the case of the Im*--Nx(H) dimer this
nearly linear configuration extends also for 6Bx.-n=n; responsible for this is the anisotropy of
the long-range charge-quadrupole and charge-induced dipole interactions which are
maximized when the N: ligand aligns in such a way that the diatomic axis points toward
the positive charge. The intermolecular bond is shorter for Im*--N. than for Im*--Ar
(ruar = 2.41 A and rine = 2.05 A) because of the larger parallel polarizability of N, versus Ar
(2.38 A® versus 1.64 A®) and its additional quadrupole moment (-5.00 C-m?)BEH0LET which
lead to a stronger induction and electrostatic attraction in the complexes having N. as
ligand. Not only ry. is affected, but also the intermolecular stretch frequency goes up from
vs =66 cm™ for Im*---Ar to vs = 106 cm™ for Im*---N,. Of course, the dissociation energy is
affected in a similar fashion: Do = 554 cm™ for Im*---Ar(H) to Do = 1561 cm™ for Im*---Nz(H).
The ligands are pulling the proton to which they bind away from the molecular body; in the
present case the N-H intramolecular bond expands by Arys = 0.0029 A for Im*--Ar(H) and
Aryy = 0.0073 A for Im*--Nx(H). This bond elongation implies a weakening of the potential
"seen" by the proton, red-shifting the stretch vibration and, at the same time, greatly
enhancing the corresponding IR oscillator strength: Avny = -57 cm™ & Alyn = 140% for
Im*---Ar(H) and Avnu = -129 cm™ & Alyy = 250% for Im*---N,(H). As all these parameters are
correlated with the strength of the intermolecular H-bond it results that IR spectroscopy in
the N-H stretch range may be a suitable tool to probe the acidity of the NH group in Im”*

and its ability to form H-bonds.

5.2.3. t-bound dimers

In addition to the H-bound global minima, the intermolecular Im*---L potential energy
surfaces possess less stable minima located roughly above the center of the ring. The
configurations resulting from the attachement of the ligand to these sites are shown in
Figure 1f and Figure 1g and will be denoted Im™--L(rn). The N; ligand in Im™--Nx(n) is sitting
nearly perpendicular to the ring plane, slightly pointing toward the atom known to hold the
maximum partial positive charge. Similar to the H-bond in Im*--L(H), the intermolecular

n-bonding of N, to Im* yields a complex which is more stable than the corresponding
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Im*--Ar(r), as demonstrated by the ring--ligand separation (Mg =3.15A <
Ming-ar = 3.43 A), the larger intermolecular stretch frequency (vs = 75 cm™ for Im*--Ny(mt) >
vs =53 cm™ for Im*--Ar(r)), and the higher dissociation energy (Do =888 cm™” for
Im*--Na() > Do =388 cm™ for Im*--Ar(r)). Intermolecular n-bonding has only modest
effects on the properties of the N-H and the C-H bonds of Im*, with |Ary| < 0.0004 A, |
Arch| < 0.0002 A, Avns <5 em™, Aven < 2 em™, Alwu < 5%, and Aley < 17%. As expected, the
UB3LYP calculations fail to reliably describe the =w-bonds in Im*--L(r). They yield
equilibrium structures in which the ligands are largely displaced from the center of the
aromatic ring toward the C-C bond. Moreover, the dissociation energies are much lower
than those obtained at the UMP2 level.

5.2.4. CH-bound dimers

H-bonding of L to the aromatic CH groups yields further local minima on the Im*---L
potentials, denoted Im™--L(CH) (see Table 1). For the present work only the Im*---N,(CH)
dimers have been optimized; out of the three computed dimers, only one (Figure 1h) will
be discussed in detail. The criterion for selecting this specific isomer is its stability
(Do =872 cm™ > 858 cm™ > 701 cm™) which is correlated with the highest positive partial
charge on the corresponding CH proton (gu=0.21e > 0.20e > 0.18e). An important
detail which results from this evaluation of the binding energies is that this most stable
Im*--N2(CH) dimer is marginally less stable than Im*--Nx(x). Consequently, the H-bonds to
the CH groups are significantly less stable than the H-bond to the NH group. This result is
consistent with the larger acidity of the NH group and the larger positive partial charge on
the corresponding proton (gu = 0.53 e). Significantly, the unambiguous spectroscopic
signature of the Im™---N>(CH) isomers is the small but noticeable red-shift in the frequency
(< -23 cm™) and the strong enhancement in the IR intensity (by a factor of 3.5) of the
stretch vibration of the CH group acting as the proton donor (Table 1).

The large negative partial charge at the nonprotonated N atom of Im*, gu =-1.01 ¢,
suggests that this binding site may also be attractive for neutral ligands. Two test
calculations have been carried out at the UB3LYP level, with starting geometries placing
the N, ligand with the center of the N=N bond in front of the nonprotonated N atom of Im™.
In the first case the geometry of the complex was selected planar and the optimized
structure was a Im*-Nx(CH) dimer. In the second attempt the ligand was placed
perpendicular to the Im* plane; the optimization stopped in a saddle point of fourth order.
The explanation is that there is a significant Pauli repulsion resulting from the lone pair at

the nonprotonated N atom which prevents this position from being a favorable binding site
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in Im*---L dimers. In contrast, H-bonds to the acidic protons of Im* are advantageous
binding motifs, because of the significant positive partial charges on these protons and the
resulting reduced Pauli repulsion, which allows for a closer approach of L.

Thus, according to the calculations, the H-bonds to the NH group in Im*---L are more
stable than the n-bonds, which in turn are (slightly) more stable than the H-bonds to the
CH groups. Assuming that each only w-binding site can accomodate only one ligand and
considering the dimer stability order mentioned above, one can predict that the strongest

bound Im™:--L, clusters are the ones growing sequentially along the line:

Im* — Im"~L - Im"L, = Im™L, > Im"L, — ..
(H) (H,m) (H,2m) (H,2m,CH)

5.3. Experimetal details

IRPD spectra of mass-selected Im*---L, complexes (L = Ar, N2, n < 3) were recorded
over the N-H and C-H stretch ranges using the QOQ tandem mass spectrometer coupled
to the electron impact ion source (El + QMF1 + OP + QMF2) described in the experimental
section of this work. Only the details specific to the Im*---L, experiment are presented here.
The expanding gas mixture was produced by seeding Im vapor (T = 370 K) in the flow of
the ligand / buffer gas (Ar or N, at static pressures of 4...5 bar). Im*--L, clusters were
produced by El of Im and subsequent three-body association reactions in the high

pressure region of the expansion; 29E01311.:321.[42]

Im+e - Im'+2-e (1)
Im" L, +L+M—->Im"-L+M M=L, Im (2)

Previous experiments of small (substituted and / or protonated) arenes are showing
that this reaction sequence produces the most stable A(H)"--L, complexes and to smaller
extent less stable isomers.?”! Alternative mechanisms involve the formation of neutral
Im---L, complexes and their subsequent electron impact ionization or the formation of a
neutral L, cluster followed by its attachment to a Im* cation. These mechanisms are known
to play only a minor role in the formation of complexes in the ion source used here.?

Figure 2 shows a mass spectrum of the ion source recorded after optimization for
Im*---(N2), generation. The spectrum is dominated by N, and X*---(N2), cluster ions, with X*
being either Im*, ImH*, or H.O"; here H,O is a contaminant coming from the gas lines or

the gas bottle. Im can fragment upon El, resulting in a sequence of fragments out of which

106



the strongest visible in the recorded mass spectrum corresponds to HCN loss,*?! leading to
CH.CNH" (41 u); a somewhat weaker fragment channel produces HCNH™ (28 u), but the
corresponding signal is masked by the very intense N." peak. The intensity ratios of
Im*--(N2), are on the order of 50:2.5:2:1 for n=0...3, confirming the formation of

weakly bound noncovalent complexes.

Figure 2. Mass spectrum of the El ion source output, obtained after optimization for
Im*--(N), generation; carrier gas was N, at 4 bar stagnation pressure; the Im sample was
heated at =370 K. Y marks the sequence of Im*(Ns), (68 +n-28 u) as well as the
neighbouring ImH*--(N2), (69 + n-28 u). Other easily identifiable sequences are N," (V)
and H.O"--(N2), (V ), H.O being a contaminant coming from the gas system. The peaks
marked V show the presence of Im.H*(--N.). The inset shows a vertically expanded
version of the spectrum (X25) to ease the identification of weak peaks.

v v
v
v
VY v
J ALy o
\ Y Y
y
\
M
v v \/
0 50 100 150 200
m (u)

The IR spectra of Im*--L, are obtained by monitoring the amount of Im™ Ly

fragments generated in the octopole by the absorption of the IR laser beam by Im™*--L, as
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a function of the wavelength of the excitation IR laser:

Im"--L +hv—[Im-L] —Im"L +(n—-m)L (3)

As the energy density of the excitation laser beam was too low (I <200 kW/cm?) for
multiple photon absorption to occur, no other photodissociation channels were observed.
For Im*---(N,), parent complexes with n > 1, several fragment channels m were observed.
As an example, Figure 3 compares the mass spectra obtained for mass selecting
Im*--(N2), with QMF1 and scanning QMF2 without laser operation (lower part) and with
resonant laser excitation (upper part). With the laser switched off, the mass spectrum
displays m =0 and 1 fragment ions arising from metastable decay (MD) of hot parent
clusters and / or collision-induced dissociation (CID) with background gas in the octopole
region. The small fraction of MD demonstrates that the Im™--(N,). complexes reaching the
octopole region have, in average, little internal energy. When the laser beam is resonantly
exciting a vibration of the Im™-(N.). complex, the mass spectrum reveals additional
fragmentation into both the m =0 (83%) and m =1 (17%) fragment channels caused by
resonant laser-induced dissociation (LID). Previous studies on related complexes
demonstrated that the IR spectra recorded in the major fragment channels are similar.*%:
BUR3LEA - Consequently, IRPD spectra of Im*--L, were recorded only in the dominant

fragment channel.

Figure 3. Mass specfra obtained by mass-
selecting Im*--(N2). with QMF1 and scanning m=0 m=1
QMF2. The lower trace was recorded without
laser operation and the observed Im*-(Nz)m

fragment ions arise from metastable decay
and/or collision-induced dissociation with \ ﬂ

background gas. The upper frace was -~ e
recorded during excitation of the vwu stretch A J\ L

vibration of  Im*+(Nz); (3313cm") which

induces additional fragmentation into both m (u)

fragment channels.

Calibration of the laser frequency to an accuracy of better than 1 cm” was
accomplished by comparison of the optoacoustic spectra of NH; recorded simultaneously

with the IRPD spectra with literature tables and by analyzing the atmospheric water
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absorptions along the IR laser path.#414]

5.4. Results and discussion

The IRPD spectra of Im*™--Ar and Im*---(N2)» (n =1...3) recorded over the C-H and
N-H stretch ranges are shown in Figure 4. A list of band origins, their full width half
maxima (FWHM) as well as their vibrational and isomeric assignments is presented in
Table 2. The assigned vwu frequencies of the most stable isomers of all Im*--L, clusters

investigated are plotted in Figure 6 as a function of the cluster size n.

Figure 4. IRPD spectra of Im*--Ar and Im*--(Nz), (n = 1...3) recorded over the N-H and
C-H stretch ranges in the Im* fragment channel. The vibrational and isomer assignments

of the transition observed (A, B, C) are listed in Table 2.

Im+---(N)

A
C
M. Im N
. ) i " 2
A B
Im*---Ar
3100 3200 3300 3400 3500 Vv (cm 1)

To assign the vibrational bands observed in the IRPD spectra of the Im*---L, clusters,

it is instructive to consider the frequencies of the N-H and C-H stretch fundamentals of the
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isolated Im* chromophore. As vys @and ven Of bare Im*™ have not been measured yet, one
has to rely on approximations based on the calculations. One such way for obtaining an
estimation of vwv and ven relies on the experimental frequencies of neutral Im
(v = 3518 cm™ and ven = 3160 cm™, 3135 cm™, and 3135 cm™)B™ and on the calculations
done for Im and for Im*. The calculated harmonic vibrations of Im* are to be scaled using
the average correction factor resulting from the calculations on Im. At the UMP2 level, this
factor is found to be 0.9503 and the estimated frequencies of Im* are: vnu = 3444 cm™ and
ven = 3149 cm™, 3134 cm™, and 3134 cm™. At the UB3LYP level the scaling factor is
0.9651, yielding for Im* the following estimated frequencies: vy = 3449 cm” and
ven = 3141 cm™, 3134 cm™, and 3127 cm™. Another approach, this time useful only for
estimating vnn Of Im*, employs the measured frequency of the related heterocyclic In*
cation (vwu = 3454 cm™)*® and the ratio of the harmonic frequencies of In* and Im* (@
ni =3609 cm™ and 3574 cm™) evaluated at the UB3LYP level, this route vyields
v = 3421 cm™ for Im*, in good agreement with the values estimated from the first

approach. As both methods can be considered equally reliable, one can use the average

of these three evaluation: v, = 3438 cm .

Table 2. Band origins and widths (FWHM, in parentheses) of the transitions observed in
the IRPD spectra of Im*--L, along with their vibrational and isomer assignments. For the
strongly asymmetric vay band of the H-bound isomers (band A), the given position
corresponds to the maximum of the P branch head which occurs close to the band origin.
For the symmetric bands B and C, the band centers are listed.(H/xx) denotes an isomer

with one H-bound and x m-bound ligands (1 + x = n).

v (cm™?) band |vibration isomer
3361 (52) A Vi Im"---Ar (H)
3433 (16) B Vi Im"---Ar (m)
3295 ( 6) A Vi Im"- - -N, (H)
3128 (16) C Ven Im"---N, (H)
3313 (54) A Vi Im"--- (Ny), (H/%)
3132 (20) C Veu Im"--- (Ny), (H/%)
3323 (60) A Vi Im"---(N2)s(H/2m)
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5.4.1. The Im*---Ar dimer

The IRPD spectrum of Im*--Ar in Figure 4 displays a rather broad but structured
absorption in the N-H stretch range. Two transitions are identified and assigned to the vnu
fundamentals of the H-bound and n-bound isomers of Im*--Ar. Their assignments are
based on the band positions, relative IR intensities, and band profiles, as well as the
comparison with the calculations.

It is known that intermolecular m-bonding has essentially no influence on the
properties of the N-H bond, and vice versa - N-H stretch excitation does not affect the
properties of the n-bond. This means that the stretch vibration of a n-bound isomer is
expected to occur close to the vyu frequency predicted for bare Im*. Band B, centered at
3433 cm™, is only 5cm™ away from the vy, estimated above and exhibits a symmetric
band profile. Based on its position and profile,* it is assigned to vy of the m-bound
Im*---Ar dimer (Figure 1f). The ratio between the position of band B and the harmonic
frequency of the N-H stretch vibration of Im™-Ar(n) - ona - IS used as scaling factor
(0.9466) for determining the band positions for all studied systems (Table 1). As the
harmonic calculations are predicting for wnn a blue shift of +2 cm™ upon rn-bonding with Ar,
one can get 3431 cm™ as best estimate for the vwy of bare Im*. The advantage of this
estimation is that it relies only on the experimental value of vyu Obtained for a closely
related system and on calculations done at a level proven to yield meaningful results. This
value will further be used for evaluating the experimental complexation-induced frequency
shifts, Avnn, as well as for providing the scaling factor of the UB3LYP calculations (0.9600).
It should be noted that, although band B was unequivocally assigned to Im*---Ar(n), there
are several other binding sites from which the ligand has also little impact on the N-H
bond. One such category of dimers is Im*--Ar(CH). Fortunately however, the calculations
described in the previous section suggest that these CH-bonded complexes are less
stable than Im*--Ar(rn). This conclusion is further supported by theoretical and
spectroscopic data obtained for BzH*--Ar#1 Bz*--Ar*! and PhH*--Ar“! which also
demonstrated that the intermolecular CH---Ar bonds in A(H)"--Ar dimers are less stable
than the corresponding =---Ar bonds. The width and shape of band B (~16 cm™) could be
reproduced by band contour simulations, using an effective rotational temperature of
around 150 K and some realistic approximations. More precisely, it was considered that
the transition dipole lies along the N-H bond; the rotational constants (A = 0.160282 cm™,
B =0.048490 cm™, C =0.047647 cm™) are taken from the UMP2 calculations for

Im*---Ar(r) and are assumed to be the same in both vibrational states.

111



In addition to the vy band of the n-bound dimer (B), the Im*---Ar spectrum reveals a
blue shaded band (A) displaying a sharp head near 3361 cm™' and a rather broad feature
around 3400 cm™. This transition is attributed to vnn of the H-bound Im*:--Ar isomer shown
in Figure 1d. The blue shaded band contour is characteristic for the excitation of a proton
donor stretch vibration, because the intermolecular H-bond becomes stronger and shorter
in the excited vibrational state, resulting in larger rotational constants.?® The sharp head of
the band is attributed to the P branch, while the "hump" is considered to be part of the R
branch. The vibrational band origin of such transitions is placed close to the maximum of
the P branch, hence the latter is taken in the present work as an approximate value for the
band origin. The red-shift upon complexation amounts to Avyy = -69 cm™, as derived from
the evaluated position of vy for the bare imidazole cation. The calculation slightly
underestimates this red-shift (Avyy = -56 cm™); similarly, previous calculations for the O-H
stretch fundamental of the related Ph™--Ar(H) dimer, conducted at the same level, are
yielding a underestimated red-shift (Avon™© = -56 cm™, Avor™? = -70 cm™).F% The UB3LYP
level yields a value (Avnn = -62 cm™) in better agreement with the experiment.

The scan over the expected range of the C-H stretch vibrations (3050 cm™ to
3170 cm™) reveals no detectable absorption. This is probably the result of the rather low
signal-to-noise level achived in this spectrum, as the calculations are predicting the IR
intensities of all vey fundamentals of both Im*--Ar(H) and Im™--Ar(x) to be roughly one
order of magnitude smaller than the IR intensities of the vyy fundamentals. One of the
reasons for the relatively low signal levels in the Im*--Ar spectrum results from the rather
large amounts of [N --Arz]” which were produced from the remaining N, impurities in the
gas inlet system. As this complex has the same mass as the targeted Im*---Ar (m = 108 u),
its MD process ( [N2-Arz]" — [N2-Ar]" + Ar ) is "swamping" the background of the targeted
LID process ( Im*--Ar — Im* + Ar ).

The millimeter wave spectrum of neutral Im---Ar has been unequivocally connected to
a m-bound structure; as no experimental evidence for the H-bound isomer has been
reported so far, this n-bound structure is considered to be the global minimum. By far, in
the fundamental electronic state of Im (S,), the largest part of the attractive intermolecular
interaction is the dispersion interaction between Ar and the m-electron system of the
aromatic ring. lonization of Im--Ar(x) enhances the attraction by introducing charge-
induced dipole forces, which lead to a contraction of the intermolecular bond. This
contraction can be checked via a comparison of the potential parameters derived from the

millimeter wave spectrum of Im--Ar (Do = 302 cm™, vs = 44 cm™, Tingar = 3.48 A) with the
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values calculated at UMP2/6-311G(2df,2pd) level for Im---Ar (Do = 205 cm™, vs = 43 cm™,
Mingar = 3.54 A) and for Im*-Ar (Do =388cm™, vi=53cm™ riga =342 A). A similar
contraction (Aring.a = -0.07 A) upon ionization has also been derived from the analysis of
rotationally resolved spectra of Bz®--Ar(r). As seen, the IRPD spectrum and the
calculated dimers of Im*-Ar clearly demonstrate that the H-bond is the preferred
intermolecular recognition site in Do, because of the induction interaction between the Im*
charge distribution and the polarizability of Ar which is by far stronger than the interaction
between Ar and the m-electron system of the cation. Judging by the results of the
calculations, it seems that the large positive partial charge on the acidic NH proton is
responsible with the stabilization of the H-bond on ionization.

The apparent ionization-induced switch in the preferred recognition motif from
n-bonding to H-bonding has recently been demonstrated for several A®---Ar and A®---CH,4
dimers involving aromatic molecules A® with acidic functional YH, groups (Y = O, N) and
appears to be a general phenomenon. The molecules investigated so far are. (para-
halogenated) Ph, An, In, 1-Np, and Im. H-bonds to Ar are also the most stable binding
pattern for protonated aromatic molecules (AH") featuring acidic functional groups, such as
PhH*, 1-NpH*, and ImH*. The significance of the YH, groups acidity is underlined by the
preference of Ar and CH4 for wn-bonding to A(H)* without acidic substituents, such as
Bz(H)": both the aromatic and aliphatic C-H bonds in A(H)* are only little acidic, so that

dispersion forces favoring n-bonds override the induction forces favoring H-bonds.

5.4.2. The Im*:--N, dimer

The Im*---N, spectrum displays a single blue shaded band in the N-H stretch range at
around 3295 cm™ (A), which can readily be assigned to vy of the H-bound isomer shown
in Figure 1e. The calculations yield a red-shift of Avyy =-129 cm™, which is comparable,
albeit still slightly underestimating, with the experimental value (Avny = -135 cm™). The red-
shift resulting from the UB3LYP calculations (Avns = -143 cm™) is also in good agreement
with the experiment. A higher resolution scan over the range of this vny band can be seen
in Figure 5; the smooth line is a contour of the band, resulted from a simulation of the
corresponding fundamental transition.®" The effective rotational temperature was
considered to be T = 100 K and the band origin was taken as v, = 3296.2 cm™. While the
ground-state rotational constants were taken from the UMP2 calculation
(A =0.337307 cm™, B = 0.032662 cm™, and C = 0.029779 cm™), the upper-state constants
(A=0.337318 cm™, B=0.033268cm”, and C =0.030282cm™) were obtained by
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assuming that, upon vnx excitation, the intermolecular bond shrinks by Arue = -0.05 A. A
contraction of this magnitude is typical for excitation of proton donor stretch vibrations in
proton-bound dimers with this type of interaction energy.®® The transition dipole is
assumed to lie along the N-H bond. Finally, the FWHM of the ro-vibrational lines used in
the convolution was considered to be 0.3 cm™. Even a superficial comparison of the
experimental and simulated spectra reveals additional signal in the blue wing of the
measured transition (indicated by asterisks in Figure 5), which cannot be reproduced by
simulations even under significant variations of both T and AR within the physically
meaningful parameter space. This additional signal is attributed to sequence transitions of
the type wnn+ W < Vs, Where v, are intermolecular vibrations. Such transitions were
previously observed in related H-bound dimers. They occur at higher frequency than the
vnn fundamental, because the frequencies of the intermolecular stretch and bend modes

increase upon vys excitation due to the stronger and more rigid intermolecular bond. !

Figure 5. Experimental

and simulated IR spectrum
of the wvw band of
Im*---Nz(H). The additional
signal in the blue wing of

the experimental transition *
(indicated by asterisks)
arises from sequence hot
bands which have not been
included in the simulation. '
| 32I90 | 33Ioo | 33I10 |
vV (cm™)

No absorption is detected in the Im™--N, spectrum in Figure 4 near the position of the
free vau (3430 cm™). The primary implication is that the abundance of Im*--Nx(r) is below

the detection limit. Similarly, m-bound isomers were not observed in the IRPD spectra of
An*--Na, Ph(H)™--N,, and 1-Np*---N.. The IRPD of closest related system, In*---N;, shows a

weak signal corresponding to In*--Nx(x). It should be noted that the frequency of the N-H
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stretch mode of In* is larger than the one of Im* (van = 3454 cm™ versus vy = 3433 cm™)
implying that In" is less acidic than Im*. Thus, it seems that w-bonding becomes
competitive with H-bonding for A(H)"---N> dimers with not very acidic A(H)". Following this
trend, N, complexes of A(H)" without acidic functional groups, such as Bz(H)*, prefer
n-bonds with N, over H-bonds. As a consequence, the absence of signal in the free vyu
range implies that all Im*--Na(n) and Im™--N(CH) dimers are below the detection limit.

In addition to vyu Of Im™--N2(H), the Im™--N, spectrum features a band (C) near
3128 cm™, which is attributed to the three overlapping C-H stretch fundamentals, vcy, of
the Im*--Nx(H) isomer. On the basis of the arguments detailed above, the three vcu
vibrations of bare Im* are expected to occur between 3134 cm™ and 3149 cm™ (or, from
the UB3LYP calculations, between 3135 cm™ and 3141 cm™), in acceptable agreement
with the observed band. H-bonding at the NH group induces essentially no frequency
shifts for ven (Table 1), implying that the 3128 cm™ band in the Im*--N. spectrum provides
a very good approximation to the bare Im™ transitions (messenger technique). The ratio of
the integrated intensities of the v and vey bands (6.5), although not in very good
agreement with the ratio predicted for Im*--N»(H) (12 for the UMP2 calculation and 13 for
the UB3LYP one) is close enough taking into account that experimental intensity ratios of

widely separated bands are only accurate to within a factor of 2. The Im*---N. spectrum

lacks strong absorptions in the spectral range of the intense vcn vibrations of the
Im*--N2(CH) dimers (3050 cm™...3100 cm™), confirming the absence of significant

concentrations of these isomers in the molecular beam.

5.4.3. Relative abundance of Im*---L(H) versus Im*---L(rx)

The ratios of the integrated vy band intensities observed in the IRPD spectra of
Im*--L can be used to estimate the relative abundances of the H-bound and =-bound
isomers in the plasma expansion, using the calculated vy IR oscillator strengths given in
Table 1. For Im*--Ar, this procedure results in an abundance ratio of Ny : N, = 1.2, on the
basis of the experimental vny intensity ratio of ~3 and the theoretical ratio of I : |, =2.5.
For Im*--N,, a lower limit for Ny : N; > 10 can be estimated from the achieved signal-to-
noise ratio (~50) and I : |, = 3.7. The larger abundance of the Im*---L(H) isomers suggests
that they are more stable than the Im*---L(n) dimers, because the El source produces
predominantly the most stable isomer of a given complex. Moreover, the energy difference
between both isomers appears to be significantly larger for Im*--N. than for Im™-Ar,

resulting in a much less efficient production of the n-bound isomer for the N.-containing
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complex. This observation is in line with the quntum chemical calculations (Table 1).

5.4.4. Larger Im*---(N2), complexes

Similar to Im*---N,, the IRPD spectrum of the Im™--(N,), trimer in Figure 4 reveals two
bands, A and C, at 3313 cm™ and 3132 cm”, which display only small incremental blue
shifts of Avin = 18 cm™ and Aven = 4 cm™ from the closest dimer transitions. Their positions
and shapes drive their assignment to vny and ven fundamentals of an Im*--(N.), isomer
obtained by =-bonding a ligand molecule to Im*:-Nx(H); this isomer will be denoted
Im*--(N2)2(H/m). The calculations for the Im*™--Nx(r) dimer show that a n-bound ligand
slightly strengthens the N-H bond (Arw =-0.0004 A, Avyu=5cm™). This can be
extrapolated to Im*--(N2).(H/r) in the following way: the addition of a n-bound ligand leads
to a N-H bond contraction, which is equivalent with a reduction in acidity for the NH group,
resulting in decreased strength of the NH---N, bond. The weakening of the NH---N, bond
leads to a slightly smaller red-shift of vy or, with respect to vy of Im™--N,, to a small blue-
shift. The vyy band is again shaded to the blue, but the head created by the P branch is
less prominent, leading to a larger FWHM of the band as compared to that of the dimer.
The jagged and rather broad appearance of band A may also indicate the presence of a
less stable isomer (denoted Im™--(N.)2(2H) ), featuring two ligands directly interacting with
the NH group of Im*. Such isomers were previously invoked to explain the large
incremental blue shift of Avyy = 25 cm™ observed in the related In*---(N.), cluster upon the
addition of a second ligand to In™--N,. Hence, part of the signal in the blue wing of band A
may be attributed to Im™--(N,).(2H) isomers. Much like the spectrum of Im*-N the
spectrum of the trimer lacks absorptions in the range (3050 cm™...3100 cm™) where
N.-bound vcr vibrations are expected to occur. This means that the amount of Im™--(N.).
isomers in which the second ligand forms a H-bond to one of the CH groups is
insignificant.

Similar to Im*---(Nz),, the Im*---(N.); spectrum displays a broad and blue shaded band
(A) in the N-H stretch range. Its blue-shift of Avyy =10 cm™ with respect to band A of
Im*--(N2). suggests the assignment to an isomer with one H-bound and two w-bound

ligands, Im*-(Ny)(H/2r).

5.4.5. Ligand binding energies

The IRPD spectra and the calculations of Im*---L as well as previous studies of similar

systems suggest that the H-bond of Ar to Im* is more stable than the n-bond. Recent
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determinations of accurate binding energies (Do) of related A™--Ar(n) dimers, such as
Bz"-Ar (512 + 3 cm™), para-difluorobenzene*---Ar (572 £ 6 cm™), In*--Ar (537 + 10 cm™),
and Ph*---Ar (535 + 3 cm™), suggest that the strength of the n-bond of Ar to an aromatic
cation A" is rather insensitive to the detailed structure of A*. Hence, Do(n) of Im*--Ar may
be estimated as 550 £ 100 cm™, larger than Do(r) = 388 cm™ resulting from calculations
(Table 1). It is interesting to note that a similar value Do(%) = 570 cm™ can be extrapolated
by rescaling the calculated Do(r) of Im*--Ar with the ratio between the experimental and
the calculated Do of Im--Ar. Assuming that the theoretical level underestimates the
strength of the n-bond and H-bonds with similar magnitude, the predicted Do(H) = 554 cm™
results in an estimated Do(H) = 815 cm™ for Im™---Ar(H).

The photofragmentation branching ratios measured for resonant vyy excitation of the
H/(n-1)r isomers of Im*--(N2), provide more information about the ligand binding energies.
In agreement with previous studies on related systems, the range of photoinduced
fragment channels (m) for a given parent cluster size (n) is narrow: at most two major
fragment channels are observed. This information can be used to roughly estimate ligand
binding energies within the framework of the simple model which assumes that the
absorbed photon energy (vwu) is available for subsequent ligand evaporation. For this
purpose, the ligands are classified as H-bound and n-bound, with dissociation energies of
Do(H) > Do(r). Moreover, all n-bound ligands are assumed to have the same binding
energy. The measured branching ratios are: m =0 (100%) for n=1; m =0 (83%) and
m=1(17%)forn=2; m=0 (57%) and m = 1 (43%) for n = 3. From the branching ratio of
the tetramer and from its assumed most stable structure - Im*:--(N2)s(H/2x) - it results that
the sum of the binding energies of all three ligands is roughly equal to the energy of the
excitation photon (vyy = 3300 cm™).

Similar to the corresponding Ar complexes, the dissociation energies of A(H)™--Na(n)

are relatively insensitive to the detailed structure of A(H)":

PhH*- - - N, (Tt)

Ph*- - -N, () An*- - N, (T) BzH*- - N, (T0) 1-Np*- - -N, (Tr) (carbenium)

750 + 150 cmt 700 £ 200 cm™ ~800 cm™ 650 £ 150 cm* 750 #* 150 cm™

Hence, it may be considered that for the Im*--Na(n) dimer 600 cm™ < Do < 900 cm™, in
good agreement with the UMP2 calculations (Do(r) = 888 cm™, Table 1). In contrast to
n-bonding, the strength of the H-bonds in A(H)"---N, depends sensitively on the acidity of
the proton donor group of A(H)*; the calculations yield Do(H) = 1561 cm™ (Table 1) for
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Im*--Nx(H). Comparison of the photofragmentation data which shows that
2Dy (%) + Do(H) < 3300 cm™ with the quantum chemical well depths of Do(n) = 888 cm
and Do(H) = 1561 cm™ for the Im*---N, dimer results in excellent agreement.

The total interaction in ion-ligand complexes with nonpolar ligands is mainly
composed of the two-body interaction terms. The interaction in neutral Ar, and (N,), is on
the order of Do = 100 cm™. Consequently, for any angular orientation the optimal Im*---L
interaction is significantly stronger than the L---L attraction. Hence, the Im*--L, cluster
growth is mainly driven by the Im*---L dimer potential, because three-body forces are weak.
The derived solvation sequence for the most stable Im*--L, complexes starts with the
formation of a H-bound Im™--L dimer core, which is then further solvated by (n-1) n-bound
and / or CH-bound ligands. A similar cluster growth process was also deduced for
Ph(H)"---L,, 1-Np*--L,, and An™--L, with either Ar or N, ligands: first, the available acidic
protons of the of the OH« and NH. groups are solvated by H-bound ligands, after which

further n-bound ligands are attached to the aromatic ring.

v ] N Ar
(cm™) | * N
Figure 6. Plot of the positions of the 34907
observed bands assigned fo vy as a
function of the cluster size n (Table 2).
The frequency of the vwy vibration of
bare Im* is evaluated as 3431 cm’". |
3300 -
0 1 2 3
n

The plots of vyu of the most stable Im™--L,, isomers as a function of the cluster size n
in Figure 6 mirror the preferred evolution of the solvation (sub)shells. The first H-bound
ligand induces a large red-shift in vyy because of the destabilization of the N-H bond upon
intermolecular H-bonding. The magnitude of Avny IS correlated with the strength of the
intermolecular interaction, leading to a larger shift for L = N, than for L = Ar. The H-bound
Im*--N, dimer is further solvated by n-bound ligands, which induce small incremental blue-
shifts of vyu. Thus, m-bound ligands slightly destabilize the intermolecular H-bond to the
first ligand via noncooperative three-body forces, which in turn stabilize the intramolecular

N-H bond. Because of noncooperative three-body interactions, the magnitude of the
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incremental blue-shift decreases with the number of n-bound ligands in the complex. The
vnn frequencies are not converged at the largest cluster size investigated, because the first
solvent shell around Im* is not complete at n = 3. Unfortunately, neither Ar nor N, matrix
isolation studies are available for Im*, preventing a quantitative comparison of the Im*---L,

cluster band shifts with the bulk limit (n — ) at the present stage.

5.4.6. Proton affinity of the imidazyl radical

Previous spectroscopic studies have shown that Avxy, the complexation-induced red-
shift in the proton donor stretch vibration of H-bound XH*---L dimers, is correlated with the
difference in the proton affinities (PAs) of the two bases X and L. Thus, for a given ligand
species L, Avxn is directly correlated to PA(X): the larger the PA(X), the stronger the
intermolecular H-L bond and the larger the Avxy. This trend can be used to derive unknown
PA values of bases X from IR spectra of their XH*--L dimers. This procedure was already
applied to XH* = In* and 1-Np* to obtain the first experimental estimates for the PA of the
indolyl and 1-naphthoxy radicals. The relative red shifts measured for a series of H-bound
N.-based dimers show a decrease correlated with the increase in PAs. The A vyy/vyy ratio
for Im™---N2(H) of 3.96% determined in the present work is significantly larger than that of
In*---N2(H), implying that the NH group in Im™ is considerably more acidic than that in In".
This trend is also seen in the smaller vyu frequency of Im* compared to that of In*
(3430 cm™ and 3454 cm™). Linear interpolation of the known values for Ph* and An*
(Table 3) yields for the imidazyl radical PA = 890 kJ/mol. Like in the case of t-1-Np*, the

error bars should be conservatively considered as + 30 kJ/mol.

Table 3. PAs of various radicals as function of the relative complexation-induced red-
shifts. Bold symbols mark known PAs which were used to linearly interpolate all the other

values.
XH*- - -N, SioH* Ph* Im* t-1-Np* In* An*
Avyy
—_— 14.1% 4.8% |~3.96% 3.13% 2.2% 0.57%
VXH
PA (kJ/mol) 778 873 ~890 908 923 950

Similar to vau, the ven frequencies are a measure of the strength and acidity of the
C-H bonds. The calculations demonstrate that all three CH groups in Im* feature similar

bond lengths and stretch frequencies, implying that they are of comparable acidity.

Comparison of the experimental vey values of Im (3135cm™ ... 3160 cm™) and Im*
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(= 3128 cm™) confirms the theoretical prediction of a slight decrease in the C-H bond
strength upon ionization. The fact that ven appears to slightly increase upon sequential N,
complexation (Table 2) suggests that the C-H bond strength increases again by n-bound
solvation. Comparison of vy of Im* (~3128 cm™) with those of aromatic C-H stretch modes
(sp? hybridization of C) of related aromatic molecules illustrates the dependence of the
C-H bond strengths upon variation of the details of the molecular structure and
composition. For example, the average vcn value of the smallest aromatic hydrocarbon
ion, c-C3Hs* (3144 cm™), is slightly larger than that of Im* while the measured vcy values of
Bz (3093 +15cm™) are somewhat smaller. The closest related cation which was
previously investigated - In* - also exhibits somewhat less acidic C-H bonds than those of

Im*, as demonstrated by its vey values (3071 cm™ and 3100 cm™).

5.5. Conclusions

The stepwise microsolvation of the Im* cation in the nonpolar solvents Ar and N, has
been investigated experimentally by IRPD and theoretically via quantum chemical
calculations of size-selected Im*--L, complexes (L = Ar, N2). Analysis of the n- and L-
dependent complexation-induced frequency shifts of the N-H stretch vibrations
demonstrates that the preferred ion-ligand binding motif between Im* and L is H-bonding to
the acidic NH group, whereas n-bonding to the aromatic ring and H-bonding to the CH
groups are less favorable. Thus, the most stable Im™ --Ar structure (H-bound isomer) differs
qualitatively from that of the neutral dimer (zn-bound structure), emphasizing the large
impact of ionization on the interaction potential and the preferred recognition motif
between acidic aromatic molecules (A) and nonpolar ligands. The ionization induced
n — H switch in the preferred binding type in A®---Ar complexes has now been established
for a large variety of A® molecules with acidic functional YH, groups (Y = O, N) and seems
to be a general phenomenon. Consequently, the preferred Im*-L, cluster growth begins
with the formation of H-bound Im*---L dimers, which are further solvated by (n-1) n-bound
ligands. The Avnu shift of Im™-N»(H) yields a first experimental estimate for the PA of the
imidazyl radical of = 890 £ 30 kd/mol, demonstrating that IR spectroscopy of cluster ions
can be used to probe thermochemical properties of transient radicals. Significantly, the
IRPD spectra of Im*-L, yield the first spectroscopic information about the venw and vwu
vibrations of bare Im*, demonstrating that IR spectroscopy of cluster ions can also be used

to probe fundamental properties of isolated ions (messenger technique). Comparison
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between ven and vwn Of Im and Im™ suggests that ionization enhances the acidity of both

the C-H and N-H bonds of this fundamental biomolecular building block.
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6. IRPD spectroscopy of (protonated Imidazole)---L, complexes
(L =Ar,N;, H:O;n=1..8)

Abstract The intermolecular interaction between the protonated imidazole (CsN;Hs",
henceforth denoted ImH") and selected ligands is characterized in the ground electronic
state by infrared photodissociation (IRPD) spectroscopy of size-selected ImH™--Lq(---N2)
complexes (L = Ar, N2, H,O; n < 8) and quantum chemical calculations performed at the
MP2/6-311G(2df,2pd) level of theory. Like in the other presented experiments, the
complexes are created in an electron impact cluster ion source, which predominantly
produces the most stable isomers of a given cluster ion. The analysis of the
size-dependent frequency shifts of the N-H stretch vibrations of the ImH*--L, complexes
(L=Ar,N;;n=1..8) and their photofragmentation branching ratios provides valuable
information about the stepwise microsolvation of ImH* in a nonpolar hydrophobic
environment, including the formation of structural isomers, the competition between
various intermolecular binding motifs (H-bonding and n-bonding) as well as their
interaction energies, and the acidity of the NH protons. The analysis of the IRPD spectra of
the ImH™--(H>O)a(---N2) complexes (n = 1, 2) reveals the influence of the proton affinities of

Im and H,O on the preferred pattern for the microsolvation of ImH" in H,O.

6.1. Introduction

Processes like protonation and microhydration are relevant for a variety of
fundamental phenomena in biophysical chemistry, such as molecular recognition, 213141
enzyme catalysis,PH® and proton transport.BP% Detailed understanding of these
phenomena at the molecular level requires the characterization of the interactions between
protonated biomolecules and H,O. The spectroscopic characterization of isolated clusters
in molecular beams provides currently the most direct and most detailed experimental
access to such interaction potentials.

There is, however, a general lack of spectroscopic information on the microhydration

of even simple protonated amino acids and DNA bases owing to difficulties in the
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production of sufficient cluster-ion concentrations. Recently however, experiments on
gas-phase microhydration of protonated amino acids have been reported, revealing
information about vibrational properties of such complexes. "2 The Jack of
spectroscopic investigations on biologically relevant systems is quite the norm, as their
physical properties (for example H-bonding in their solid-state form) are making difficult the
production of large enough densities of such molecules in the gas phase. In this case,
simpler molecules are used for modeling and studying the properties of some functional
elements of a biomolecule. Following this approach, the present chapter presents an IRPD
spectroscopic and quantum chemical study of protonated imidazole under controlled

solvation conditions.

Figure 1. Afom identification for the
most stable isomer of ImH" (a);
selected isomers of profonated histidine
(b), protonated histamine (c),
protonated adenine (d), and protonated

guanine (e).

Imidazole (CsN:Hs4, henceforth denoted Im) and its protonated form (Figure 1) are
basic chemical units in a variety of important biomolecular building blocks, including the
amino acid histidine (His) and the DNA bases adenine and guanine. The combined
presence of an acidic N-H bond and a basic N atom on the molecular ring offers the ability

to both protonate (resulting imidazolium)'™ and deprotonate (forming imidazolate). This
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ability makes aqueous solutions of Im good basic pH buffers for pH values around 9 ... 10.
A tautomeric ylide form of neutral imidazole (ImY, 124.8 kJ/mol less stable than Im -
ZPE-corrected value) is also known to exist and has been found as a reactive species in
exchange processes.l'" The ability of His to both accept and donate a proton at
physiological pH values is used in a plethora of biochemical processes to shuttle protons,
for example, in active centers of proteins such as the catalytic triad in serine proteases.[!
The ability of all molecules that contain an Im fragment to shuttle protons is explained by
the above-mentioned structure of the Im ring: while the basic N atom picks a H*, the acidic
N-H group releases its H*. This mechanism was previously investigated in solid-state
experiments. B3 Quantum chemical calculations demonstrate that the structural and
vibrational properties of the acidic NH groups in ImH" are similar to those in HisH" and in
some isomers of protonated adenine or guanine. Consequently, isolated ImH"--(H;0),
complexes are valuable model systems to characterize the sequential hydration of these
protonated biomolecular building blocks and to unravel the mechanistic details of the
solvent and charge-assisted proton-shuttle properties of the His residue in enzymatic
proteins.

In recent years, a number of theoretical papers have attempted to model Im or ImH”*
either directly,"1'8"l or as a building block of other molecules.??"221 The interaction of
such species with various molecules with biological relevance has also been studied.?®
However, while such studies obtain properties of Im(H)® either isolated or interacting with
a finite number of surrounding molecules, they lack direct experimental support. The
available spectroscopic information was obtained mainly via Raman spectra of acidified
solutions of Im 24128 | imited gas-phase information is available via MALDI-IRMPD of
protonated N-acetyl-alanine and alanyl-histidine,?”! H/D exchange on protonated histidine
and histidine methyl ester,® or via neutralization-reionization mass spectrometry of Im. %
All these experiments concluded that the preferred protonation site of the Im moiety is the
basic N atom.

Despite the large interest in the ImH* interaction with H.O, previous studies on
isolated ImH*---(H,QO), clusters are rather limited. Available experimental information relies
exclusively on mass spectrometry, vyielding incremental hydration enthalpies of
62.0 kd/mol, 52.7 kd/mol, and 51.1 kd/mol for n=1, 2, 3, respectively.*? Quantum chemical
calculations reveal that the H bonds of H,O to the NH groups are significantly more stable
than the H bonds of H,O to the CH donors and the & bonds of H,O to the aromatic ring. In
addition, the acidity of the NH bonds, and thus their catalytic effect for proton transfer, was

predicted to depend strongly on the degree of hydration.
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An effective way of probing the properties of ImH" is to analyze the spectroscopic and
energetic properties of weakly bound complexes between ImH" and nonpolar ligands:
ImH*-L, (L = Ar, N2). The size-dependent frequency shifts of the stretch vibrations and the
photofragmentation branching ratios provide valuable information about the stepwise
microsolvation of ImH" in the nonpolar environment of the ligands, including the formation
of structural isomers as well as their interaction energies.

In general, the interaction between Ar and neutral aromatic molecules (A) is best
described as dispersion interaction between Ar and the & electron system of A. Such
n-bound structures have also been derived from spectroscopic investigations of complexes
between Ar and ionized arenes (A"): phenol™--Ar,B" indole*--Ar”? aniline®--Ar,?3
benzene*--Ar,B?Y 1-naphthalenole™--Ar,®®! and imidazole*---Ar.®® However, in the case of
A*--Ar, as well as in the case of the protonated dimer AH"--Ar, a significant role is played
by the acidic groups YHi of the aromatic cation (if present). It has been demonstrated that,
when present, such YH¢ groups are changing the dominant component of the dimer
interaction from the dispersion interaction between Ar and the = electron system of A(H)"*4
to the charge - induced dipole interaction between a proton of a YHy acidic group and Ar.B"
(2LB3BSLREL Given the presence of two such acidic groups (NH), it is expected that the
dominant binding motif of ImH*---Ar is H-bonding to one of these groups.

In the present work, the IRPD spectra of ImH"--L, (L = Ar, N2, H.O) were obtained in
a molecular beam expansion, using techniques which have recently been applied for the
first time to isolated and microsolvated protonated aromatic molecules, protonated
peptides, and proton-bound dimers of amino acids. These studies mainly addressed the
question of the preferred protonation site, the dissociation behavior, and the influence of
microsolvation in a nonpolar environment. The IRPD spectra recorded in the NH and OH
stretch ranges provide invaluable direct spectroscopic information on the acidity of these
bonds as well as on the structure and energy of the preferred microsolvation motif. They
show the competition between various intermolecular binding motifs (H-bonding and
n-bonding) and the influence of the acidity of the NH protons over the microsolvation
process. The analysis of the IRPD spectra of the ImH*---(H.O)a(---N2) complexes (n =1, 2)
reveals the influence of the proton affinities (PA) of Im and H,O on the preferred pattern for

the microsolvation of ImH* in H,O.

6.2. Quantum chemical calculations

The level of theory used for characterizing the effects of complexation on the
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properties of ImH" is MP2. Ab initio methods are known to reliably describe the properties
of both the wn-bonds and the H-bonds between small aromatic molecules and nonpolar or
polar ligands (A*--L).B Density functional theory (B3LYP) is used only for probing the
proton transfer between ImH" and (H.O), (n =1, 2) as it describes well the interaction
between charged systems and the electrical dipole of H.O and is far less computationally
expensive than the ab initio approach. All calculations have been carried out using the
Gaussian 03 quantum chemistry package;®! unless specified, all the results presented
below are the ones derived at the MP2 level. All energetical parameters are corrected for
the zero-point energy (ZPE) error using the harmonic frequencies (without any
anharmonicity correction). The intermolecular interactions were counterpoise corrected for
basis set superposition error (BSSE). 0

In order to characterize the intramolecular N-H and the intermolecular H---L bonds,
ab initio quantum chemical calculations were carried out for the relevant monomers (Im,
Im*, and ImH*) and for a variety of complexes of ImH" with nonpolar ligands (Ar and N,).
Also the microsolvation of ImH* in H,O was investigated theoretically by performing
quantum chemical calculations on certain isomers of ImH"(H,O).(-"N2) (n=0... 2).
These results are relevant for the assignment of the IRPD spectra of ImH"--(H20)n(-*N2)

(n=0 ... 2) complexes.

6.2.1. Monomers

Theoretical studies of AH" (A = Bz, Ph, etc.) are showing that the isomers where the

proton is bound on the & electron system are actually saddle points on the potential energy

E
Figure 2. The PES of Im, evaluated 3007 kf:re}mol
at the MP2/6-311G(2df2pd) level.

The minima correspond fo

200+

protonation at atoms of the aromatic

ring (see Figure 1 for an identification
of the atoms), while the maxima are 1001

transition states describing the

movement of the proton between

neighboring atoms of the ring. N, c, c, N, C, N,
protonation site

surface (PES).*" This restricts the range of possible ImH* isomers to just the five ¢
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isomers resulting from protonation of the atoms of the ring. The present analysis of the
PES of Im (Figure 2 and Table 1) reveals that protonation on any of these five sites yields
stable geometries, with the isomer protonated at the Ns atom lying exceptionally low in

terms of stabilization energy (148 ... 223 kdJ/mol lower than any other investigated site).

Table 1. Relative stabilization energies (in kJ/mol) for profonation sites around the ring of
Im and for the transition states (TS) connecting these sites, as evaluated at the
MP2/6-311G(2df,2pd) level.

site N5 TSys-c1 Cl TSci-c2 c2 TSco-n3| N3 TSy3-ca c4 TSca-ns
E;a: (kJ/mol) 0 248 159 224 148 329 223 330 157 257

Moreover, the PA of Im presently computed for the site of the basic N atom (Ns),
944 kJ/mol, is in good agreement with the experimentally measured value - 936 kJ/mol, 2
demonstrating that the chosen theoretical level is appropriate to accurately describe the
properties of ImH". This implies that the only experimentally attainable isomer of ImH* is
the one protonated at Ns; unless specifically noted, ImH* will be used to denote the

Ns-protonated isomer.

Figure 3. Structure of the Im (a), Im* (b), and the most stable (see below) isomer of ImH*
(c), as evaluated at the MP2/6-311G(2df.2pd) level. Interatomic distances (in A) are

indicated for each monomer.

The geometrical properties of Im® and ImH* which are relevant for the present study
are indicated in Figure 3, while the frequencies of the proton stretch vibrations are
indicated in Table 2. It can be seen that the transition from neutral to cation is

accompanied by rather significant modifications in the geometry of the molecule: with the
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notable exception of the C=C bond, all other ring bonds shrink, while the bonds connecting
the protons expand. The changes are reflected by the spectra of the monomers. The
frequencies of the mcn stretch vibrations are slightly red-shifted (at most by -12 cm™), while
their IR intensities increase. At the same time, the wonw stretch vibration is red-shifting by
-79 cm™ (more than 2%) while its IR intensity is increasing more than 3 times, from
74 km/mol to 231 km/mol. The most significant implication of these changes is that the
acidity of the cation is by far larger than the one of the neutral precursor. In the case of the
protonated species, it can be seen that the ring is largely unaffected by the addition of a
proton. Given the C,, symmetry of ImH*, some vibrational modes will be coupled. This is
the case for two of the C-H stretch vibrations and for the two N-H stretch vibrations; in
each case a pair of symmetric and antisymmetric normal modes will replace the individual
stretch modes. All three wcy stretch vibrations are slightly blue-shifted (by ~+34 cm™), while

their IR intensities increase to a level similar with the one seen for the cation. The coupling

Table 2. Harmonic frequencies (in cn’) of the proton stretch vibrations of Im, Im*, and
ImH*, evaluated at the MP2/6-311G(2df,2pd) level. The IR intensities (in km/mol) are
indicated in parentheses.

) ) harmonic frequency / cm™?
vibrational (IR intensity / km/mol)
mode
Im Im* ImH*
Oy / O™ 3296 ( 3) 3295 ( 25) 3329 ( 27)
®Ocx 3302 ( 0) 3302 ( 36) 3334 ( 69)
O / O’ 3325 (1) 3313 ( 16) 3347 ( 18)
O / OplS 3703 ( 74) 3624 (231) 3638 (397)
O / O 3645 ( 33)

between the two degenerate N-H stretching local modes is relatively weak and causes
only a small splitting between the corresponding frequencies: wn® - on™ =7 cm™. The
average position of the mwy stretch vibration is red-shifted by -61 cm™ with respect to the
neutral species, less than the red-shift seen in the case of the cation while the average IR
intensity of these modes is similar with the one calculated for the cation.

In order to better understand binding motifs and the enhancement of IR activities, the
charge distribution of Im, Im*, and ImH" must be analyzed. The preferred method is
atoms-in-molecules (AIM), which, in general, provides level-independent charge
distributions.[*® The charge distributions can also be extracted via Mulliken population

analysis; however, this approach is known to be very sensitive to the theoretical level. As
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the results of the Mulliken analyses are largely different from the ones provided by AIM,
they will not be discussed further. Table 3 compares the charge distributions of the three
considered species. It can be seen that both the removal of an electron from Im and the
addition of a proton to Im result in the augmentation of the positive partial charges, with

amounts related to the corresponding partial charge calculated for Im. The increase of the

Table 3. Charge distributions around Im, Im*, and ImH*, evaluated via AIM at the
MP2/6-311G(2df,2pd) level.

atom Im Im* ImH*

c1l 0.395 0.649 0.443
c2 0.352 0.517 0.443
N3 -1.282 -1.296 | -1.268
c4 0.955 1.004 1.069
N5 -1.061 -1.013 -1.268
Hey 0.051 0.182 0.169
He, 0.067 0.204 0.169
Hys 0.444 0.534 0.520
Hcq 0.068 0.210 0.194
Hys 0.520

positive charge around the protons strongly enhances the IR activities of all vey and vnw

fundamentals.

Following the analysis of Im(H)®, a number of complexes have been investigated via
quantum chemical calculations performed at the MP2/6-311(2df,2pd) level of theory. The
parameters of these structures relevant for the present work are summarized in Table 4
(ImH*--Ar), Table 5 (ImH"--(N2)» ), and Table 6 ( ImH"---(H20)a(--*N2) ) which contain:
*intramolecular N-H, C-H, and O-H bond lengths (rnw, rew, fon), the corresponding
harmonic stretch frequencies (onx, WcH, Won), @and their IR intensities (In, len, low)

* intermolecular bond length (ru. or ring.L), harmonic stretch frequency (ws) and IR intensity

(Is), as well as the dimer dissociation energy (Do, ZPE-corrected).

6.2.2. ImH*---Ar

The interaction between ImH* and Ar has been investigated by considering a number
of dimer geometries. The structures corresponding to the equilibrium points identified via

calculations are presented in Figure 4.
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As discussed in Chapters 3, 4, and 5, the competition between n- and H- binding
sites for Ar to an A(H)" cation is tipped in favor of the latter scheme by the presence of
acidic YH, groups. Such acidic groups are known to interact with ligands via charge -
induced dipole B3B3350 Thig interaction scheme is expected to occur also in the case
of ImH™--Ar. Analyzing the results presented in Table 4, it can easily be seen that, indeed,
the strongest intermolecular interaction occurs in the case of the dimer bound via one of
the acidic NH protons. This ImH"--Ar H-bound dimer (Figure 4a, further denoted
ImH*---Ar(NH)) features a planar optimum geometry. The intermolecular N-H---Ar bond and
the corresponding intramolecular N-H bond are nearly collinear (the deviation of Oy.ar
from linearity being smaller than 0.2°). The length of the intermolecular bond (ruar = 2.46 A)
is compatible with the ones calculated for similar systems.!*¥! It is remarkable that this bond
is slightly longer than the intermolecular separation calculated for Im*--Ar(H) (2.41 A) as
the electrical charge of the ImH" is shared by the two acidic protons. The effects of this
subtle alteration can be found in all monitored parameters; for example, the binding energy
(Do) of this dimer (462 cm™) is 17% smaller than the one calculated for for Im*---Ar(H) at

the same level of theory (Do = 554 cm™).

Figure 4. Geometries of the equilibrium structures identified for ImH*--Ar: (a) NH-bound;
(b) C+H-bound (TS); (c) C.H-bound (TS); (d) C:C2-bound; (e) m-bound.

The ligand is pulling the proton to which it binds away from the molecular body; in the
present case the N-H intramolecular bond expands by Ary = 0.0022 A while for Im*:--Ar(H)
the expansion was calculated as Arys = 0.0029 A. The elongation of this intramolecular
bond implies a weakening of the potential "seen" by the proton, red-shifting the stretch

vibration and, at the same time, greatly enhancing the corresponding IR oscillator strength.
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Analysis of the normal modes shows that the bound N-H vibration is derived from the
antisymmetric mode of the isolated ImH™; this allows to properly calculate the red-shift and
the IR intensity enhancement. It follows that Awnw = -44 cm™ (1.2%) while the IR intensity
grows by 1.34; it is instructive to compare these values with the ones calculated for the
Im*---Ar(H) complex: Aows = -57 cm™ (1.6%) while the IR intensity enhancement amounts
to 1.40. The smaller relative values calculated for the ImH*---Ar(NH) complex with respect
to the Im™--Ar(H) complex are consistent with a reduction of the effective partial charge on
the NH proton of the binding site. This is not unexpected, as now there are two such

protons sharing the same overall charge of the ImH" moiety.

Table 4. Properties of the intramolecular N-H and C-H bonds (rw, reH, @wH, @ch, Inv, IcH)
and of the intermolecular bonds (ru.a, fing-a, Do, @s) for several ImH*-Ar isomers
calculated at the MP2/6-311G(2df,2pd) level. The parameters of the bonds directly

affected by complexation are indicated with bold numbers.

ImH*- - -Ar
complex ImH*
NH ClH / CQH C4H C1=CQ T

rew (A) 1.0739 1.0739 1.0740 1.0739 1.0737 1.0739
eu (A) 1.0739 1.0739 1.0739 1.0739 1.0737 1.0739
e (R) 1.0745 1.0745 1.0745 1.0748 1.0745 1.0745
Ty (R) 1.0106 1.0128 1.0106 1.0105 1.0105 1.0105
Tysu (R) 1.0106 1.0104 1.0105 1.0105 1.0105 1.0105
O (cm™) 3329 3329 3329 3329 3332 3329
Iz (km/mol) ( 27) ( 206) ( 43) ( 27) ( 24) (27)
O (cm) 3334 3334 3334 3329 3334 3335
Iz (km/mol) ( 69) ( 65) ( 73) (119) ( 68) ( 68)
O (cm) 3347 3346 3346 3346 3349 3346
Iz (km/mol) ( 18) ( 17) ( 25) ( 17) ( 20) (17)
O (cm™) 3638 3596 3638 3639 3638 3639
I (km/mol) (397) (531) (395) (390) (394) (391)
O (cm™) 3645 3643 3645 3645 3645 3646
Iw (km/mol) ( 33) (172) ( 33) ( 31) ( 35) ( 33)
Tuar / Tring-ar (A) 2.46 2.86 2.78 3.66 3.43
o, (cm™) 63 36 40 41 54
I, (km/mol) ( 10) ( 6) ¢ 7 ( 6) ( 8)
Dy (cm™) 462 205 252 244 350

The two unique dimers having the fragments bonded along a C-H intramolecular

bond (C+-H / C2-H in Figure 4b and C4-H in Figure 4c) have also been investigated, starting
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from planar geometries with the Ar atom placed along the investigated C-H bond.
Stationary points have been identified during geometry optimization in both cases but
subsequent analysis of the vibrational modes has revealed that they are transition states
(TS). In the case of the ImH*--Ar(C4H), the ligand is not anymore placed along the C4-H
bond axis: O¢c1.n-ar = 171.6% in the case of the ImH*--Ar(C4H), the movement of the ligand
is restricted by symmetry along the axis of the C4-H bond (the complex has the same C,,
symmetry as ImH"). For both these TSs, the normal mode having an imaginary frequency
is characterized by in-plane movement of the Ar ligand, around the ImH®. It results that at
least one more minimum must exist in the molecular plane. Indeed, an equilibrium
structure with the Ar attaching to the C=C bond has been identified (Figure 4d, further
denoted ImH*--Ar(CC)); also in this case the Ar atom is placed along the Cs-H bond axis,
resulting a C,, symmetric complex. Analysis of the vibrational modes has shown that this is
indeed a minimum on the PES. It is interesting that the dimer binding energies listed in
Table 4 imply that the component of the ImH"---Ar(C4H) intermolecular interaction which is
responsible with stabilizing the system is stronger than the intermolecular interaction of
ImH*---Ar(CC). As it will be shown later on, knowledge about isomers like ImH*---Ar(CC) is
not required for modeling the ImH"--Ar dimer spectrum or the very beginning of the
microsolvation. This approach is supported by theoretical and spectroscopic data obtained
for BzH*--Ar# Bz"--Ar® and PhH*"--Ar“* which have demonstrated that the
intermolecular CH---Ar bonds in A(H)"--Ar dimers are less stable than the corresponding
n-Ar bonds. Thus, ImH"--Ar(C{H), ImH"---Ar(C4H), and ImH"---Ar(CC) will not be further
investigated.

In addition to the NH-bound global minima, the interaction between the rn electron
system of ImH" and Ar is creating less stable minima located roughly above the center of
the ring. The configuration resulting from the attachment of Ar to one of these sites is
shown in Figure 4e and will be denoted ImH™--Ar(r). Analysis of the vibrational modes
shows that, much like in the case of Im* 2% Ph* BUENET phH* M489 gnd other ionic species,
such a w-bound structure is a local minimum of the intermolecular PES. From Table 4 it
can be seen that the ligand is not affecting the properties of the ImH* fragment.

It is instructive to compare the parameters derived here for ImH*---Ar(n) with the ones
derived for Im---Ar(x) at the same theoretical level and via a rotational millimeter wave
spectrum of neutral Im---Ar. The latter has been previously recorded in a supersonic jet”
and is consistent with a n-bound equilibrium structure. The preference of Im for n-bonding

toward Ar in its singlet electronic ground state results from the fact that the dispersion
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interaction between Ar and Im is maximal, when Ar interacts with the n-electron system of
Im. The experimental separation between the Im ring and Ar is rma = 3.48 A, while the
calculated value is r®®° . = 3.49 A, once more demonstrating that the chosen theoretical
level is properly describing the intermolecular interaction. Owing to the supplemental
charge, the calculated ring - Ar separation of ImH*---Ar(r) shrinks to r*°..a = 3.43 A. The
same supplemental interaction is driving the harmonic intermolecular stretch frequency
(0%mme-ar = 54 cm™)  higher than the corresponding value calculated for Im---Ar(r)
(@%mar = 41 cm™). For comparison, the experimental value of the Im---Ar(r) intermolecular
stretch frequency is Viimar = 44 cm™.B% The stronger interaction results also in a greater
dissociation energy: D% mnear = 350 cm™ > D% 4 = 205 cm™. If the calculations are
equally underestimating the interaction, the experimental value Dgjm.ar = 302 cm™ implies
that a better approximation of ImH*---Ar(nt) Do would be Dojmp+-ar = 516 cm™, which is similar
with Do of other A(H)*-Ar(r) systems (Do indolerar = 53710 cm™" P

DO,aniIine+-Ar = 414428 Cm-1,[52] etC.).

6.2.3. ImH*(N2)» (n = 1, 2)

Attachment of N, to ImH" has also been studied by analyzing the binding of N, to all
protons (both C-H and N-H) dimers as well as to the n electron system of ImH". The
structures corresponding to the equilibrium points identified via calculations are presented

in Figure 5, while Table 5 summarizes the relevant parameters of these structures.

o J
Figure 5. Geometries of the *
equilibrium structures
identified for ImH*---Na:
(a) NH-bound; (b) CsH-bound: | i
(c) C4H-bound; (d) n-bound.
J

The NH-bound dimer (Figure 5a, further denoted ImH™:-N»(NH)) exhibits a planar

structure with the axis of the N=N bond almost overlapping with the one of the N-H bond
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(OnH-N2 = 174.7° and Bx-n=n = 179.99). 1t is known that the anisotropy of the long-range
charge-quadrupole and charge-induced dipole interactions aligns the N, ligand in such a
way that the molecular axis points toward the positive charge. 2714915311541 14411551 15611571 158]
The length of the intermolecular bond is smaller than the one calculated for ImH*---Ar(NH)
(ranz = 2.10 A versus ruar = 2.46 A) but larger than the one calculated for Im*--Na(H)
(2.05 A) because of the slightly different charge distribution. The binding energy of
ImH*---N2(H), Do = 1344 cm™, is ~14% smaller than the one calculated for Im*--N2(H) at the
same level of theory (Do = 1561 cm™). The expansion of the intramolecular N-H bond is

Aryy = 0.0058 A, much less than the one of Im*--Na(H): Aryw = 0.0073 A. At the same time,

Table 5. Properties of the intramolecular N-H and C-H bonds (rw, reH, @wH, @ch, Inv, IcH)
and of the intermolecular bonds (ru.nz, fing-n2, Do, @s) for several ImH*-(Nz), (n =1, 2)
isomers calculated at the MP2/6-311G(2df,2pd) level. The parameters of the bonds

directly affected by complexation are indicated with bold numbers.

ImH*T- - - N, ImH*- (Nz) 2

complex ImH*
NH C.H / CH Cc,H T NH & NH
rew (A) 1.0739 1.0738 1.075 1.0738 1.0738 1.0737
eu (A) 1.0739 1.0738 1.0738 1.0738 1.0738 1.0737
e (R) 1.0745 1.0744 1.0744 1.0763 1.0743 1.0742
Ty (R) 1.0106 1.0164 1.0104 1.0103 1.0102 1.0157
Tysu (R) 1.0106 1.0102 1.0104 1.0103 1.0102 1.0157
Ocx (cm?) 3329 3330 3321 3330 3330 3329
Iz (km/mol) (27) ( 24) ( 92) (26) ( 25) ( 21)
Ocx (cm?) 3334 3335 3334 3311 3336 3336
Iz (km/mol) ( 69) (61) (74) (180) ( 606) ( 54)
O (cml) 3347 3347 3343 3347 3347 3347
Iz (km/mol) ( 18) ( 16) ( 18) (22) ( 15) ( 13)
Ow (cm™) 3638 3534 3640 3641 3642 3536
I (km/mol) (397) (732) (392) (383) (385) (1304)
O (cm?) 3645 3646 3647 3648 3649 3551
Iz (km/mol) ( 33) (189) ( 33) ( 31) ( 32) ( 110)
Tme / Tring-ne (A) 2.10 2.47 2.40 3.04 2.11
®. (cm?) 104 66 73 74 | 89 ( 2)
I, (km/mol) (12) ( o) ( 8) ( 5)| 112 (15)
D, (cm™) 1344 634 781 718 1327

the frequency of the corresponding stretch vibration shifts by Aons = -104 cm™ (2.9%) and
its IR intensity grows 1.8 times; the red-shift calculated for Im™--N(NH) was

Aony = -129 cm™ (3.6%) and the IR intensity increased to 2.5 times the one of the bare
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Im*. The unchanged free N-H stretch vibration supports the assertion that the two N-H
oscillators are only weakly coupled.

Subsequent attachment of another N: ligand to the free N-H group restores the Cy,
symmetry of the complex (ImH"-(N:)2(2NH)). With respect to ImH"--Nx(NH), the
intermolecular separation is only marginally increasing, rww becomes shorter, and the
average Do is marginally decreasing. Also the red-shifts of the wny stretch vibrations are
smaller than the one of ImH*--N2(NH): Awns® = -102 cm™ and Aon® = -95 cm™. All these
changes signal the presence of non-cooperative three-body interactions. Probably the
most important aspect is that the total IR activity of the wwn stretch vibrations increases to
almost 3.3 times the one of the bare ImH".

Both CH-bound dimers (Figure 5b and Figure 5c) investigated were found to be
stable. Their stabilization energies are much lower than the one seen for ImH"--N2(NH), in
line with the lower acidity of the C-H bonds. The red-shifts of the bound C-H vibrations are
modest (not more than -23 cm™); however, their IR intensities are greatly enhanced. At the
same time, the frequencies of the two wnn are blue-shifting by 2 ... 3 cm™, signaling a
minor reduction in acidity. Given the low values of D, for these systems, it is very probable
that ImH"--N>(CH) dimers will not be produced in detectable amounts in the ion source.

The intermolecular PES of ImH*---N, has, like the one of ImH"---Ar, less stable minima
located above the center of the ring (Figure 5d). The ligand is nearly perpendicular to the
ring plane, slightly pointing toward Cs, which was found (via calculations) to hold the
maximum partial positive charge. Intermolecular n-bonding is barely changing the
properties of the N-H and the C-H bonds of ImH*, with [Ary| < 0.0004 A |Arcs| < 0.0002 A,
Aonn S5 cm™) Awcn <2 em™, Alwn < 5%, and Alen < 17%. The more compact structure of
the m-bound system suggests an intermolecular interaction slightly stronger that the one of
Im*---Na(1t) (Mringnz = 3.04 A versus rignz = 3.15 A). This is however contradicted by the
finding that the stabilization energy of the ImH*--Nx(n) complex is much smaller (718 cm™’
versus 888 cm™). Considering that the spectrum of Im*-N,*! had no feature
corresponding to a w-bound isomer, it follows that n-bonding will probably be significant

only for the late stages of the microsolvation of ImH".

6.2.4. ImH*+(H,0)u(-*N2) (n =0 ... 2)

Following the quantum chemical calculations done for ImH* complexated with one
nonpolar ligand (Ar, N,), the mono- and di-hydration of ImH* have been investigated. Also

few complexes sharing the formula ImH*--(H,O),-*N, (n = 0 ... 2) have been identified. The
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N, was attached to the ImH"--(H,O), (n =0 ... 2) moiety via H-bonding to the most acidic
proton (NH or OH, depending on availability). The equilibrium structures identified via
calculations are presented in Figure 6, while Table 6 summarizes their relevant
parameters. The total binding energies listed in Table 6 are the cumulative stabilization
energies of the complexes calculated with respect to the involved monomers: ImH*, H;O,
and N..

In line with previous calculations, the N-H---OH bonds of H.,O to the acidic NH groups
of ImH* correspond to the most stable binding motif on the intermolecular potential of
these ion-dipole complexes (w1 in Figure 6). Like for all other NH-bound dimers, the three
atoms involved in the bonding are almost collinear (Bnw-n2 = 177.7°). This observation,
together with the intermolecular distance (rv.+.-n2 = 1.7 A), signals the formation of a weakly
bound complex. Owing to the dipole moment of H.O, the N-H---O bond is much stronger
than the ones of the other investigated systems, resulting in Do = 5348 cm™', comparable
with the experimental hydration enthalpy (5183 cm™B%). Even so, the excess proton in w1
is strongly localized on ImH*, because the PA of Im exceeds by far that of H,O (943 kJ/mol
versus 691 kdJ/mol). The effects of monohydration of ImH* via NH-bonding of the ligand are
typical for H-bonding, resulting in a significant destabilization of the N-H bond, as indicated
by the large bond elongation (Arw® = 0.0247 A) and the reduction in the frequency of the
corresponding proton stretching mode (Amw® = -448 cm™) coupled with the increase of its
IR intensity (up by a factor 4). In contrast, the free N-H bond and the C-H bonds are nearly
unaffected (Arw' = -0.0011 A, Aone® = 9 cm™, | Arcu| <0.0004 A, | Awcx| <3 cm™). On the
other hand, the strong intermolecular interaction increases the acidity of the intramolecular
O-H bonds of H,0: Aroy = 0.0020 A, Awor® = -19 em™, Awor® = -33 cm™.

A consequence of the high Do of this dimer is that dissociation might occur only by
multiphoton absorption or from already vibrationally excited states. As the energy density
of the excitation laser beam used in the experiment is too low (I < 200 kW/cm?) for multiple

photon absorption to occur, it follows that all features observed in the dissociation channel

ImH"---H,0 + h-v —» ImH" + H,O are hot bands, resulting from the dissociation of
already vibrationally excited ImH"---H,QO. Attachment of a NH-bound N to this system (w1n
in Figure 6) eliminates this problem, as Do of ImH"--N2(NH) is much lower than Dy of
ImH*---H,O(NH): 1344 cm™ versus 5348 cm™. In general, the effects of the complexation of
w1 with a NH-bound N are qualitatively similar to those observed in ImH"--N2(NH) but
somewhat smaller in magnitude, as seen in Table 6 (columns n, w1, and w1n). For

example, the total binding energy of this complex (6548 cm™) is slightly smaller than the
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sum of the dimer binding energies (6692 cm™), signaling typical non-cooperative

three-body interactions acting in ion solvation.

Figure 7. PES of the proton transfer reactions between Im and H.O (¢) and between Im
and (H:0). (m). For each PES, the origin of the X axis is set on the donor N atom, while the
origin of the Y axis is set on the stabilization energy of the corresponding equilibrium
geometry. For each step of the PES scan the position of the acceptor O atom is indicated
with ¢ for [Im-H-OH,J" and with m for [Im-H-OH>-OH,J*".
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The microhydration of ImH* was followed by investigating the two most stable
isomers of ImH"--(H.0),, namely ImH*---H,O---H,O (water chain solvating one NH proton of
ImH*, w2a in Figure 6) and H.O---ImH*--H,O (water solvating both NH protons of ImH",
w2b in Figure 6). The effects of the water chain on the N-H bonds are rather dramatic. The
bound proton is pulled away from its normal position by Arw® = 0.0399 A, the frequency of
the corresponding stretch vibration decreases (Awns® = -676 cm™) while its IR intensity
increases more than 6 times. At the same time, the acidity of the free N-H bond drops:
Ari' = -0.0016 A, Aone® = 15 cm™'. The total binding energy of this complex, involving one
intermolecular N-H---O bond and one intermolecular O-H---O bond amounts to 8835 cm™. It
follows that, at this level of theory, the binding energy of the water dimer to ImH" is
8007 cm™ (Do*292 = 828 cm™', quite far from the experimental AHs7s° = 1255 + 175 cm™
quoted by [59]). While in the case of w2a the two water molecules act together and
weaken the N-H bond, in the case of w2b, due to non-cooperative three-body interactions,
the two N-H bonds are less affected. This can be seen in the smaller elongation of the N-H
bonds (Arns® = 0.0200 A) and the blue-shifting of wwn with respect to w1. Also the total
binding energy of the complex (10207 cm™) implies that D, of each ligand is just 5104 cm™,
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less than 80% of the dimer Do, in good agreement with the decrease of the incremental
hydration enthalpies measured for ImH*---(H20),.B%

The possible proton transfer processes from ImH* to H.O for the w1 dimer and from
ImH* to (H.0), for the w2b complex have been investigated by monitoring the total
stabilization energy of the [Im-H-OH,]" and [Im-H-OH.-OH.]*, respectively, as a function of
the N-H separation. The calculations have been done at the B3LYP/6-311(2df,2pd) level of
theory, without BSSE corrections. The resulting PES are depicted in Figure 7 and
demonstrate that, although the separation between Im and H,O (Im and (H:0). ) initially
decreases as the N-H separation increases, the PES is still characterized by one
equilibrium position, corresponding to ImH®. This is not unexpected, as the PA of both H,O
and (H:0), are smaller than the PA of Im (PAuo =691 kJ/mol “
PA 202 = 808 £ 6 kJ/mol,® PA,, = 942.8 kJ/mol).12

6.2.5. Model for the microsolvation of ImH*

According to the calculations, the H-bonds to the NH group in ImH*---Ar are much
more stable than the n-bonds; other binding sites (CH- or CC-) will not be discussed here
because of the very low binding energies obtained. Knowing this order in dimer stability,
one can predict that the strongest bound ImH™--Ar, clusters are the ones growing

sequentially along the line:

ImH* — ImH"---Ar — ImH"---Ar, — ImH"---Ar;, — ImH"---Ar, — ...
(NH) (2NH) (2NH, ) (2NH,2 )

The picture of the microsolvation of ImH* in N, and the growth of the ImH"--(N2),
complexes is by far more complicated. Within the limits of a simple model, which neglects
the contributions of the non-cooperative three body interactions, one might try to extract a
sequence of the microsolvation from the available calculations. Thus, based exclusively on
the calculated stability of various dimer structures, the most energetically favorable

microsolvation scheme is evaluated as:

ImH* — ImH"---N, — ImH"--«(N,), — ImH"--«(N,); —» ImH"---Ar, —
(NH) (2NH) (2NH,C,H) (2NH,C,H,C,H)

— ImH"---Ary, - ImH"---Ary, — ImH"---Ar, — ..
(2NH,3CH)  (2NH,3CH,m)  (2NH,3CH,2m)

Because of the strong competition between the NH-, n-, and OH- binding sites, no

model for microsolvation of ImH" in H,O can be based exclusively on calculations. Thus,
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no other estimation for the microhydration onset will be given except that, the first water

ligand will probably be NH-bound.

6.3. Experimental details

IRPD spectra of mass-selected ImH*--L, complexes (L = Ar, Nz, H,O, n <8) were
recorded over the C-H, N-H, and O-H stretch ranges using the quadrupole - octopole -
quadrupole tandem mass spectrometer coupled to the electron impact ion source
(EI + QMF1 + OP + QMF2) described in the Experimental setup chapter and previously
reported in literature.® Only the details specific to the ImH*--L, experiment will be
presented in the following section. The expanding gas mixture was produced by seeding
Im vapor (T = 370 K) in the flow of the carrier / ligand gas (L = Ar, N; at static pressures of
4 ... 10 bar) mixed with a protonating agent (H:, typical L:H, mixing ratio is 20:1). In the
case of the ImH"--(H.O)n(---N2) complexes, H.O was supplied by flowing the N, carrier
above a small vessel containing water. The pressure of the water vapor proved to be a
critical parameter in these experiments; control over it was exerted by cooling the vessel
close to the freezing point.

The ions produced via electronic bombardment of this gas mixture are involved in
chemical and physical processes leading to the formation of ionic clusters. One of the
paths toward these ionic clusters, having high production rate, is described in the
following. Brensted acids®® XH* (X = H, Ar, N;) are formed in the high pressure range of

the supersonic expansion via ion-molecule reactions (1) & (2):

H,+e —H, +2e (1)
H + X — XH' + H (X = Hy, Ar, Ny) 2)
The proton is afterwards transferred to the Im molecule:®?

Im + XH" — ImH" + X (3)

The ImH™:-L, complexes are produced in the supersonic expansion via three-body

collisions as shown in (4)17

ImH*- L +L+M—ImH"---L_,+M M=1Im, L L=Ar N, 4)

Previous experiments of small (substituted and / or protonated) arenes are showing
that reaction sequence (4) produces the most stable A(H)"---L, complexes and to smaller

extent less stable isomers.®® Figure 8 shows a mass spectrum of the ion source recorded
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after optimization for ImH"---(N2), generation. The spectrum is dominated by (N.),H* and
ImH™--(N2), cluster ions. Im can fragment upon El, resulting in a sequence of fragments
out of which the strongest visible in the recorded mass spectrum corresponds to HCN
loss,®! leading to CH.CNH" (41 u); a somewhat weaker fragment channel produces
HCNH" (28 u), but the corresponding signal is masked by the very intense N,H" peak. The
intensity ratios of ImH"--(N2), are on the order of 40:3:1 for n=0...2, confirming the

formation of weakly bound noncovalent complexes, as described in (4).

Figure 8. Mass spectrum of the El ion source output, obtained after optimization for
ImH*--(N2), generation; carrier gas was a 10:1 mixture of N> and H. at 6 bar stagnation
pressure; the Im sample was heated at ~ 390 K. The major mass sequences are (Nz),H"
(1+n28u, labeled with A) and ImH"--(N2), (69 +n-28u, labeled with A). In the
low-mass range, peaks corresponding to NHs* and Hs;O" can easily be identified. The inset
shows a vertically expanded version of the spectrum (X40) to ease the identification of
weak signals.
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I L] L] L] L] L] L] L] L] L] I L]
25 50 75 100 125
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An important aspect of the mechanism described above is that the molecular ions
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from (3) are "hot" (vibrationally excited). The energy from the excitation of one normal
mode can "leak" into other normal modes via internal vibrational energy redistribution
(IVR). This leads to the excitation of the intermolecular modes above the dissociation level,
evaporating some of the ligands. This process occurs simultaneously with the three-body
associations (4) and effectively drains the internal energy of the complex to a level lower
than the binding energy of the weakest bound ligand.

The IR spectra of ImH"-L, are obtained by monitoring the amount of ImH" L
fragments generated in the octopole by the absorption of the IR laser beam by ImH*---L, as

a function of the wavelength of the excitation IR laser:

ImH"---L, + h-v — [ImH"---L _|* = ImH"---L_ + (n—m)-L (5)

As the energy density of the excitation laser beam was too low (I <200 kW/cm?) for
multiple photon absorption to occur, no other photodissociation channels were observed.
Dissociation of ImH*--(H.O), complexes was observed exclusively as hot bands. For
ImH"--L, parent complexes (L =Ar, N,, n>1) several fragment channels m were
observed. Previous studies on related complexes demonstrated that the IR spectra
recorded in the major fragment channels are similar.B2=IH704 Consequently, IRPD

spectra of ImH*--L, were recorded only in the dominant fragment channel.

Figure 9. Mass specfra obtained by
mass-selecting ImH*---(N>)s; with QMF1 and
scanning QMF2. The lower trace was
recorded without laser operation and the
observed ImH"--(N.)n fragment ions arise
from metastable decay and/or collision

induced dissociation with background gas. WWW*A«-«WM—‘J ey
The wupper ftrace was recorded while
exciting the wvw Strefch vibration of

/mH+(N2)3 (3396 Cm'1) WhICh II’)dUCGS btk WLWMJ W

additional fragmentation into m=0 (95%) " '2'5' o '5'0' o '7'5' o 160 i 12'5 1
andm=1(5%). mass (u)

As an example, Figure 9 compares the mass spectra obtained for mass selecting
ImH*--(N2); with QMF1 and scanning QMF2 without laser operation (lower part) and with

resonant laser excitation (upper part). Without laser operation, the mass spectrum reveals
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fragment ions arising from metastable decay (MD) of hot parent clusters and/or
collision-induced dissociation (CID) with background gas in the octopole region for all three
possible complex dissociation channels. The strength of these signals decreases as the
number of lost ligands increases. The small fraction of MD demonstrates that the
ImH*---(N); complexes reaching the octopole region have, in average, little internal energy.
When the laser beam is resonantly exciting a vibration of the ImH"---(N.); complex, the
mass spectrum reveals additional fragmentation into both the m =0 (95%) and m =1 (5%)
fragment channels caused by resonant laser-induced dissociation (LID).

A recording of the laser power (done using an InSb IR detector) is used to eliminate
the ion signal fluctuations caused by variable laser power; this is done by linearly
normalizing the ion signal on the laser power. Calibration of the laser frequency to an
accuracy of better than 1 cm™ was accomplished by comparing the optoacoustic spectrum
of a reference substance (recorded simultaneously with the IRPD spectra) with literature
tables. Depending on the investigated range, HDO, NHs;, and H,O were used as reference

substances. 1!

6.4. Results and discussion

The IRPD spectra of ImH"--Ar and ImH*---N,, recorded over the C-H and N-H stretch
ranges, are shown in Figure 10. The spectra of ImH"---Ar, (n =1 ... 6) and the spectra of
ImH"--(N2)s (n=1...8) are presented in Figure 11. For all ImH"--Ar, and ImH"--(N2),
systems, a list of band origins, their full width half maxima (FWHM) as well as their
vibrational and isomeric assignments is presented in Table 7. Finally, the spectra of
ImH*--(HO)n(-*N2) (n =0 ... 2) are displayed in Figure 12, while Table 8 presents a list of
observed bands and their proposed assignments.

To support the assignment of the vibrational bands observed in the IRPD spectra of
the ImH™--L, clusters, it is instructive to consider the frequencies of the N-H and C-H
stretch fundamentals of the ImH* chromophore. No values have been found in literature for
the ven and vwnn Of the isolated (gas-phase) ImH*. However, the frequencies of the C-H
stretch vibrations (ven) have been observed via aqueous Raman spectra of imidazolium
salts:® 3147 cm™, 3153 cm™, and 3180 cm™. No values have been reported for the
frequencies of the N-H stretch modes. Also a solid-state IR spectrum of ImMH*CI" salt has
revealed a massive absorption band spreading between 2000 cm™ and 3300 cm™.2°! A
number of structures have been identified inside this band and have been assigned to

combination bands or harmonics of unspecified vibrational modes from below 2000 cm’
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enhanced via Fermi resonance by a very broad vnu.?4% The values known for vcy are
useful for generating scaling factors to be applied to the harmonic quantum chemical
calculations. It must be stressed that the average scaling factor of 0.9470 found this way

contains both the anharmonicity correction and solvation effects, so it is not very reliable.

Table 7. Band maxima (in cm?), FWHM (in parentheses, in cm?), and proposed
assignment for ImH*--Ar, and ImH*--(Ns),.

Position Position
n 'm Band, (FWHM) Assignment n m Band| (FWHM) Assignment
(cm™) (cm™)
ImH*-Ar, ImH*=-(N2)n
A 3470 (10) Vi (NH) A 3473 (11) Viy (NH)
1 0 B 3425 ( 6) VEH (NH) 1 0 B 3376 (10) VEH (NH)
Cc 3170 (14) Vey (all) Cc 3170 (16) Vey (all)
A 3471 ( 8) V;\IH (NH, ) 2 0 B 3381 (27) VEH (2NH)
2 0 B 3436 (16) vhy (NH,?) c 3172 (15) Vey (all)
c 3168 (12) Vey (all) 3 0 By 3396 (17) v, (2NH,C.H)
3 0 A 3472 (8 vl (NH,2m) B 3417 (10) v, (2NH,T)
b
B 3436 (12) v}, (NH,2?) B, 3400 (11) VNH
(2NH, C,H, C,H)
4 0 B 3437 (5) v, (2NH,2?) |4 1 B, 3414 (10) v;,, (2NH,C.H,T)
5 0 B 3437 ( 5) [, (2NH,3?) Bis 3425 ( 3) v}, (2NH,27W)
Vb
6 1 B 3438 ( 4) v, (2NH,4?) |5 2 Bs, 3421 ( 9) NH
(2NH, C,H, 2T)
Bsa 3433 ( 5) v, (2NH,2m,X)
Vb
6 2 Bg 3423 (7) NH
(2NH, C,H, 2T, X)
Vb
7 3 B, 3424 ( 6) NH
(2NH, C,H, 2%, 2X)
Vb
8 4 By 3428 ( 9) NH
(2NH,C,H, 2%, 3X)

Another approximation of this scaling factor can be obtained starting from the frequencies
of the X-H stretch vibrations of neutral Im. The value of these frequencies are available
from a gas-phase experiment:®! vy; =3518 cm™ and vey = 3160 cm™”, 3135cm™, and

3135 cm™. The scaling factor thus found (0.9503) will be used for an initial guess for the
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assignment.

6.4.1. Spectra of ImH*---L (L = Ar, N>)

The spectra of ImH"---L (L = Ar, N;), together the with stick spectra of the calculated
NH-bound dimers are presented in Figure 10. The calculated frequencies have been

scaled by a factor (0.9525) whose inferring will be detailed in the following.

Figure 10. /RPD spectra of ImH*--Ar and ImH"--N, recorded over the N-H and C-H
strefch ranges in the ImH* fragment channel, together with the stick spectra of the
calculated NH-bound dimers. The vibrational and isomer assignments of the transition
observed (A, B, C) are listed in Table 7.

ImH*- - N,
C B A
ImH*- - -Ar
ImH*- - N,
al .
ImH*- - -Ar
II n
2800 3000 3200 3400 v (cm™)

Similar with the spectrum of Im*---Ar,® the spectrum of ImH*--Ar exhibits a broad
absorption in the N-H stretch range. Two bands can be identified within the observed
structure. Given the position and the asymmetric, blue-shaded shape of band B
(3425 cm™), it will be assigned to the Ar-bound vy stretch vibration of Im*---Ar(NH). As
discussed in previous chapters, such a band contour is characteristic for the excitation of a

proton donor stretch vibration, because the intermolecular H-bond becomes stronger and
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shorter in the excited vibrational state, resulting in larger rotational constants.® The origin
of the vibrational band is placed close to the sharp head of the band, hence the latter is
taken in the present work as an approximate value for the band origin. This assignment for
band B implies that at least part of the absorption exhibited in band A (3470 cm™) is the
result of the IR activity of the free vyy fundamental of ImH*---Ar(NH). The rather symmetric
shape of the band supports the assignment. Using this assignment for band A, the factor
correcting the calculated harmonic frequencies results as 0.9525. The advantage of this
scaling factor is that is based on experimental data directly connected with ImH™; thus, this
value will further be used to correct the harmonic calculations. Based on this scaling factor,
the frequencies of the stretch vibrations of the bare ImH" are estimated as
e = 3465 cm™ and vy = 3472 cm™'. Knowing that the Ar-bound N-H stretch vibration is
derived from antisymmetric mode of the bare ImH*", it results that the
complexation-induced red-shift of vn«® amounts to -40 cm™.

It is remarkable that this assignment does not imply that ImH*---Ar(x) systems are not
present in the ion beam. Even more, as such n-bound isomers have been observed in the
ion beam of Im*-Ar, their presence here must be further investigated. Comparing the
calculated binding energies of Im*--Ar(n) (388 cm™) and Im*--Ar(NH) (554 cm™) on one
hand and of ImH*"--Ar(n) (350 cm™) and ImH*"--Ar(NH) (462 cm™) on the other hand, it
results that the relative abundance of ImH*---Ar(r) should be even greater than the one of
Im™--Ar(m). It is known that intermolecular n-bonding has essentially no influence on the
properties of the N-H bond. This corresponds with the results of the quantum chemical
calculations which suggest that both the N-H vibrations of ImH™--Ar(x) will be blue-shifted
by a n-bound Ar ligand by a modest +1 cm™ with respect to the bare ImH*. At the same
time, as the H-binding of Ar breaks the C,, symmetry of the ImH*--Ar(NH) and as Ar is a
weak ligand, it results that the free stretch mode of the ImH™--Ar(NH) complex will be
slightly red-shifted toward the average frequency of the two stretch modes of the bare
ImH*. Given also the 12:1 ratio between the IR intensities of the symmetric and the
antisymmetric vibrations of ImH"---Ar(n) and the calculated positions of the bands involved,
it results that the two most significant bands around 3440 cm™ (band vne® of ImH*---Ar(r)
and band vy of ImH*--Ar(NH)) will probably be separated by just 4 cm™, less than the
FWHM of the band A (8 cm™). The implication is that the positions of these bands cannot
be further refined.

The C-H stretch range of the ImH"---Ar spectrum exhibits one weak absorption band

centerer at 3170 cm™. A cursory investigation of Table 4 shows that the frequencies of the
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C-H stretch vibrations (approximated as 0.9525-wch) are spread over a maximum of
20 cm™ around 3176 cm™. Both the position and the FWHM (14 cm™) of band C are
consistent with these parameters.

The spectrum of ImH*---N; is characterized by bands similar as profile with the ones
seen in the spectrum of ImH*--Ar. The major difference is that band B is now shifted at
3376 cm™. Assuming an assignment similar with the one of the ImH*---Ar spectrum, it
follows that band B is red-shifted by -89 cm™ with respect to vns® of ImH*. This shift is more
than double the one seen for ImH™--Ar, in line with the higher PA of N, (493.8 kd/mol) with
respect to the PA of Ar (369.2 kJ/mol)."*? The calculated position of this band is 3365 cm™,
resulting in a slightly larger estimated red-shift, probably caused by an overestimation of
the intermolecular interaction.

The free N-H vibration is estimated to be blue-shifted by +1 cm™ with respect to the
position of ww® in the bare ImH*. This is consistent with the experimental observation:
band A of ImH*--N; (3473 cm™) is +3 cm™ blue-shifted with respect to band A of ImH*--Ar,
which translates into a +2 cm™ blue-shift with respect to the evaluated position of vn® of
the bare ImH*. It is remarkable that all other calculated dimer structures result in slightly
larger blue-shifts of their vyy® with respect to the bare ImH*: for the second most stable
investigated dimer (ImH*---N,(C4H)) this blue-shift amounts to +3 cm™, for ImH"---Nx(r) it is
+4 cm™, and for ImH*---N,(C4H) it drops to +2 cm™'. Also the vy of these dimers blue-shifts
by +3 cm™, +4 cm™, and +2 cm™, respectively. It results that all the vnu-derived IR activity of
the less stable dimers concentrates in a ~9 cm™ range centered on the evaluated position
of va' of ImH*--N2(NH). As the FWHM of band A (11 cm™) is larger than this range, it
results that, like in the case of ImH™-Ar, the presence in the ion beam of isomers other
than the NH-bound one cannot be neither directly confirmed nor infirmed. However, unlike
the spectrum of ImH™--Ar, the spectrum of ImH*--N, is characterized by almost complete
separation of bands A and B. This allows for an indirect estimation of the abundance of
ImH"--N2(NH) with respect to other species. Indeed, this is possible assuming that the
observed IR activity around bands A and B is not distorted by laser power fluctuations and
that the quantum chemical calculations accurately depict the ratio between the IR
intensities of vyi' and vys® of ImMH*---N2(NH). The calculated 3.9:1 IR intensity ratio (Table 5)
results in the assignment to vy of ImH*--No(NH) of only ~65% from the IR activity around
3473 cm™,

The C-H stretch range of the ImH"---N, spectrum exhibits, like the one of ImH"™-Ar,

just one absorption band (C) centered on 3170 cm™, with a FWHM of 16 cm™. Given that
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the abundance of ImH"--N»(NH) greatly exceeds the abundance of any other isomer, it is
quite probable that the absorption in the C-H range will be dominated by IR activity of
ImH"---N>(NH) dimers. At the same time, a cursory investigation of Table 5 shows that the
frequencies of all the free C-H stretch vibrations (approximated as 0.9525-wcn) are spread
over a 16 cm™ range around 3177 cm™, thus being indiscernible in the conditions of the
present experiment. On the other hand, the bound C-H stretch vibrations are red-shifted by
a maximum of -23 cm™, thus being well separated from the other vibrations. Given the
characteristics of the experimental spectrum, band C will only be generically assigned to

e of ImH*--N2(NH) and, possibly, of other unidentified ImH*---N, isomers.

6.4.2. Spectra of ImH*---Ar, (n =1 ... 6)

The spectra of ImH"--Ar, (n=1 ... 6) are presented in Figure 11. The spectrum of
ImH*--Ar, reveals three bands A, B, and C, at 3471 cm™, 3425 cm™, and 3170 cm™,
respectively. Their assignment is similar with the one of the bands seen in the dimer
spectrum. It follows that the vyy bands are characterized by small incremental blue shifts of
Avwi' = +1 ecm™ and Avni® =+11 cm™ from the corresponding dimer transitions. The
reduced IR activity around band A signals that although the NH- is the favored binding site,
other sites (probably n-) are actually competitive and result in a significant population in
the ion beam. As a consequence of the different dimer binding energies calculated in the
theoretical section, one can assume that the most favored assignment of band A is to a
ImH*---Ar(NH,=) complex. It is remarkable that band C red-shifts by -2 cm™; it is very
probable that this displacement is not the result of red-shifts of any vcn, but of changes in
the dominant binding model from the dimer to the trimer. Indeed, if one assumes that the
frequencies of vey of all dimers are slightly different one from the other but do not change
upon further complexation, a change in the dominant binding model from the dimer to the
trimer will result in an enhancement of the IR activity in a slightly different position inside
band C.

Analyzing the ImH*--Ar; spectrum, it can be seen that the incremental blue-shift of
band B is +1cm™ This is perfectly understandable as it is known from the dimer
calculations that a ligand binding to a site other than NH- has little influence on the
properties of the N-H bonds. Assuming that NH- is the most favored binding site, it follows
that ImH*---Ar,(2NH) is the dominant type of trimer. Assuming now that complexes are
produced in an incremental fashion (see Eq. (4)), it results that the bulk of the ImH"--Ar,

(n>2) will be comprised from complexes of type ( 2NH,(n-2)X ), with the properties of the

150



Figure 11. The IRPD spectra of ImH*--Ar, (n = 1...6) and ones of ImH"---(N>), (n =1...8).

The photodissociation channel is indicated as n—m (see Eq. (5)). The vertical bands are

underlining related bands, indicated on the figure.

ImH*- - -Ar_ ImH*- - - (N,)
82
8-4
B7
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6-1 62
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5.0 5.2
B41 42 B43
4,0 4,1
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2-0 2.0
1-0 1-0
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two solvated N-H bonds insensitive to the (n-2) ligands attached to other sites.

The most remarkable feature of the ImH™--Ars spectrum is the presence of band A,
slightly blue-shifted (3472 cm™) with respect to the positions seen in the dimer and trimer
spectra. This is another element signaling the competition between NH- and other binding
sites. This band (A) is not visible anymore starting from ImH"---Ars, meaning that the PES
describing interaction between ImH* and Ar is characterized by four deep minima and,
possibly, by a number of other less favorable binding sites. It must be stressed that this
description does not imply equal depth of the PES in all four primary binding sites. Based
on these estimations and on the calculations done for various dimers, the simplest

solvation model is

ImH" - ImH"---Ar — ImH"---Ar, — ImH"---Ar; — ImH"---Ar, — ...
(NH) (2NH) (2NH, ) (2NH,2 )

As it can be seen from Figure 11, this model holds true at least up to n = 6. Given the
limited photofragmentation information available, binding energy of Ar toward ImH* can be

given only as an average value: Do = 630 + 55 cm™.

6.4.3. Spectra of ImH*--*(N2)» (n =1 ... 8)

The spectra of ImH"™--(N2)» (n =1 ... 8) are presented in Figure 11. The microsolvation
of ImH" in N; unfolds in a completely different sequence, as revealed by the trimer
spectrum. Here band A is not detectable, implying that, on the PES describing the
interaction between ImH" and N, the NH- sites are much deeper minima than any other
sites. Band B, blue-shifted by +5cm™ with respect to the position seen in the dimer
spectrum, is still the dominant feature of the spectrum; its FWHM increases from 10 cm™
(in the dimer spectrum) to 27 cm™. The incremental blue-shift is larger than the one
estimated by the calculations (5 cm™ versus 2 cm™), probably because band B is actually
an envelope covering both ww® and ww® of ImH™(N2)2(2NH). Like in the case of
ImH*---Ar, the highest IR activity in band C shifts by +2 cm™.

The ImH™-(N2); spectrum reveals one interesting feature: aside from the main
feature of the spectrum (Ba1, at 3396 cm™), one more weak band rises in the same range
(B, at 3417 cm™). A possible explanation is that, while the first two ligands are clearly
NH-bound, the third one can bind in two different sites. It is assumed that these sites are
characterized by not-so-different binding energies but largely different impact over the
intramolecular N-H bonds. This logical construct seems to be supported by the dimer

calculations, which are placing the two =- binding sites slightly higher on the intermolecular
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PES than the Cs4H- binding site. Even more, while ImH™--Nx(x) is characterized by a
+4 cm™ shift of both vny vibrations, it can be seen that this blue-shift decreases to +3 cm™
for ImH™---No(C4H). This implies that the dominant feature of the ImH"---(N.)s spectrum (Bs1)
will be assigned to ImH™--(N2)3(2NH,C4H) while the minor feature (Bs.) will be assigned to
ImH"--(N2)s(2NH, ).

Based on the scheme underlined above, the spectrum of ImH"-(N:)s will be
rationalized the following way. Band Bai will be assigned to a complex having two
NH-bound ligands, one CsH-bound one, while the remaining ligand is supposed to be
bound to some other site than n (most probable C1H-bound); this assignment fits well with
the small incremental blue-shift observed (+4 cm™). The dominant band (B) will be
assigned to a complex having two NH-bound ligands, one CsH-bound one, and one
n-bound one. It is then obvious that the direct ascendant of this band is Bsz, which implies
that the incremental complexation-induced shift goes toward red (-3 cm™). It means then
that the CsH-bound and the w-bound ligands are actually hindering one another, thus
weakening their influence on the ImH" moiety and allowing for a stronger interaction via
the acidic N-H protons. The minor band Bs; is assigned to the ImH"--(N2)3(2NH,2x) isomer.

The spectrum of ImH™--(N2)s exhibits just two bands. The strongest band, Bs,
appears blue-shifted with respect to B but red-shifted with respect to B (3414 cm™
versus 3421 cm™ versus 3425 cm™). In line with the previous assignments, it will be
associated with an isomer having two NH-bound ligands (large red-shift with respect to A
of ImH"--N2), two =-bound ones (rather strong complexation-induced blue-shift with
respect to B of ImH"™--N,), and one CsH-bound one (the complexation-induced blue-shift
with respect to B of ImH"---N; is slightly smaller than the one of Bs;). The minor band Bs,
will be assigned to the ImH™--(N2)3(2NH,2xr,X) isomer; the most probable identification of X
is CH.

The spectra of ImH"™--(N2). (n =6, 7, 8) are relatively featureless, as probably all the
relevant binding sites are occupied by ligands. Thus, the spectra feature just one band,
blue-shifting by circa +3 cm™ per ligand with respect to Bs. It results that the most
probable assignment of these bands is ImH"--(N2),(2NH,C4H, 27, (n-5)X).

Analysis of the photofragmentation data results in estimations for the binding
energies. Although not correct, all binding sites bar the NH- ones will be regarded as being
characterized by equal binding energies. It results then that the binding energy between
ImH* and N2 via an NH- binding site must be 1100 + 250 cm™. This value does not contain

any approximation regarding the solvation model, other than the assumption that the
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intermolecular NH-bonds are more stable than any other bonds. Also an average value

can be inferred for the stabilization energies of all other binding sites: 770 + 85 cm™.

6.4.4. Spectra of ImH*--(H20).(-*N2) (n =1, 2)

Both IRPD spectra of ImH*--(H.O). (n =1, 2) shown in Figure 12 were obtained by
monitoring the photoinduced loss of a single H:O ligand. The IRPD spectra of

ImH"--(H20)n*N2 (n =1, 2), also shown in Figure 12, were obtained by monitoring the

Table 8. The positions of the bands observed in the ImH"--(H20).(---N>) (n = 1, 2) spectra

and some tentative assignments.

band positLon assignment band positLon assignment
(cm™) (cm™)
ImH*---H,0 ImH*--H,O N>
X1 2895 ? X1 2897 ?
X3 3000 ?
X4 3079 ?
X2 3123 ? X2 3109 ?
c 3170 Veu
X5 3215 ?
A 3468 Vi B 3405 Vigd
Wl 3630 Vo Wl 3640 Vor®
W2 3710 Vou® W2 3725 Vou®
ImH*---(H.0). ImH*--(H20)2-N2
X1 2899 ? X1 2903 ?
X4 3003 ?
X2 3031 ? X2 3036 ?
X5 3095 ?
X6 3124 ?
c 3174 Veu
X3 3150 ? W5 3361 Voi
A 3482 Vit B 3427 Vi
Wl 3624 Vo
W2 3645 Vo
Wl 3634 Vou W3 3715 Vo
W2 3718 Vox w4 3731 Vo

evaporation of the N; ligand. The positions and tentative assignments for the observed

transitions are collected in Table 8. As the dissociation energies (Do = 5348 cm™ for
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Figure 12. The IRPD spectra of ImH"--(H.O)n(---N>) (n = 1, 2) and the stick spectra of the
theoretically investigated complexes. In order to better illustrate the less IR active
vibrational modes, all stick spectra are plotted just between 0 km/mol and at 1000 km/mol.

The inverted triangles mark the O-H vibrations.
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ImH*---H,O and D¢ =8835cm™ /10207 cm™ for ImH*---(H.0),) are larger than the
frequency of any observed fundamental, only the ImH"--(H-O). population with internal
energy in excess of ~2000cm™ can be photodissociated under the single-photon
absorption conditions. Thus, the observed transitions are, in fact, not fundamental bands
but sequence hot bands involving inter- and intramolecular modes (which explains why
these bands are relatively broad). Previous experiments with related complexes revealed
only minor frequency shifts between the fundamentals and the corresponding sequence
transitions. #6318

The predicted harmonic frequencies of the stretch vibrations have been rescaled
using the generic factor (0.9525). While this factor is acceptable for the stretch vibrations
of ImH*, it is completely inadequate for the O-H vibrations of H,O, resulting in 3705 cm™
and 3814 cm™ for the frequencies of the stretch vibrations of H,O, far from the
experimental values (3657 cm™ and 3756 cm™).*! In this case, the frequencies of the O-H
vibrations will be scaled by 0.9389, which optimizes the match between the evaluated and
measured positions of vos® and vou™ of H,O. Scaled stick spectra are presented in
Figure 12, together with the corresponding experimental spectra.

Given the complexity of the spectra, they cannot be interpreted independently.
Analyzing all experimental spectra, it results that, in general, the IRPD spectra confirm the
spectroscopic trends predicted theoretically. As a general trend, it can be seen that the
transitions observed in the ImH"---(H20).--N2 spectra are narrower than their ImH"---(H.O)n
counterparts. It is also relevant to note that the ImH™--(H.O).-*N, spectra exhibit in the
range under 3300 cm™ many more features than the corresponding ImH*---(H20)n.

The O-H stretch range of the ImH™--H.O(---N,) spectra can be completely assigned.
The presence in each spectra of only two O-H bands (W1 and W2) suggests that indeed,
the H:0 ligand is binding to one of the N-H acidic protons (w1 on Figure 6). This is
confirmed by the presence in the ImH"--H,O spectrum of a rather symmetrically shaped
band (A) in a position consistent with the vni' (here at 3468 cm™, 3470 cm™ in the ImH™--Ar
spectrum, 3473 cm™ in the ImH"--N. spectrum). Even more, analyzing the spectrum of
ImH*--H20---N,, it can clearly be seen that, as expected, the vnd' vibration is replaced by a
blue-shaded band (B) red-shifted by -63 cm™ with respect to the position of A from the
ImH"---H,O spectrum. Owing to the three-body non-cooperative interaction between ImH",
H.O, and N, the red-shift of band B (with respect to the bare ImH") is considerably smaller
than the one seen in the ImH"--(N2), spectra. Thus, band B will be assigned to the
N.-bound vn+® of @ win complex (see Figure 6). It is significant that while the addition of a

N> molecule to the ImH"-H.O system results in a slight destabilization of the
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intramolecular O-H bonds (vor® blue-shifts by +10 cm™ while vor™ blue-shifts by +15 cm™),
this effect is completely missing from the calculations. Analysis of the range under
3300 cm™ is considerably more difficult. The only feature which can be positively identified
is band C in the spectrum of ImH"--H,O---N, which can easily be interpreted as derived
from the ven of ImH*. Band X1 cannot be associated with vnx® (the stretch vibration of the
H:0-bound proton) because it appears basically in the same position in all four recorded
spectra.

The O-H stretch range of ImH"-(H.O). exhibits two bands in the range above
3600 cm™ (W1 and W?2), suggesting that the preferred binding model is the one of w2b
(Figure 6). Analysis of the data from Table 6 shows that this isomer is characterized by the
highest total binding energy from the two structures investigated. This finding, combined
with the fact that the frequencies of all recorded vibrations are well under the dissociation
energy of such a complex, weaken the strength of the assignment. Indeed, if IRPD action
is to be observed, the amount of energy which must be stored in the complex before IR
excitation grows as the binding energy of the complex increases. Furthermore, the weak
band A (3482 cm™) is readily assigned to the vn+' vibration of a w2a isomer. This means
that the ImH"---(H.O), parent population must be regarded as consisting of a mixture of
w2a and w2b isomers.

The characteristics of the ImH"---(H.O).--N. spectrum are consistent with the ones of
the related ImH*---(H.0).. Here, the addition of the weakly bound N, has a beneficial effect
over the quality of the recording as the binding energy of N, to the ImH"--(H.O). system is
considerably smaller than the frequency of any observed vibration. This results on one
hand in the reduction of the FWHM of all observed features (as the observed complexes
are cooler) and on the other hand in a better signal-to-noise ratio (because the fraction of
complexes which will dissociate does not depend anymore on their internal energy). These
improvements allow the observation of four bands in the range above 3600 cm™, possibly
originating from O-H stretch vibrations (W1, W2, W3, and W4,). It is relevant to analyze
now the calculated positions of the O-H stretch vibrations (Table 6). In each case, due to
complexation of one O-H bond, the frequency of the corresponding stretch vibration is
red-shifted, well under 3600 cm™ even for w2bn. It results then that it is not possible to
assign the observed bands to just one isomer, lending support to the assertion that the
ImH"--(H.0). parent population is comprised of two largely different isomers. Analysis of
the range of the ImH"--(H>0).---N2 spectrum corresponding to band A in the ImH"---(H.0),
spectrum reveals that this band has vanished, being replaced by two weak features at

3361 cm™ and 3427 cm™. As suggested by calculations, they will be assigned to the
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N:-bound N-H vibration of the w2an isomer (band B at 3427 cm™) and to the H,O-bound
O-H vibration of the same w2an isomer (band W5 at 3361 cm™). This assignment stems
from the observation that the acidity of the free N-H group of w2a must be smaller than the
acidity of the bare ImH" and of w1. The lower acidity is the result of the intermolecular
interaction between ImH" and the water dimer which strongly destabilizes one
intramolecular N-H bond while strengthening the other one. Such lowering in the acidity of
the N-H proton to which the N ligand is attached implies that the vne™? vibration must
occur at higher wavenumber position than the corresponding ones in the ImH"--N. and
ImH*---HO---N. spectra (3376 cm™ and 3405 cm™). From all the bands recorded in the
range under 3300 cm™, only band C (3174 cm™) can be positively identified as being the
result of IR absorption in C-H stretch modes.

The assignment of the bands denoted X, in all ImH"---(H20).--N2 spectra is unclear. A
extensive search of literature databases resulted in a number of papers which discuss the
IR spectra of molten, room- and low-temperature Im 7172 of |m salts (ImH*CI),** as well
as of an acetonitrile solution of Im™ and of an aqueous solution of Im-bearing
biomolecules.[™ In all these spectra, the range 2000 cm™ ... 3400 cm™ is characterized by
very broad and structured absorption bands. Two explanations have been proposed for
this. First, it was suggested that these features are the result of Fermi resonances of the
stretch vibration of N-H proton(s) complexated by high PA molecules with various
combinations and overtones of internal vibrations. Another explanations considers
combination bands of the stretch vibration of N-H bound proton(s) with (overtones of) the
corresponding intermolecular stretch mode.

Translation of these assignments to the present experiment is not straightforward, as
each of these tentative assignments results in certain expected behaviour of the observed

bH20 \with combinations

spectra features. The former assignment (Fermi resonances of vwu
and overtones of internal vibrations) implies that the observed absorption bands will not
shift upon complexation. It can be seen that the only band which shifts in small steps is X1.
The latter assignment implies that, within each spectrum, the observed bands must be
separated by rather equal steps (x n-vs) and that their strength should rapidly decrease
starting from a strong central feature. No spectra exhibits such characteristics. As none of
these attempts can be further considered, bands X, will remain unassigned.

It must be underlined that the assignment of the spectra published in reference [75] is
only partially correct. Only the bands above 3300 cm™ have been correctly assigned, as
the experimental data available at that time was Ilimited. Recently, spectra of

ImH*---(H,0)a-Ar (n =1, 2) have been recorded.l’™ They are not presented here as they
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are rather fragmentary, the signal-to-noise ratio is poor, and there are no quantum
chemical calculations done. They reproduce well all the characteristics of the
ImH*--(H.O)n*N2 (n =1, 2) spectra, lending support to the idea that the unassigned X,

bands are derived from ring vibrations.

6.4.5. Binding energy of the ImH"---H.O system

The ImH"--H,O spectrum provides direct spectroscopic information on the H-bond
energy, Do, and the acidities of both the NH and the OH groups. It is instructive to compare
the known properties of the ImH*"--H,O, indole*--H,O P and phenol* --H,QF 78]
systems. It can be seen that vor® red-shifts by -27 cm™, -21 cm™, and -38 cm™ respectively,
while vor®™ red-shifts by -46 cm™, -36 cm™, and -54 cm™ respectively. Also available are
accurate Do values for phenol*--H,O (6520 + 50 cm™) and indole™--H,O (4790 + 10 cm™).
Admiting a linear correlation of vow® and vos™ with the binding energy of the complex, it
results that Do of ImH*--H,O can be approximated as 5600 + 300 cm™. This value is

compatible with the quantum chemical estimation (5348 cm™).

6.5. Conclusions

This chapter has presented an experimental IRPD investigation of the stepwise
microsolvation of ImH" in nonpolar (Ar, N2) and polar (H.O) solvents. Quantum chemical
calculations of selected cluster geometries have been done at the MP2/6-311G(2df,2pd)
level of theory. The IRPD spectra of ImH"--L, (L = Ar, N) yielded the first spectroscopic
information about the ven and wvnw vibrations of isolated ImH®, demonstrating that IR
spectroscopy of cluster ions can also be used to probe fundamental properties of isolated
ions. The present work has shown that IRPD spectroscopy can provide good estimates of
the site-dependent binding energies of cluster cations. In the case of the nonpolar ligands,
analysis of the n- and L-dependent complexation-induced frequency shifts of the N-H
stretch vibrations show that the way the microsolvation develops depend on the strength of
the dimer intermolecular interaction, which, in turn, is a function of the PA of the ligand.
Indeed, while the most stable ImH"--L¢, structure is common for both ligand species
(NH-bound isomers), the cluster growth model diverges as ImH"--Ar; are probably
characterized by one intermolecular n-bond while the N»-based tetramer population seems
to be dominated by complexes having two NH- and one CH-bound ligands.

The application of IRPD to the study of microhydrated protonated imidazole provided

for the first time direct spectroscopic information on the properties of the N-H bonds of this
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biomolecular building block under isolated and controlled solvation conditions. It was
demonstrated that, as protonation enhances the acidity of the N-H groups, the ability for
proton conductivity of ImH" increases. More work must be done to identify the interactions

between the proton stretch vibrations and other vibration modes of ImH*(---L).
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7. IRPD probing of the classical and bridged structures of the ethyl cation

Abstract This chapter presents experimental and quantum chemical investigations
of the possible structures of the ethyl cation (C-Hs"). IRPD spectra of C,Hs" complexated
with nonpolar ligands (Ar, N>, CO,, CH4) have been recorded over the range of the C-H
stretch vibrations, yielding the fingerprint of two different types of structures. The C,Hs" and
its dimer complexes with the above-mentioned ligands have also been investigated at the
MP2/6-311G(2df,2pd) level of theory, yielding a number of stable monomer and dimer
structures. This paved the way to rationalize the spectra in terms of weak charge-multipole
interaction or very strong bonding of the ligand to H;CCH;" via lone pairs interaction. Thus,
for ligands like Ar and CO,, the spectra exhibit structures assigned to the C-H stretch
fundamentals of the bridged (nonclassical) C.Hs" moiety, while for N> and CH,, the spectra
are shown to be dominated by the fingerprint of the CH; and the CH. groups. A simulation
of the rotational envelopes for the recorded vibrations of C,;Hs"--Ar supports this
assignment. The microsolvation of C;Hs* in N, were also investigated, resulting in an
estimate for the average binding energy of the weakly bound complexes C:Hs":-(N2)n
(n>1).

7.1. Introduction

The ethyl cation (C;Hs") is an alkyl cation fundamental for hydrocarbon mass
spectrometry!". It is a particularly interesting cation as it is the simplest example of
protonation of a C=C double bond. It has been recently identified in the mass spectra
recorded in the atmosphere of Saturn's moon Titan®?. It was used as chemical ionization
reagent for investigating proton transfer toward a wealth of molecules like monosubstituted
benzenes.P!

Despite its ubiquity, there is still a lack of direct evidence of its structure. Much
theoretical and experimental work was aimed at identifying its equilibrium structure by
direct observation or by inferring it from the equilibrium structures of its weakly bound

complexes. Three geometries!”, have long been considered as candidate structures of

163



C:Hs": two of them are classical acyclic structures ([H;CCH,]" - isomers a and b in
Figure 1) and one is a hydrogen-bridged structure (C.Hs" - isomer ¢). Structure a was
selected as the natural choice: experiments show that this is the equilibrium structure of
the ethyl radical (C.Hs).MBHOIAE These experimental evidences are supporting the
previously™® and presently done quantum chemical calculations which show that
structure a of the ethyl radical is the only minimum on the potential energy surface (PES),
while the other two structures probed were found to be 1% order saddle points. The
situation proved to be completely different for C,Hs", as the sole minimum on the PES is a
c-type structure (further denoted c¢*). As available computational power increased, a* was
found to fold into ¢* without any barrier once electron correlation was taken into
consideration!. Moreover, b* was found to be a transition state (TS) for proton scrambling
within ¢*. Various calculations cited by Prakash and Schleyer!" are currently placing b* at
19.7 ... 35.1 kJ/mol above ¢*, which was identified as the only stable structure of the ethyl
cation. More recently, various papers have dealt with the PES of C,Hs™ CH, T2
C:Hs'™. The common findings of these studies are that the stable structure of C,Hs" is ¢*

and that dimers of C,Hs" can have either classical or nonclassical structures.

Figure 1. Structures of the three proposed geometries of C.Hs and C.Hs" together with
the atom labeling throughout the text; relevant geometrical parameters, as obtained by
optimizing the structures at the MP2/6-311G(2df,2pd) are presented in Table 2.

The fact that upon ionization the geometry of the radical changes from a to ¢ means
that there should be a substantial difference between the adiabatic and the vertical
ionization potentials of C,Hs. Photoelectron spectroscopy experiments!™¥ll® jdentified a
gradual onset of the photoionization signal, which indicates a significant change in
geometry upon ionization. The photoion yield curve exhibits two structures, separated by
19.7 ... 39.7 kd/Imol (depending on the reading position). These structures have been
attributed to adiabatic ionization (lower energy) and vertical ionization (higher energy) and

their identification is one of the few experimental evidences supporting the hypothesis of
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the nonclassical structure of C,Hs".

Many other experimental studies focused on high pressure mass spectrometry
(HPMS) of weakly bound complexes of C.Hs" with a plethora of ligands (Arf"l, K"l Xel'
Hol"® N, COLM N,OM CHA2Y OCSEY). The results are the ethyl cation affinities (ECA)
listed in Table 1. The small value observed for C.Hs™--Ar was justified by considering that
Ar interacts only with the bridging H of the nonclassical structure while the somehow large
values that dominate the table were explained as the results of rather strong direct
interaction between the ligand and one of the C atoms. However, no HPMS experiment

can offer direct evidence for the geometry of a molecule or cation.

Table 1. Profon affinity (PA) and ethyl cation affinity (Do) for various ligands
(CoHs + L — CoHs™-L). The ligands used in the present investigation are marked with

bold symbols.
(221
Ligand (kJ/Dr(;lol) (]f?/mol)
Ar 17 ~7.1 369.2
H, (18] 16.7+2.1 422.3
Kr 27 13.4£1.3 424.6
N, [T 15.5£1.3 493.8
Xe [7] 28.5x1.3 499.6
co, ¥ 27.2x0.8 540.5
CH, %Y 23.0x0.8 543.5
o 19 19 0408 549.8 protonation at N
575.2 protonation at O
ocg 2l 104.248.4 628.5 protonation at S

So far, experiments were rather unsuccessful at giving a definitive answer regarding
the structures predicted by the calculations. A promising experimental approach is IR
spectroscopy, which is sensitive to the molecular structure. However, the simplest
experimental implementation - direct IR spectroscopy - has difficulties because it lacks
species selection. A mass-selective method, IR photodissociation spectroscopy (IRPD),
trades a certain degree of ligand-related perturbation of the investigated ion for species

sensitivity (obtained via mass selection)??!.

7.2. Quantum chemical calculations

The theoretical characterization of the ethyl cation and of its complexes has been

carried out in form of ab initio calculations. These calculactions have been done at the
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MP2/6-311G(2df,2pd) level, using the Gaussian03? quantum chemistry package. In order
to obtain a better perspective of the studied systems, calculations have been carried out
for isomers of the neutral species C.H., C.H4, C2Hs, and C;Hs as well as for the ethyl cation
(CzHs"). The principal parameters of the resulting equilibrium structures are shown in
Table 2. The dimers investigated (C.Hs™-Ar, CoHs™ "Nz, CoHs™-CO,, and C;Hs"--CH,) are
presented in Table 3. All geometrical and energetical parameters of the complexes were
obtained accounting for the basis set superposition error (BSSE) on each step of the
calculations by requesting counterpoise calculations. 228!

All the energetical parameters in Table 2 and Table 3 are presented with and without
including the zero-point energy (ZPE) correction, which is done considering the full (no
scaling) harmonic frequencies. There are certain computational artifacts which are
affecting the values of both the depth of the intermolecular potential well (D.) and the
binding energy of complexes (Do). The depth of the intermolecular potential energy well is
derived from the total stabilization energy of the complex and from the total stabilization

energies of the complex components (monomers):

D.=E

e cpl

= 2 (Epen) (1)

If the geometry of the C.Hs" moiety is strongly affected by complexation, D. will consist of
not only the intermolecular interaction, but will also include the change in energy
corresponding to the large geometrical distortion of the C,Hs™ moiety.

To obtain Do, one needs to add to each of the terms of (1) the values of the ZPE:

D, =(E,, — ZPE

e

) - Z<Emon - ZPEmon) (2)

cpl cpl

This reveals additional problems related to the same complexes for which the ligand is
changing the geometry of the C,Hs" moiety, as there can be large differences between the
frequencies of the normal modes of the complex and the ones of the monomers. These
differences originate in the reorganization of the normal modes and not in the simple
complexation-induced shifts. For example, the replacement of a methyl C-H stretch
vibration with the stretch vibration of the nonclassical proton decreases ZPE by ~500 cm’
while the replacement of the C-C stretch mode of H;CCH," with the one of the nonclassical
C,Hs" increases ZPE by ~330 cm™. As the general trend is rather unpredictible, the true

binding energy of a certain complex is considered to lie between the values derived from

the corrected and the uncorrected PES (DSt > DSt 5 D&M by At the same time, the

true
height of the barriers separating various isomers will be extracted from the uncorrected
PES.
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7.2.1. Monomers

Experimental evidence and quantum chemical calculations?”28[291130L.311321133] rgyeg|
that the molecule is planar in its stable equilibrium geometry. From its structure, three
geometries can easily be derived for the ethyl radical (a, b, and ¢ in Figure 1 and Table 2).
Analysis of the harmonic frequencies of the optimized geometries reveals that a is a
minimum on the PES. Structure b is a first order saddle point (has one imaginary
frequency), more exactly is the TS for the methyl rotation of a around the C-C axis. This
structure is placed just +0.4 kJ/mol higher in stabilization energy than a; such a low value
is typical for the process of methyl rotation. Structure ¢ is also a first order saddle point,
being the TS for the process of switching the methyl group from one carbon atom to the
other. It is remakable that, by using the harmonic frequencies, the ZPE correction applied
here inverts the positions of points b and ¢ on the energy scale.

Analysis of the ethyl cation (C;Hs") reveals a completely different image. Geometry
optimization starting from a* slides toward ¢* without any barrier at the studied level.
Indeed, a single point calculation done for a* on the geometry of a reveals the existence of
one imaginary frequency, corresponding to the translation of proton 7 (Figure 1) above the
C=C bond. Structure b* is a TS for the scrambling of the protons of ¢*; it has one
imaginary vibration which describes the path upon which the symmetry-unrestricted
optimization of b* turns into ¢*.®! Structure ¢* is the only minimum found on the PES of
C:Hs".

The equilibrium geometry found for ¢* is closely related to the one of C,H.: the four
aliphatic protons lie in a plane, while the two carbon atoms "float" at just 0.0022 A above
this plane. Even more, the C-H bonds are only slightly expanding upon protonation
(+0.0027 A) while the angle between the two aliphatic protons of each methylene group

increases by just 1.8 °. The only major geometry change induced by the protonation is the
expansion of the C=C bond (r&4"=1.3298 A and rS* = 1.3784 A); however, its length
after protonation is still much smaller than the length of the C-C bond calculated for the

staggered isomer of C;Hs (rgch6= 1.5231 A). Also ry; =17 =1.3056 A are considerably

longer than any other rex: ro = 1.0802 A, r&f = 1.0829 A, and r&™ = 1.0880 A. It is thus
shown that, while affecting the C=C bond, the bridging proton is not breaking it.

Analysis of the C-H stretch vibrations (Table 2) reveals important differences between
the two types of isomers: while the C-H stretch vibrations of the acyclic structures (a, b, b*)

exhibit characteristics typical for methyl groups, the spectrum of the H-bridged isomer
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shows the completely different fingerprint of a methylene group. The frequencies of the IR
active C-H stretch vibrations of C.Hs are well matched by the IR active aliphatic stretch
vibrations of ¢*, showing that the perturbation caused by the attached proton is largely
limited at the C=C bond. A typical effect of ionization or protonation is the significant
increase in IR activity of the stretch vibrations; in the present case, the transition from C,H,4
to the ¢* isomer of C,Hs" results in a roughly fourfold increase of the IR intensity of the

stretch vibrations.

7.2.2. C;Hs*--Ar dimers

As expected, the addition of an Ar atom changed almost nothing in the geometry of
C.Hs*. The weak interaction of Ar with the C;Hs" core is not able to change the stable
geometry of C,Hs". Figure 2 illustrates the relative stabilities of various investigated
isomers and some TSs which are connecting them on the potential energy surface of
CoHs™--Ar. It should be underlined that although the minima on the PES without the ZPE
correction are comfortably separated by the TSs (black lines on Figure 2), the picture is
more unclear when considering the ZPE-corrected PES (red lines on Figure 2). Like stated
at the beginning of the Quantum chemical calculations chapter, the barrier will be
derived from the uncorrected PES.

a*Ar Six possible geometries, derived from both staggered and eclipsed structures
of C,He, have been used for probing possible a*--Ar dimers. For all these input
geometries, the geometry optimization yielded only ¢*---Ar dimers.

b*---Ar By placing an Ar atom in the symmetry plane of isomer b* (plane C1C.H;H4H-
on Figure 1), a number of stationary points were identified, but all of them retained the
saddle point character seen for the monomer. Placing the Ar atom outside the symmetry
plane of isomer b* means to drop the symmetry of the complex and the resulting
unrestricted optimization yields again ¢*---Ar dimers.

c*-Ar Finally, for ¢*--Ar dimers two minimum structures have been identified. In one
case the Ar atom attaches directly to the bridging proton, resulting in a C,, symmetric
dimer; such an isomer will further be denoted as d*---Ar. In the second case the ligand is
still located in the C1C,H- plane, but it is weakly bound directly to one C atom; this isomer
will further be denoted as e*---Ar.

It can be seen that the two stable dimer structures are characterized by substantially

different binding energies: DS " = 6.5 kJ/mol while DS =3.9kJ/mol. The presently

calculated Dﬁ,"""*r is in excellent agreement with the experimental result obtained via HPMS
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by Hiraoka et al'' (7.1 kJ/mol). These two minima are separated by a TS (d*---Ar—e*---Ar),
located in the C1C.H- plane, just 1.6 kd/mol above the position of e*---Ar (0.8 kd/mol when
considering the fully harmonic ZPE correction); another TS (e*-Ar—e*---Ar) separates the
two possible e*---Ar sites. Together, these points fully describe the PES in the C,C:H;
plane. The small height of the barrier separating e*--Ar from d*---Ar implies that the e*--Ar

dimers are probably suppressed via isomerization following the supersonic expansion.

Figure 2. Salient points on the PES of C.Hs"--Ar and their corresponding geometries. As
reference for the energy scale is used c¢* + Ar; the unstable structure b* lies almost
30 kJ/mol above the level of ¢*. Black lines show the uncorrected PES while red lines
show the ZPE-corrected PES.
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The position of b* is also depicted in Figure 2, almost 30 kdJ/mol above the level of
the stable ¢*. From the possible b*---Ar structures, in Figure 2 is depicted the one identified
as having the strongest intermolecular interaction. It can be seen that, while the

intermolecular potential between b* and Ar reaches a minimum for this structure, Ar is too
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weak to stabilize the geometry of b".

The stick spectra of the relevant dimers are plotted in Figure 7. There are shown the
scaled C-H stretch vibrations (ven) of the equilibrium structures d*---Ar and e*-Ar, of the
b*--Ar dimer depicted in Figure 2, as well as the ones of the b* and ¢* monomers. It is
easy to see that the spectra of both d*--Ar and e*--Ar dimers are virtually identical with the
spectrum of ¢*, while the spectrum of the b*---Ar retains the fingerprint of the methyl and

methylene groups stretch vibrations seen in the spectrum of b* (~2900 ... 3000 cm™).

7.2.3. C;Hs"*N, dimers

The PES of C;Hs™"N; is presented in Figure 3, where it can be seen that there are
two main models which describe the intermolecular interaction. As discussed at the
beginning of the Quantum chemical calculations chapter, the heights of the barriers

separating various minima will be extracted from the uncorrected PES. Usually, the binding

L

energy of a complex is equated with D3+” which is extracted directly from the ZPE-

corrected PES. In the present case however, a better estimate is that the binding energy

lies between D? "+ and D .

Optimization of the c¢* + N, system yields two stable dimers, similar in structure
(ligand position with respect to the ¢* ion) with the stable C.Hs™-Ar complexes. In general,
¢’ is almost unperturbed by the presence of the ligand. The parameters of the
intermolecular bonds in the C,Hs"--N. dimers suggest a stronger intermolecular interaction
(Table 3) than the one seen in the C,Hs"--Ar complexes. For both these stable dimers the
intermolecular interaction is best described as a charge-quadrupole interaction, as
suggested by the rather large intermolecular distance and the linear H---[N=N| or
C--[N=N| geometries.

The largest geometrical change seen by the d*---N; dimer is the 0.0107 A expansion
of the ri7 = ry7 interatomic distance; following this bond expansion, the frequency of the
stretching mode of the bridging proton is red-shifted by -106 cm™, while its IR intensity
increases more than six times. The only affected part of the C,H, core is the C=C bond
which, as expected, is slightly shrinking. In contrast to these changes, the C-H bonds are
basically unaffected: the frequencies of the C-H stretch modes are blue-shifted by at most
+3 cm”, while their IR activities are marginally decreasing. Analysis of the same
parameters of the d*---Ar dimer shows that although r,; expands by just 0.0040 A and ww;
is red-shifted by -46 cm™, the corresponding IR intensity is increasing almost four times.

Overall, it can be seen that, as expected, the magnitude of the effects depends on the PA
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of the ligand. It is relevant that even the stronger interaction of N, with the bridging proton

of ¢* is unable to open the nonclassical structure.

Figure 3. Salient points on the PES of C.Hs"--N> and their corresponding geometries. As
reference for the energy scale is used c¢* + N, Black lines show the uncorrected PES
while red lines show the ZPE-corrected PES.
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Attaching the ligand directly to one of the C atoms of the ¢*, thus forming an e*--L
dimer, has as main effect the displacement of the bridging proton away from the C atom
where the ligand binds and toward the other C atom of C.Hs*. Indeed, while ry; increases
by 0.0138 A for e*---Ar and by 0.0380 A for e*--N,, r»7 is decreasing by 0.0125 A for e*--Ar
and by 0.0299 A for e*--N.. Although this change is not reflected in the ethylene geometry
(the C=C bond and all aliphatic C-H bonds are essentially unchanged), it can be seen that
the wcn vibrations are blue-shifted by up to +9 cm™ for e*---N, (+3 cm™ for e*---Ar).

In line with the increased PA of N, versus Ar, both d*--N, and e*--N, are

characterized by stabilization energies which are almost 2.5 times larger than the
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corresponding C;Hs™--Ar dimers. The calculated binding energy of the C,Hs"--N, dimer

characterized by the strongest intermolecular interaction is in very good agreement with

the value obtained via HPMS!": D§ ™ = 17.7 kJ/mol, versus DS%. M = 15 541 3 kJ/mol.

Aside from the dimers built around the ¢* geometry of C,Hs", the calculations show
that N, can also stabilize an open structure of the ethyl cation, by attaching directly to the
atom C, of a*. The strong interaction between C; and N results in heavy reorganization of
the C,Hs" moiety: the C=C bond breaks down and is replaced by a C-C bond while the
bridging proton migrates to C,. The change in hybridization of the two C atoms from sp? to
sp® results in a structure which resembles the geometry of the staggered C,He: the rcc is
just 0.0071 A shorter, while the average value of rcy for the methyl group is identical with
the rcn of the staggered C.He. Apart from the ¢*--‘N, complexes, here the interaction takes
place via the lone pair of the N, molecule, resulting in a nearly covalent bond between
H;CCH." and N.. The spectral fingerprint of this a*--N, system is completely different from
the one of the d*---N. and e*---N. dimers, making the analysis of the C-H stretch vibrational
range a suitable method of identifying the ligand binding motif.

From Table 3 it can be seen that the interaction between the two fragments of the

complex (a* and N) is exceptionally strong: Dg+"'N2 = 37.8 kdJ/mol and D:+"'N2 = 57.3 kd/mol.

As stated above, the binding energy of such complex should be considered to be

bracketed by D¥ ™ and D¥ "™ even considering the minimum value (D3 ™), the result is

not compatible with the measured ethyl cation affinity of N, suggesting that the complexes
measured in the HPMS experiments!"! were produced in conditions more favourable for

the creation of ¢*---N; - type dimers.

7.2.4. C.Hs*--CO-, dimers

The PES of C.Hs"-CO- is presented in Figure 4; like in the case of CoHs" "Ny, the
intermolecular interaction is described by two largely different models.

Optimization of the ¢* + CO, system starting from various ligand positions yielded two
stable dimers with structures similar to the ones seen for the ¢*---Ar and ¢*---N, dimers,
namely d*---CO; and e*---CO.. In both dimer structures found, ¢’ is almost unperturbed by
the presence of the ligand: even the stronger interaction of CO, with the bridging proton of

+

c* is unable to open the nonclassical structure. Optimization of d*---CO, geometries
starting with the ligand tilted with respect to the C, axis of the ¢* moiety resulted in a linear
H--|0=C=0| geometry. Few geometries were probed to identify minima of e*--CO, -

type, including a ¢* + CO, dimer having the CO, molecule located under the C=C axis.
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They all sled toward a stable equilibrium geometry closely mirroring the e*---N, geometry.

Thus, it seems that these weak interactions are of charge-quadrupole type.

Figure 4. Salient points on the PES of C.Hs"--CO. and their corresponding geometries.
As reference for the energy scale is used ¢* + CO.. Black lines show the uncorrected PES
while red lines show the ZPE-corrected PES.
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Owing to the fact that PAco, > PAy > PA,  the intermolecular interaction in the
d*--CO, dimer is shown to be the strongest. However, the perturbation exerted by CO;
shows up in an uneven manner: the geometry of ¢* in d*---CO; is identical with the one
calculated for d*---N, and the most significant change is seen at the intermolecular level.
Indeed, ry.co: drops to just 1.903 A: to put this number in perspective, the contraction of
the intermolecular bond from d*---N to d*---CO, is almost as large as the one seen when
going from d*---Ar to d*--Nz. In line with the largely unpertubed geometry, the red-shift of
the bridging proton's stretch vibration is only slightly larger (Awwr =-113 cm™ versus

-106 cm™). Despite the only modest increase of the red-shift of wyy, its IR intensity shows a
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dramatic increase (11 times larger than the monomer value). Simultaneously with the red-
shift of wuz, all other wey vibrations are blue-shifted by at most +6 cm™, while their IR
intensities show only little decrease. The frequency of ws and its IR intensity increase
dramatically, in line with the stronger intermolecular interaction.

At the level of the C,Hs" moiety, the calculated e*---CO, dimer is characterized by the
same type of displacement of the brigding proton: while ry7 is increasing by 0.0473 A, ru7 is
decreasing by 0.0384 A with respect to the isolated ¢*. The ethylene molecule is left
unaffected at geometrical level (the C=C bond and all C-H bonds are essentially
unchanged), but it can be seen that the wcn vibrations of e*--CO. are blue-shifted by up to
+11 cm™.

The stabilization energies of the d*--CO, and e*--CO, dimers exhibit a dramatic
increase with respect to the equivalent N.-based complexes, increasing by a factor ~1.8; at
the same time, the calculated binding energy of the ¢*---CO, dimer characterized by the

strongest intermolecular interaction is in reasonable agreement with the value obtained via

HPMSU™ (DS %% = 31.1 kJ/mol, versus DS -o% = 27.241.3 kJ/imol).

Very much like N, CO; is also able to stabilize an open structure of the ethyl cation,
by attaching directly to the atom C; of a*. Opposite to the weak interactions between c¢*
and CO, the intermolecular interaction in a*---CO. takes place via one of the lone pairs of

the CO, molecule. Indeed, the angle between the axis of CO, and the intermolecular bond

(m, X=H; or Cy) decreases from 180° and 173.6° for d*--CO., and e CO,,
respectively, to just 126.6° for a*--CO,. It is then natural to search for another structure, in
which the intermolecular bond creates similar angles with the C,—C; and with the
0,=C=0, axis and has the ligand molecule located under the intramolecular C-to-C bond.

The dimer thus found (a,*---CO; in Figure 4) indeed exhibits the predicted characteristics of

the intermolecular bond; in particular, m (126.4°) is, within the Ilimits of the
calculations, identical with the corresponding angle from a*---CO..

While the spectral fingerprints of the two a*--CO, dimers are basically indiscernible,
they are largely different from the ones of the ¢*--CO, dimers. This means that the
analysis of the C-H stretch vibrational range can identify the observed species. On a side
note, the intermolecular stretch vibrations of the two a*--CO. dimers are lower in frequency
as the one of a*--N,, but they exhibit an increase of their IR activities by a factor ~20.

Table 3 shows that the interaction between the two fragments of these classical

complexes (a* and CO.) is weaker not only than the one in a*---N, but also than the one of
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d*---CO.,. Indeed, the binding energies are somewhere between Dg+"'COZ =16.9 kdJ/mol and

D2 ®: = 31.0 kJ/mol, while the binding energy of the d*-CO, complex is evaluated as

e

D&% = 31.1 kJ/imol. This finding is of major significance, as it implies that the dominant

species visible in the C.Hs™-CO, spectrum is supposed to be the weakly bound d*--CO,

and not the nearly covalent a*---CO, species.

7.2.5. CoHs™--CH, dimers

The C,Hs"--CH4 complexes and its isomers are creating a mesh-like PES, with a
large number of minima and TSs between them. This makes impossible the investigation
of the C:Hs" - CH, interaction without considering other [C3,He]" moieties. Even the study of
the weakly bound C,Hs"--CH4 complexes is complicated, as the CH, ligand is able to rotate
with ease even while interacting with a cation. It is thus necessary to simplify the picture,
by considering only a very limited number of isomers (as often as possible just one) for
each class of geometries. The disadvantage of this approach comes from the fact that it is
not possible to make sure that the considered isomer is the most energetically favorable of
all structures sharing certain geometrical peculiarities. Figure 5 shows elements of the
PES of [Cs,Ho]", starting from weakly bound C.Hs":-CH, structures and ending with the
elimination of a H> molecule to form CsH;"; as origin of the energy scale was used
¢ + CHs. The elements of the PES were computed without any BSSE correction. The
advantage and, at the same time, the disadvantage of such an approach is that there is no
need to freeze the charge on a certain component of the complex. In order to be able to do
comparisons between various complexes, the interesting species were calculated also
with BSSE correction (data in Table 3). Although the selected PES trajectory is considered
to be representative, it is possible that the equilibrium structures identified here are not
absolute minima or lowmost saddle points.

A large number of structures of type ¢* + CHs, for which the intermolecular potential is
described by the charge-octopole interaction, have been probed but only d*--CHs and
e*--CH, have been found to be minima. All the input geometries have been modeled
considering the CH4 molecule as tetrahedron-shaped, resulting in Cs symmetric dimers.
The following structures have been tested for the dimer having the ligand bound to the
bridging proton (d*---CH,): CH4 pointing with a tip toward the bridging proton of the C.Hs"
moiety and having an edge of the opposite face either perpendicular or parallel on the
C+=C; bond; CH, closing in with an edge toward the bridging proton of the C.Hs" moiety

and having this edge either perpendicular or parallel on the C1=C, bond; CH4 facing the
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bridging proton of the C.Hs" moiety and having an edge of this face either perpendicular or
parallel on the C+=C, bond. Only this last structure has been found to be a minimum on the
PES (d"--CH. on Figure 5). The same set of parameters have been considered in the
search for a e*--CH, - type stable equilibrium; the only minimum found is the one having a
face of the CH, tetrahedron oriented toward a C atom of C,Hs" and with the H atoms
interlaced with the closest ones of C.Hs" (e*--*CH4 on Figure 5). The characteristics of the
intermolecular interaction can be identified from the bond parameters: in both cases, the
intermolecular distances are comparable with the ones of the corresponding C.Hs™Ar
complexes. (Here, the intermolecular distance is defined as the distance between the C
atom of CH4 and the closest atom of C,Hs". If the definition of the intermolecular distance is
changed to include the protons of CH4, the values decrease toward the ones seen for the
C:Hs"--CO, and C;Hs"-N, complexes, which are characterized by a much stronger
intermolecular interaction: ~1.93 A for d*--CH, and ~2.88 A for e*-CH,.) It should be
noted that the binding energies of the C,Hs™--CH4 complexes (~17 kJ/mol) are similar with
the ones of the C.Hs"--N. complexes, at the same time being much lower than the
experimental value of D, obtained via HPMS? (23 kJ/mol).

From all geometries considered as candidates for nearly covalent bound dimers of
type a'--CH,, the most stable one is the one depicted in Figure 5. This minimum is
characterized by long-distance direct bonding between the carbon atom of CH4 and the
carbon atom of the methylene group from [H;CCH_]*. With respect to the C4-C, bond, the
C+—Cs bond is very long (2.0583 A versus 1.4928 A), showing that the two moieties -
C.Hs" and CHs - are keeping their identities. This intermolecular interaction is
supplemented by a H bond between C; and the CH, ligand. Although C.Hs" exerts a
considerable pull on it, the bridging proton is clearly part of CH4. Indeed, the distance
between the bridging proton and Cs is 1.1940 A while the average distance between the
other three protons of CH, and Cs is 1.0841 A; at the same time, the distance between the
bridging proton and Ci is 2.2346 A while the average distance between the protons of
C.Hs" and the carbon atoms to which they bond is 1.0872 A. It should be noted that at
least one more minimum with a similar geometry can be found by rotating the C,CsHo
plane around the C1Cs axis. The binding energy of this dimer (24.2 kJ/mol) is very much in
line with the HPMS-derived value®?® (23 kJ/mol).

Structures derived from a propane backbone have also been investigated, although
they are not supposed to dissociate in the present experimental conditions. Indeed,
cleavage of a C-C bond in the propane backbone requires ~370 kJ/mol which equates to

the simultaneous absorption of at least 9 photons from the investigated range. Such
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multiple absorption is not possible here, as the energy density of the excitation laser beam
is less than 200 kW/cm?. Structures derived from a propane backbone are relevant for the
chemistry of the El source, as they are expected to be closer to the global minimum of
[Cs,Ho]". Few such structures have been identified as minima on the global PES of C;Hy"
(g*, h*, and j* on Figure 5):

- structure g* is derived via protonating one of the methyl groups of propane;

- structure h* is also an isomer of the protonated propane, having the proton attached to
the center carbon atom;

- structure j* is a weakly bound complex between C;H;" and H..

The assignment of the g* and h* structures to CsHe" isomers and not to CsH:"H:

complexes is supported by the large H-H distances (rﬂiH =0.9232 A and rﬂiH =0.8824 A

versus rv , = 0.7371 A): in the case of the CsH,"-H, complex, r; , = 0.7390 A

The only TS identified between a" and g* is a second order saddle point; at the same
time the TS between g* and h* is placed lower than g*, giving to g* the appearance of a
shoulder on the PES (green line in Figure 5). These abnormalities have prompted
additional investigations of the protonation of one methyl group of propane. Another
minimum (further denoted g+*) was thus identified. It was found to be similar with g* in
structure but slightly less stable. The characteristic of g+«* is the alignment of the two
closely-packed protons in the C1C.Cs plane. Using this g4 structure, it was possible to find
first order saddle points connecting the PES (blue line in Figure 5). However, both TSs
obtained via quantum chemical calculations were found to be placed lower in energy than
g:". This means that g* and g+* are rather unreliable elements of the [C5,Hs]* PES.

Structure j* seems to be the absolute minimum on the PES. The geometry of this
complex has just C, symmetry, with the methyl groups twisted around the C-C bonds. The
only saddle point found to connect h* and j* is a third order saddle point. It can be seen
that the weakly bound CsH7"--H. complex requires very little energy to dissociate. Overall,
the entire part of the [C3,Hg]" PES which describes the propane backbone is unreliable and
must be regarded only as an approximation.

The spectra of the d*--:CH4 and e*--CH,4 are quite similar with the ones of the other
weakly bound systems investigated. The major differences result from the appearance of
stretch vibrations specific to CH4 which occur in the same range (marked with * in Table 3
and in Figure 11) and from the coupling between certain stretch modes of C,Hs" with
modes of CH4 (marked with ** in Table 3 and in Figure 11 ). The spectra of d*--:CH4 and

e*--CH4 are indiscernible in the investigated range. In this case the assignment of
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experimental bands to them must rely on the differences in the stabilization energy of the
complexes. As the binding energy of d*---CHys is just half than the one of e*---CH,, it results
that e*---CH. is the only ¢*---CH. - type complex which should be considered.

In the case of the a*---CH, dimer, the spectra exhibit few remarkable characteristics.
First, the contribution of the proton bridge to the intermolecular bond results in an
exceptionally strong red-shift of the corresponding wcw vibration of the CH. ligand
(2340 cm™, down circa -900 cm™' from its monomer position). The IR intensity is enhanced
by more than a factor 10 with respect to the other wcn stretch vibrations. These remaining

vibrations are spread over circa 200 cm™ and have roughly equal IR intensities.

7.3. Experimental details

The IRPD spectra of the mass-selected C;Hs™ L dimers (L = Ar, N2, CO,, CH4) as
well as of the C;Hs™--(N2), (n = 1...6) complexes have been recorded in the quadrupole -
octopole - quadropole tandem mass spectrometer, coupled with the electron ionization ion
source and the OPO laser®* presented in the Experimental setup section. In the
following only details specific to the production of C,Hs"--L, complexes are described.

A mixture of CH,4 and ligand gas (Ar, N2, CO,, at a typical backing pressure of 3 bar
and with a typical mixing ratio of 1:10) is sampled in the ion source. During the expansion,
electron impact ionization of the Ar buffer gas occurs, followed by charge transfer from Ar*
to CH4 and the elimination of a H atom; finally, the methyl cation (CHs") reacts with CH,4

and produces C;Hs" via an elimination reaction:

Ar+e - Ar'+2e (1)
CH,+Ar" - CH] +H+ Ar (2)
CH; + CH, — C,H. +H, (3)

The complexation of CoHs™ with Ar takes place in the supersonic expansion via three-body

collisions:

C,H, + Ar+M - C,H.---Ar+M  M=CH,, Ar (4)

The IRPD which takes place in the octopole results in the fragmentation of the complex:

C,Hs---Ar+h-v — C,HJ + Ar (5)
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The production mechanisms are similar for all ligands; however, depending on the
strength of the intermolecular bond, the IRPD process may differ considerably from (5).
This is especially true for the strongly bound a*---N, (and, maybe, for d*---CO,) for which
Do is supposed to be larger than the energy of veu. In this case it is possible that the
photodissociation spectrum of C,Hs"--L, obtained via direct IR excitation, will show only hot

bands.

Figure 6. Typical ion source mass scan recorded for an Ar:CH+ mixture ratio of 10:1, at
3 bar backing pressure. The right half is enlarged (X50) to better outline the complexes.
The peaks at 20 u, 40 u and 41 u are attributed to Ar**, Art and ArH*. The series marked
by V is assigned to C.Hs"-(CH4), and the one marked by e is assigned to C.Hs"--Ar,;
CHs"--(CH.4), series, marked by A, can also be identified.
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A typical mass spectrum of the output of the ion source is presented in Figure 6; in
the right part of the picture is also presented an enlarged (X50) version of the scan, to

facilitate the identification of weak components of the expansion. The largest feature of the
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spectrum occurs at 29 u and is assigned to C;Hs" and, maybe, to the N,H" impurity. The
peaks at 20 u, 40 u and 41 u are attributed to Ar**, Ar* and ArH*. The series marked V¥ is
assigned to C;Hs"-(CH4), and the one marked e is assigned to C.Hs"Ar,; the feature
appearing at 109 u is due to both C,Hs™--Ar, and C;Hs"--(CH.)s; the CHs"--(CH,), series
(A) can also be easily identified.

As usual, a signal proportional with the laser power was recorded via an InSb
detector simultaneous with the IR spectrum. The ion signal was linearly normalized on the
resulting power trace in order to eliminate the ion signal' variations caused by fluctuating
laser power. The calibration of the spectra was done using HDO as reference substance in
the optoacoustic cell. By linearly resizing the interval between successive optoacoustic

lines using literature tables,® accuracy better than 0.5 cm™ was achieved.

7 .4. Results and discussion

The IRPD spectra of the studied dimers, together with stick spectra derived from the
quantum chemical calculations, are presented in Figure7 (C;Hs--Ar), Figure 9
(CzHs"--N2), Figure 10 (C;Hs™--CO,), and Figure 11 (C,Hs"---CH,) respectively. In order to
better underline the similarities and the differences between them, a comparison of all
IRPD spectra of the studied dimers is presented in Figure 12. Further experimental results
are spectra of CyHs"-(N2), (n=1...6), presented in Figure 13 and of C;Hs"-(CHa),
(n=1...4), presented in Figure 14. The principal parameters of the observed bands (band

center position, FWHM, proposed assignment) are shown in Table 4.

Table 4. Band maxima (in cm™), their FWHM (in parentheses, in cm), and proposed
assignment for CoHs"Ar, CoHs"-(N2), CoHs"(COz)n and C.Hs"--(CH4), For each

complex, its fragmentation channel is listed as n—m.

Position Position
n m Band (FWHM) Assignment n m Band (FWHM) Assignment
(cm™) (cm™)
CoHs™Ar C:Hs™+(CO2)n
A 3117 (30) va A A 3122 (17) y&eo,
B 3037 (25) VdC*H“Af 1 0 B 3042 (32) VdC+H..coz
CzHs™**(N2)n G 2954 (30) v, %, YA
A 3119 (30) VdC+H..N2 A 3125 ( 8) V0C|;--COZ
B/cC 3036 (10) & ™, ya ™2 1 B 3039 (10) Vo
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D 3017 (15) v N G 2949 (?2) y2[;C%, 2 00
1 0 E 2970 (14) VgH'“Nz A 3128 ( 8) V"C;"'COZ
F 2962 (14) va N 301 B 3041 (11) ve, o0
G 2914 (10) va N G 2950 (13) 200, 2.0
C 3034 (10) va N C.Hs*--(CHy)n
D 3017 (10) VgH'“Nz A 3118 ( 5) de;"CH‘*
2 1 E 2970 (11) va N Cc 3107 (20) va o
F 2960 (11) v N D 3084 (22) V2o
G 2925 (17) v 1 0 E 2976 (22) V2 o
Cc 3036 ( 7) va N F 2948 (25) va o
D 3021 (10) va N G 2900 (24) va o
301 E 2976 ( 8) v H 2885 (20) V2 o
F 2961 (10) va M c. 3101 (2?) ISR
G 2938 (10) va N D, 3089 (11) IS
c 3036 ( 9) va M a1 E. 3075 (10) ISR
D 3020 ( 6) VgH'“Nz F, 3026 ( 9) Ve
4 1 E 2974 ( 7) VgH'“Nz G, 2998 (15) vg
F 2959 ( 8) VgH'“Nz H, 2904 (11) v
G 2938 (2°?) va Unidentified bands in the
c 3036 ( 7) va N 29 + (N2)n — 29+(N2)m IRPD spectra
D 3021 ( 5) v 2 1 X 2877 (21) 2272
5 2 E 2974 ( 9) va N 301 X 2917 (18) 2272
F 2960 ( 9) v a2 X 2950 (14) 2272
G 2946 (10) va N 5 3 X 2973 ( 9) 2272

7.4.1. The CzHs"-:-Ar dimer

The IRPD spectrum of C,Hs™--Ar is presented in the upper part of Figure 7; in the
lower part of the same figure are plotted the stick spectra of d*--Ar and e*--Ar. The
computed frequencies plotted here have been corrected for anharmonicity by rescaling
them so that the strongest vibration of d* overlaps with the most prominent band from the

experimental spectrum. The value of the scaling factor (0.942) is typical for ab initio
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calculationsfe,

Figure 7. The IRPD spectrum of C:Hs"--Ar and the stick spectra of ¢*, d*, d*---Ar, and
e*-Ar monomers and complexes (calculated at the MP2/6-311G(2df,2pd) level and
rescaled by 0.942).

2900 3100 3300 3500
v (cm'l)

Although the investigated spectral domain (2650 cm™ ... 3375 cm™) is easily covering
the ranges of sp® C-H stretching frequencies (2850-3000 cm™), sp? C-H stretching
frequencies (3020-3100 cm™) and even sp C-H stretching frequencies (~3300 cm™), the
only two bands identified in the spectrum (band A at 3117 cm™ and band B at 3037 cm™),
appear in the range of the sp? C-H stretching modes. Both bands are rather symmetric

with respect to their absorption maxima, suggesting that the Ar ligand is not interacting
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directly with any of the protons involved in the observed vibrations. This characteristic is
compatible with both ¢*---Ar isomers. The ratio between the IR activities of the two bands
(A:B=2:1) is in very good agreement with the intensity ratios of both ¢*---Ar - based
dimers (Ir*: Ir? = 2.3 : 1); however, the spacing between the observed bands (80 cm™) is
not so well matched by the calculations (122 cm™). On one hand, it can be seen that the
similarities between the simulated spectra of d*---Ar and e*--Ar render impossible the
positive identification of the isomer(s) responsible for the observed bands. On the other
hand, the relative stabilities of the two calculated dimers suggest that the dominant carrier

for both observed bands is d*---Ar.

Figure 8. High-resolution scan
of band A (upper part, rights);
simulation of the rotational
contours of bands A and B
(lower part), assuming the
bridged geometry of C.Hs" and
that the ligand is attached fto
the bridging proton.

30IOO 3050 3100 3150
v (em™)

A higher resolution scan of band A (Figure 8, upper trace) reveals that the band is
split into P, Q and R branches, but no further rotational structure can be resolved. In order
to check the assignment of the bands, a rotational simulation for the two vibrations of
d"--Ar has been done. The simulation was done by using the WANG program package,
developed by LuckhausP”. The rotational constants of the ground vibrational state were
calculated considering the equilibrium geometry. The dependence of the rotational
constants on the vibrational excitation has been considered. This dependence results from
the slight expansion of the C-H bonds upon vibrational excitation. It was considered that
the C-H bonds expand by 0.5% with respect to the ground vibrational state values
(ren'=" = 1.0840 A versus rcy'™° = 1.0835 A), as derived from the measurements done by
Oka et al on CH:™8 The resulting rotational constants are 24.0119072 GHz,
2.3144622 GHz, and 2.1747576 GHz for the ground state and 24.0052346 GHz,
2.3144142 GHz, and 2.1747221 GHz for the excited state. Band A is a c-type band

whereas B is a b-type band. The simulated stick spectra were obtained considering a
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Boltzmann distribution for the population of the first 50 rotational levels at a rotational
temperature T, = 50 K; the centers of the experimental bands were considered as origins
for the simulated bands. The computed lines were afterwards convoluted with Gaussian
profiles having FWHM of 0.3 cm™ and were used to generate the rotational contours
plotted in the lower part of Figure 8. The two simulated rotational spectra were normalized
considering the intensity ratio derived from the calculation. The resemblance of the
simulated spectrum with the recorded one is striking and adds further weight to the
assignment.

It should be noted that a partially-resolved rotational envelope was recorded at
3969 cm™ by Yeh et al in their IR investigation of C,H;'* (see Figure 7 of their paper). At
that time it was assigned to the H-H stretch fundamental of a weakly bound isomer of the
classical C,Hs"-H, (presented as a pentacoordinated carbonium ion). This assignment
was supported by the presence of ripples on top of the P and R branches whose spacing
was found to be consistent with the rotational constants of such a classical isomer. Further
analysis done by other groups!'®!'? suggested alternative assignments for this band, still
derived from classical isomers of C,H;": this band has been assigned to combination
bands of the H-H stretch vibration with either an sp? C-H vibration or a complicated C-C
stretch mode. Finally, East et af'! have used the H-H stretch fundamental of a d*--H,
complex to demonstrate via rotational profile simulation that not only open isomers of
C:H;" are able to produce the observed rotational contour. However, in the end they have
assigned this band not to the H-H stretch fundamental but to the first overtone of the
bridging proton stretch vibration in the afore-mentioned complex. Independent of the
precise assignment of this band, it is relevant the fact that there is previous spectroscopic

evidence supporting the supposition that C;Hs" has a nonclassical structure.

7.4.2. The C.Hs*-N, dimer

Figure 9 shows the IRPD spectrum of C.Hs"--N. together with the stick spectra of
d"--N,, e"-N,, and a*--N,. The computed frequencies plotted here have been corrected
for anharmonicity using a factor (0.941) which brings in line the calculated frequency of the
strongest wcn of d*--N2 with the band A from the experimental spectrum. The value of the
scaling factor is nearly identical to the one inferred for d*---Ar.

All the observed bands have rather symmetric shapes, suggesting that none of them
is the result of a ligand-bound stretch vibration. The observed spectrum is completely
different from the one of C,Hs"--Ar: close to the position of band A in the spectrum of

C.Hs"--Ar there is only a very weak absorption (3119 cm™), while close to the position of
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band B there is a much stronger absorption (3036 cm™). Considering the calculated IR
intensity ratio between bands A and B (circa 2: 1) and the observed integrated band

activity ratio (circa 1:2), it follows that the IR activity at 3036 cm™ must have a strong

Figure 9. The IRPD spectrum of C.Hs"--N» and the stick spectra of d*---N,, e€*--N, and
a’ N, complexes (calculated at the MP2/6-311G(2df,2pd) level and rescaled by 0.941).
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component from some different isomer. It can be seen that this band also sports a sharp Q
branch component, which was absent from the simulated rotational contour done for
d*--Ar. Thus, the band at 3036 cm™' will be given a double assignment, to band B of d*---N,
and to a band (further denoted C) of another isomer. Band A is blue-shifted by +2 cm™
from the position recorded in the d*---Ar spectrum; this slight shift is in line with the
prediction of the calculations (+1 cm™). Same thing holds true also for band B, for which
the predicted blue-shifts amounts to +2 cm™. The reason for this blue-shift is the
redistribution of the charge in the C.Hs" moiety driven by the intermolecular interaction.

This results in strengthening of all C-H bonds, excepting the ones involving the bridging
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proton.

The bands dominating the observed spectrum are largely corresponding to the open
isomer a*--N.. It is remarkable that the correspondence between the observed IR
absorption and the calculated vibrations is only loose. Indeed, the most obvious similarity
between the calculations and the observed spectrum is the separation of the bands in two
groups. However, the number of bands comprising each of these groups is not matched
between the experiment and the calculations. This is probably the result of the strong
intermolecular interaction specific to the a*---N, dimer.

It should be noted that not only bands A and C exhibit rotational profile, but also band
D. A simulation of the rotational profile is however not straightforward for these bands, as
they are supposed to have both parallel and perpendicular transition characteristics.

The rather small FWHM of the observed bands suggests that they are results of
fundamental transitions and not hot bands. This means that the dissociation energy of the
complex is smaller than the IR excitation energy. The calculations done for a*--N. have
yielded binding energy of 4793 cm™ without ZPE correction, or 3159 cm™' including the

ZPE correction, in line with the observed characteristics of the spectrum.

7.4.3. Larger C;Hs"+*(N2), complexes (n = 2 ... 5)

All recorded spectra of C.Hs™--(N2), complexes (n=1 ... 5) are presented in the left
half of Figure 10. It can be seen that band A disappears completely from the spectrum of
the trimer onwards, showing that, indeed, the d*---(N,), complexes are much less stable
than the a*--:(N.), ones. Bands C, D, E, and F behave in a similar fashion: they red-shift in
the spectrum of the trimer by a small amount (~-2 cm™), then start to blue-shift. For the
largest investigated cluster, these bands shift by ~+4 cm™ with respect to the spectrum of
the dimer. The remaining band (G) develops in a particular fashion: it continuously blue-
shifts, appearing shifted by +32 cm™ in the spectrum of C.Hs"--(N:)s with respect to the
position seen in the spectrum of C,Hs™--N.. Considering that in all recorded spectra bands
C, D, E, F, and G appear in the same photofragmentation channel, it is unlikely that band
G is connected with other isomer but a*---(N;),. The general blue-shifting mirrors the global
increase of the non-cooperative three-body interactions, which have as final result a
weakening of the interaction between each C,Hs":-N, pair. The magnitude of these blue-
shifts is in line with the known low acidity of the C-H bonds. While all bands are shifting
toward higher frequencies at different paces, their FWHM are continuously decreasing.
The decrease in FWHM of the observed bands signals the vibrational cooling of the

complex and shows that, starting with the second ligand, their binding energies are
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considerably lower than the one between the C,Hs" moiety and the first ligand. This finding
fits well the quantum chemical calculations which show that the most stable dimer
structure is nearly covalently bound. A secondary effect of the decrease in FWHM of the
bands is that they become more visible. This way it becomes obvious that the IR activity
between 2940 cm™ and 2990 cm™' was correctly assigned to two independent bands.

One more highly active band (X) can be seen in the spectra of the trimer and the
tetramer (2877 cm™ and 2917 cm™, respectively). The disappearance of this band in the
4 — 1 and 5 — 2 fragmentation channels has prompted the analysis of the neighboring
ones. Indeed, the band can again be found in the 4 -2 and 5 — 3 fragmentation
channels at 2949 cm™ and 2973 cm™ respectively. Backtracing the observed blue-shifts, it
results that in the spectrum of the dimer, the corresponding band should appear
somewhere between 2700 cm™ and 2800 cm™. This position cannot be matched by any
vibration of the dimers investigated via quantum chemical calculations. Another unusual
characteristic is the strong blue-shifting of this band as the complexation increases. This
signals that one ligand (probably the first one) is bound directly to the chromophore via an
H-bond. Among the investigated dimer structures, the only H-bound dimer is d*---N, but the
stretch vibration of the binding proton occurs no higher than 2122 cm™ (this limit is set by
the harmonic calculations). It results then that this band cannot be connected with any
investigated dimer. Considering the specifics of the ion source used and the precursor
substances, some tentative assignments can be made.

The simplest assignment is to N,H* produced via the protonation of the carrier gas
(N2); indeed, N.H" has the same mass (29 u) as C.Hs". In this case, every CoHs"--(N2)n
mass channel would be contaminated with NoH"--(N2),. The fact that the magnitude of the
complexation-induced blue-shifts is comparable with the one expected for a highly acidic
N-H bond seems to support this assignment. However, both the theory and experiments
are disproving this tentative assignment. Quantum chemical calculations done at the
MP2/6-311G(2df,2pd) level yield onn = 3430 cm™ for the N.H* free proton stretch mode.
The addition of a N, molecule to this system (thus obtaining [N=EN—H—N=N]" ) shifts the
harmonic frequency of the proton stretch mode down to wwy =611 cm™. Similar with
previous investigations,“) the only frequency matching the range of the recorded IRPD
spectra is the one of the combination band between the proton stretch vibration
(onn = 611 cm™ and Iyy = 5111 km/mol) and the IR active mode of the N=N stretches
(ony = 2219 cm™ and Iy = 239 km/mol). This match is however only rough, as the
anharmonicity of the system pushes the frequency of the combination mode much lower

than the harmonic 2830 cm™. In the case of the trimer, the calculations reveal one possible
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T-shaped structure. The proton stretch frequency in this case is 644 cm™
(Inv = 4721 km/mol) while the most IR active N=N stretch mode has a frequency of
2219 cm™  (Ilw =220 km/mol). It follows that the harmonic approximation of the
combination band frequency is 2863 cm™, just below the observed position (2877 cm™).
Thus, the vibrational analysis infirms the N,H"---(N>), tentative assignment. It is notable that
this assignment seems to be supported by an analysis of the binding energies. Indeed, the
energy required to evaporate one N, molecule from [N:HN:]" is much larger than the
energy of the photons in the scanned range (~7080 cm™ - ZPE-corrected value versus
maximum 3300 cm™); this find fits well with the absence of any vibration of [N.HN.]" in the
spectrum. In the case of the presumed (N.);H*, the energy required to evaporate the
added N, molecule is 1543 cm™, smaller than the energy of the excitation photon
(2877 cm™) and fitting with the observation of the unidentified band. In order to eliminate
(N2)n+1H* as possible carrier, IRPD spectra of (N:)..«+H" have been recorded over the
2600 ... 3300 cm™ range. The (N2)..+H" complexes have been obtained by replacing the
CH4 feed with a H; line; all other optimization elements have been left unchanged.
Attempts have been made to record IRPD spectra in the following fragmentation channels:
(N2)2:H" — NoH*, (N2)sH* — (N2).H*, and (N:)sH" — (N:);H*. While in all cases the CID
suggesting that large amounts of the parent are present in the mixture, all three IRPD
spectra have revealed no absorption.

Another molecular system which can easily be produced in the ion source is H,CNH"
(methanimine cation). Its N-H stretch mode was observed at 3263 cm™ " while presently
done calculations are predicting it at 3595 cm™. Using the scaling factor resulting from
these values, it can be predicted that the addition of a N: ligand to the N-H chromophore
will shift the frequency of its stretch mode down to 2887 cm™. At the same time, the ZPE-
corrected binding energy of this complex is calculated to be 2392 cm™, well under the
excitation photon's energy. It results that, if produced in a sizeable amount, H.CNH"---N,
should dissociate and thus be visible even in the dimer spectrum. This means that also
this tentative assignment must me discarded.

The absence of band X in the 57 u — 29 u spectrum might signify that the smallest
chemically bound species has an atomic mass of 57 u. There are five easily identifiable
chemical formulas that have this atomic mass: CsHs*, CsNH7*, C2N2Hs*, CNsH3", and N4H*.
A previous study of a microwave discharge in a CH, and N, mixture has revealed that the
dominant species at m/z=57 is C,H;N=NHH"¥! Although no quantum chemical
calculations have been attempted for this species, it will still be considered as the most

probable origin of band X.
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7.4.4. The C.Hs*--CO- dimer

Figure 11 shows the IRPD spectrum of C,Hs"--CO. together with the stick spectra of
d*--CO,, e"-CO, a*--CO,, and a,*--CO,. The computed frequencies plotted here have
been corrected for anharmonicity using a factor (0.942) which brings in line the calculated
frequency of the strongest wcn of d*---CO, with the band A from the experimental spectrum.

The value of the scaling factor fits very well the ones inferred for d*---Ar and d*--N..

Figure 11. The IRPD spectrum of CzHs"--CO; and the stick spectra of d*---CO., e*--CO,,
a*-CQO, and a,"-CO. complexes (calculated at the MP2/6-311G(2df 2pd) level and
rescaled by 0.942).
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The main binding motif here seems to be d"--CO,, as the spectrum largely
reproduces the C,Hs™--Ar one. This trend is demonstrated by the number of observed
bands, their positions and the ratio of their IR activities. Like all the other investigated
spectra, the bands recorded here have the same symmetric shape, suggesting that the
stretching modes from which they originate were not strongly affected by the presence of
the ligand. Like in the case of d*--N,, the observed bands are slightly blue-shifted with
respect to the positions recorded in the d*--Ar spectrum. In the present case, the blue-
shifts are larger than the ones seen for d"-N;, in line with the predictions of the
calculations and with the larger Do obtained via HPMS. The IR activity ratio of bands A and
B (obtained from the ratio of the integrated band contours) is diverging from the
calculations (4 : 1 instead of 2 : 1).

While the position of band A confirms the nonclassical structure of the C.Hs" moiety,
its rotational profile defines the orientation of the ligand, giving information about the
intermolecular interaction. Indeed, if the interaction would have taken place via a lone pair
of the CO, molecule, this would have resulted in a rather strong deviation from linearity for
H---O=C . Such a deviation would have resulted in skewing of the principal axis of the
complex, thus altering the band profile.

Band G is associated with the nearly covalent bound isomers a*--CO, and a;*---CO..
Its position (2954 cm™) is in reasonable agreement with the calculated position, which was
scaled considering the weak intermolecular interaction of a*--CO,. As band G has a signal-
to-noise ratio of just 2, it results that the other bands of the a*--CO. and a:*-CO;
complexes are too weak to be seen in the present experiment.

The ratio between the IR activities of bands A and G (10 : 1 - neglecting possible
nonlinearities in the excitation laser intensity), together with the IR intensity ratio of the
calculated vibrations to which they are assigned, allow an evaluation of the relative isomer
abundance. Given the fact that there are two isomers possibly contributing to band G, the
IR intensity ratio of the calculated vibrations will be considered to be 55 : (21+21)=1.3: 1.
It results that the d*--CO; are at least 7 times more abundant than a*--CO, and a;*---CO;

together.

7.4.5. Larger C;Hs"---(CO_), complexes (n = 2, 3)

All recorded spectra of C.Hs"--(CO2), complexes (n=1 ... 3) are presented in the
Figure 12. Band A of C;Hs"--(CO,); is shifted by just +6 cm™ with respect to the position

seen in the dimer spectrum. The other two bands are red-shifting in the spectrum of the
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trimer, while in the one of the tetramer they shift by a tiny amount toward higher
frequencies, mirroring the behavior seen for bands C, D, E, and F of CoHs"'(N2).. The
magnitude of the complexation-induced blue-shift fits well with the known weakly acidic

C-H bonds. Both in the spectrum of the trimer and the ones recorded for the tetramer, the

Figure 12. The IRPD spectra of C.Hs"-(CO), (n=1, 2, 3) recorded in the dominant
fragment channels as well as the spectrum of C:Hs"--(CQO,)s recorded in the minor 3 — 2

fragment channel.
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FWHM of band A is small, indicative for the good vibrational cooling of the complexes. It is
significant that, apart from the case of the C;Hs"--(N.),, where IR absorption of the minor
d*--(N2), complexes was suppressed starting from n = 2, here the band G assigned to the
minor ap,"--CO- is visible in all spectra, bar the 3 — 2 fragmentation channel. This signals
that the competition between the d*--(CO,), and the a*--(CO,), complexes is far less
strong than the one seen in the case of C;Hs™--(N).. The disappearance of band G from

the 3 — 2 fragmentation channel shows that the complex from which it originates is
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different in binding energy than the dominant d*---(CO.), one.

It is interesting to qualitatively compare the signal-to-noise ratios (SNR) obtained in
the recorded fragmentation channels. All spectra depicted in Figure 12 have been equally
smoothed. In the case of the dimer, the good SNR can be seen as the result of good
cooling of the complexes - which reduces the amount of metastable decay (MD), not very
low dimer binding energy (low SNR driven mainly by low dimer binding energy has been
seen in the case of C,Hs™--Ar), and reasonable IR activity of the investigated bands. In the
case of the trimer, however, the decrease in production rate (specific to the incremental
building of the complexes in the El ion source) adds up to the slight decrease in binding
energy of the ligands which favors an increase of the MD, precisely in the investigated
fragmentation channel (2 — 1). The two spectra of the tetramer mirror the behavior of the
dimer and the trimer ones. On one hand, although the absolute production rate of
C:Hs™-(CO,); is just a fraction of the one of C.Hs™-(CO;),, the SNR seen in the 3 — 1
channel is higher than the one seen in the 2 — 1 channel because the noise produced by
the MD is insignificant. On the other hand, the 3 — 2 channel is both swamped by MD
noise and not enough populated with IRPD fragments as it is not the channel
corresponding to the largest internal energy expenditure. Overall, these spectra show a
good example for the performances of the EI-IRPD technique: the sequential building of a
complex, the evaporation of the maximum number of ligands, as well as its isomer

selectivity.

7.4.6. The C.Hs"--CH, and C:Hs"---(CH,), complexes

The IRPD spectrum of [CsHe]" recorded in the C.Hs" fragment channel (top of
Figure 13) is considerably more complex than any other investigated spectrum of
C,Hs"--L, comprising three groups of bands situated between 2800 cm™ and 3200 cm™.
The calculations suggest that at least three types of [Cs,Hs]" complexes can fragment in
the C;Hs" channel; their stick spectra are also presented in Figure 13. The computed
frequencies plotted here have been corrected for anharmonicity using a factor (0.942)
which brings in line the calculated frequency of the strongest wcn of d*---CH,4 with the band
A from the experimental spectrum. Given the number of features observed in the
experimental spectrum, it is obvious that the parent mass channel (45 u) is populated by at
least two systems sharing the same [C;,Hq]" formula.

Considering the nature of the ligand (CH.), it is instructive to compare the calculated
positions of the vibrations of the bare CH, with the ones of the d*---CH, and e*--CH,

complexes. It can be seen that the IR inactive totally symmetric stretch of the CH,
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(3083 cm™ in calculations, 2916.5 cm™™! in literature) becomes IR active and shifts by
-30 cm™ for d*---CH, and by -17 cm™ for e*---CH,. This shift has already been seen in the
IRPD spectra of the benzene cation complexated with CHs molecules ( Bz*---(CHy), ),*4
where a band centered at 2904 cm™ was assigned to v4 of CHs. Even more, in the same
experiment it was seen that the triple degeneration of v; of CH4 (3019.5 cm™'*)) is partially
lifted, resulting in the observation of two bands (3008 cm™ and 3025 cm™). The change in

degeneracy is caused by the charge induced dipole of CH,.

Figure 13. The IRPD spectrum of [Cs,Hs]" recorded in the C.Hs" fragment channel and the
stick spectra of d"--CH, e'--CH, and a'-CH.; complexes (calculated at the
MP2/6-311G(2df,2pd) level and rescaled by 0.942). The arrows on the experimental
spectrum mark the frequencies of the stretfch vibrations of the free CH4, * strefch vibrations

of the CH, moiety; ** stretch vibration modes coupled between C.Hs" and CH..
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As the binding energy of d*---CH, is almost twice as large as the one of e*-CHs, only

the former will be considered for the discussion which follows. Analysis of the positions of
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the observed bands suggests that band A (3118 cm™) is the result of IR absorption of
d*--CH. while the remaining bands are associated with a*---CHa.. It is remarkable that the
ratio between the IR activities around 2900 cm™ and 3100 cm™ is completely different from
the one expected. A possible explanation would be a large change in the output power of
the tunable IR source, which might escape detection as the sensitivity of the IR detector is
strongly nonlinear in the investigated range. It is then sensible to consider just the
positions of the bands and to discard their relative strength. Even so, the IR activity around

3100 cm™ suggests that a*---CH, is the dominant species in the ion beam.

Figure 14. Comparison between the IR spectra obtained in the photodissociation
channels CoHs"--(CH4), — CoHs™-CH4 (lower part) and [Ce,H21]" — [Cs,Ho]* (upper part).
The vertical lines mark the frequencies of the stretch vibrations of the free CH..
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This tentative assignment can be verified by comparing the spectrum of C,Hs"---CH,4
with the one of C,Hs"-(CH.)s. Analysis of the photofragmentation data shows that the
dominant fragmentation channel is 4 — 1. Here it is important to remember that the
selection of the parent and fragment species is based on their mass. It follows that a
correct description of the observed photofragmentation channel is 93 u — 45 u, which,
considering the conditions of the El and the precursor used (CH,), is equivalent with
[Ce,H21]" — [C3,Hg]". This can be relevant, as the IR spectra of protonated propane isomers
(CsHy") are different in the observed range from the one of C.Hs". Figure 14 presents for
comparison the IRPD spectrum of C,Hs™--CH, and the one of [Ce,H21]". It can be seen that
the similarities between them are rather limited. Given their positions and rather large IR
activities, bands F, (3026 cm™'), G4 (2998 cm™) and H; (2904 cm™) are assigned to stretch

modes of CH4. This is supported also by the assignment of similar bands (3025 cm™,
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3008 cm™', and 2904 cm™) also to CHy in the spectra of Bz*---(CH,),."*¥ The remaining three
bands (3075 cm™, 3089 cm™, and 3101 cm™) will be considered to originate in [Cs,Hg]".

7.4.7. Ligand binding energies

The photofragmentation data, derived either from IRPD spectra or from laser-induced
dissociation (LID), can provide information regarding the binding energies of the
complexes. The available data will be presented in the following and compared with
previous HPMS experiments (Table 1) and the results of the quantum chemical
calculations (Table 3). The model described in Chapter 4 will be used for evaluating the
binding energies of the ligands.

The spectroscopic data available for C.Hs"--Ar is limited to just one photodissociation
channel (1 — 0); the only information that can be extracted is that the stabilization energy
must be < 36 kJ/mol. For comparison, the HPMS experiments yield ~7.1 kJ/mol,'"! which
compares very well with the 6.5 kdJ/mol derived from calculations.

The photofragmentation data for C.Hs™--(N2), was extracted exclusively from IRPD
spectra (Figure 10). The dominant photodissociation channels are: 1 -0, 2 -1, 3 — 1,
4 — 2,5 — 2. ltresults that D, of the first ligand must be > 24 kdJ/mol and that the following
ligands are bound in average by 9 ... 12 kJ/mol. The former value fits well with the
37.8 kJ/mol obtained via quantum chemical calculations for the a*---N, isomer, supporting
the spectroscopic assignment of the dominant species in the ion beam. At the same time,
this value excedes the value obtained in HPMS experiments 15.5+1.3 kJ/mol."! The
experimental value obtained for Do of the second and subsequent ligands is comparable
with the 14.7+2 kJ/moll"! obtained via HPMS, however, comparing these numbers might
be misleading. Indeed, the sequential complex buildup used both in the presently used ion
source and in the HPMS experiments ( CoHs™ "Nz + N, — CoHs™*(N2), ) implies that the
structure of the C;Hs™ "N, parent will probably not be affected by further complexation. In
this case it might be more appropriate to compare the Do obtained via HPMS with just the
result of the calculation done for the d*--N, isomer (17.7 kJ/mol).

The photofragmentation data for C,Hs"--(CO2), (n=1 ... 7) was extracted from LID

action. An overview of the LID results is summarized below.
no-m O 1 2 3 4 5

1 100

2 100

3 50 50

4 100

5 100

6 10 90

7 10 90
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Analysis of the data shows that the binding energy of the first ligand must be < 36 kJ/mol;
quantum chemical calculations suggest that the most stable dimer (d*--CQO) is bound by
31.1 kd/mol. These values are in good agreement with the HPMS experiments which show
that Do = 27.2+0.8 kJ/mol."! The good match between the experimental and theoretical
values lends support to the spectroscopic assignment of the dominant species in the ion
beam. It can be seen that subsequent complexation seems to be characterized by binding
energies of ~18 kdJ/mol for a rather broad range of cluster sizes. This find is also in line
with the HPMS experiments which show that the attachment of the second, third, and
fourth ligands are characterized by the following stabilization energies: 20.5+4.4 kJ/mol,["
16.3+4.4 kJ/mol," and 15.5+1.3 kJ/mol.["™!

As the fragment resulting from the photodissociation process [Ce,H21]" — [Cs,Ho]
could not be clearly identified as an isomer of C,Hs"--CH,, it results that the only
photofragmentation information available about C;Hs":-(CH4), complexes is the 1 — 0
fragmentation. It results that the stabilization energy must be < 36 kd/mol. In this case, the
HPMS experiments yield 23.0+0.8 kJ/mol,*® which is comparable with the 18.0 kJ/mol

calculated for the dissociation of a*---CH..

7.5. Conclusions

The equilibrium geometry of the ethyl cation has been probed by means of IRPD
spectroscopy of C,Hs™--L (L =Ar, N2, CO,, CH,) dimers. The IR spectra were recorded
over the range of the C-H stretch fundamentals (covering possible sp® and sp?
hybridization of C). Depending on the ligand species, the fingerprint of one or two largely
different dimer geometries can be observed. Analysis of the C,Hs"--Ar spectrum reveals
clearly shaped P, Q, and R branches for the band centered at 3117 cm™. The rotational
profile of this band has been successfully simulated starting from quantum chemical data.
It follows that the dimer consists of a nonclassical C.Hs", with one proton bridging the
double C=C bond of the C,H, moiety, to which the Ar ligand is bound via this nonclassical
proton. As no other type of C,Hs"-Ar complexes have been observed in the present IRPD
experiment, it is sensible to consider the nonclassical C,Hs" as the global minimum on the
PES of [C;,Hs]". The spectra of CoHs™-N, and C;Hs™--CO, exhibit each one band similar in
position and profile. The intensity of each of these bands, relative to the other features of
each spectrum, are largely different. Thus, the spectrum of C;Hs™:-N, reveals that the
complexes featuring weak bonds between the nonclassical proton of C.Hs" and N, are

present in just minor amounts in the ion beam, while the majority of the complexes are
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almost covalently bonded H;CCH."-N,. The situation is reversed in the case of the
C.Hs"--CO. dimers: the dominant species in the ion beam are complexes based on the
nonclassical C;Hs*, while the complexes featuring a strong intermolecular bond are in
minor amounts. Finally, the spectrum of C,Hs"--CH, reveals that, although the bulk of the
complexes are derived from the classical H;CCH,", small amounts of nonclassical dimers
are present in the ion beam. It was thus demonstrated that while the nonclassical C.Hs" is
the global minimum on the PES of the free [C,Hs]", the structure of the ethyl cation can be

strongly influenced by the chemical properties of the environment.
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8. Summary - Zusammenfassung

Conclusions specific to each investigated species are presented at the end of the
section which bear the respective discussions. The following paragraphs are just
summarizing the types of investigations performed and the most significant results. This
section is presented in both English and German. Finally, a few investigations which will
expand the field are suggested and some improvements of the experimental setup are

outlined.

This work has presented a spectroscopic analysis of three types of hydrocarbon
cations: two ionized aromatic hydrocarbons, two protonated aromatic hydrocarbons and
the cation of a fundamental radical hydrocarbon. The experimental investigations were
centered on the proton stretch vibrations of mass-selected complexes of these systems
and polar (H-0) and non polar (Ar, N2, CO,) ligands. The experimental results have been
obtained in a tandem mass spectrometer coupled with an electron impact ionization ion
source; an OPO laser system was used as tunable IR light source. All the proposed dimer
structures have been also modeled using quantum chemical calculations. These
calculations have consistently been matched with the experimental results and have
enabled clear identification of the spectral features observed. Their match with the
experimental results has also enabled the evaluation of thermochemical properties which
could not be extracted directly from experiment.

The experiments done on complexes of ionized hydrocarbons (1-Np* in Chapter 3"
and Im* in Chapter 5?) have allowed for the acidity of their various groups (C-H, N-H,
0O-H) to be probed. Indeed, the shifts in the frequency as well as the enhancement in the
intensity of the O-H and N-H stretch vibrations (Avon and Avnk) which resulted from the
complexation have yielded dependences on both the species of the ligands (L) and the
number of ligands (n). For the first time, the O-H bound 1-Np*--Ar has been detected,
showing that the REMPI-IRPD method previously used for investigating this dimer is

severely limited with respect to the production of the most stable isomer of a given cationic
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complex. The detection of c-1-Np*--(N2), corresponds to the first observation of c-1-Np*
complexes and enables thus direct comparison of both 1-Np* rotamers. The Avyy shift of
Im*--Nx(H) yielded a first experimental estimate for the PA of the imidazyl radical of
=890 + 30 kJ/mol. It was also found that the most stable 1-Np*---Ar and Im™---Ar structures
(H-bound isomers) differ qualitatively from that of the corresponding neutral dimers
(r-bound structure), emphasizing the large impact of ionization on the interaction potential
and the preferred recognition motif between acidic aromatic molecules (A) and nonpolar
ligands. The ionization induced © — H switch in the preferred binding type in A®---Ar
complexes has now been established for a large variety of A® molecules with acidic
functional YH, groups (Y = O, N) and seems to be a general phenomenon. The IRPD
spectra of 1-Np*--L, and Im*---L, yielded spectroscopic information about the vcu, vne @nd
von Vibrations of bare 1-Np* and Im*. The dependence of the shifts in the frequency of the
O-H and N-H stretch vibrations (Avon and Avyy) have allowed for microsolvation models to
be created. For both cations, their microsolvation in N» was found to start with the
complexation of the highest acidic proton, the dimer thus created being further solvated by
n-bound ligands.

The spectroscopic results obtained on size-selected 1-NpH™--L, (Chapter 4) show
that, in the output of the presently used ion source, three classes of 1-NpH* isomers can
be identified: oxonium ions (1-Np protonated at the O atom); carbenium ions obtained by
protonation in the para and ortho positions with respect to the OH functional group;
carbenium ions obtained by the addition of a proton to well-defined sites on the second
naphthalene ring. The spectral identification of these three classes of protonation sites is
supported by their different photofragmentation patterns.

It was demonstrated that the spectroscopic monitoring of the microsolvation of ImH*
in Ar and N, (Chapter 6) together with the quantum chemical calculations paint a very
detailed picture of the microsolvation process, evidencing clear differences between the
microsolvation models as function of the PA of the ligands. Important differences have also
been identified between the various binding sites, enabling the creation of a clear scale of
priorities for occupation of the binding sites during microsolvation. The application of IRPD
to the study of microhydrated ImH" provided for the first time direct spectroscopic
information on the properties of the N-H bonds of this biomolecular building block under
controlled microhydration.®! It was demonstrated that, as protonation enhances the acidity
of the N-H groups, the ability for proton conductivity of InH" increases. More work must be

done to identify the interactions between the proton stretch vibrations and other vibration
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modes of ImH*(---L).

A very important result is derived from the IRPD spectroscopy of C.Hs"™--L (L = Ar, N,
CO,, CH,) dimers (Chapter 7). The equilibrium geometry of the ethyl cation has long been
debated. Now, IRPD spectra were recorded over the range of the C-H stretch
fundamentals (covering possible sp® and sp? hybridization of C). Depending on the ligand
species, the spectra are found to be dominated by the fingerprint of two largely different
dimer geometries. Using the experimental C.Hs™Ar spectrum and the corresponding
quantum chemical calculations, the structure of the (weakly perturbed) ethyl cation was
found to be the nonclassical one, with one proton straddling across the C=C bond of the
ethylene moiety. On the other hand, ligands like N> and CH4 are strongly influencing the
geometry, as seen in the spectral signatures of the C,Hs"-N, and C;Hs"--CH4, which
correspond to the classical [H.CCH;]". It was thus demonstrated that while the
nonclassical C;Hs" is the global minimum on the PES of the free [C;,Hs]", the structure of
the ethyl cation can be strongly influenced by the chemical properties of the environment.

It can thus be seen that IR spectroscopy of cluster ions can be used to probe
thermochemical properties of transient radicals as well as fundamental properties of
isolated ions (messenger technique).

It is important to note that the used experimental setup is a suitable tool for preparing
beams of well-specified isomeric ions, because of the double mass selection coupled with
the spectral analysis. Even more, the method sets a certain upper limit for the internal
energy of the selected species. This means that cations which are fundamentally unstable
in condensed phase can be selected and their spectral, thermodynamic, or kinetic
properties can be observed.

The mechanism for clusters generation was shown to be of paramount importance:
the spectral features observed on complexes produced in the EIl cluster ion source are
qualitatively different from the ones produced via REMPI. Indeed, while it has been
demonstrated that the EI cluster ion source predominantly produces the most stable
structure of a given cluster ion, it can be seen that the REMPI cluster ion source is usually
producing charged complexes with structures similar to the most stable structures of the
corresponding neutral clusters. This demonstrates that the El source is more generally
applicable than photoionization for the spectroscopic characterization of global minima of

cation complexes.

Gegenstand dieser Arbeit ist die Spektralanalyse von drei Arten von

Kohlenwasserstoffkationen: zwei ionisierten aromatische Kohlenwasserstoffen (1-Np*,
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Im*), zwei protonierten aromatischen Kohlenwasserstoffen (1-NpH®*, ImH*) und vom eines
Radikal-Kohlenwasserstoff-Kation (C.Hs'). Die experimentellen Untersuchungen wurden
auf die Proton-Streckschwingungen der massenselektierten Komplexe dieser Systeme mit
angehéngtem polaren (H:0O) und unpolaren (Ar, N, CQOz) Liganden fokussiert. Die
experimentellen Resultate wurden in einem Tandem-Massenspektrometer, das mit einer
Elektronstollionisationsquelle verbunden ist, erzielt. Als abstimmbare IR-Lichtquelle wurde
ein OPO-Laser-System benutzt. Alle vorgeschlagenen Dimerstrukturen sind auch mit
Quantenchemieberechnungen modelliert worden. Diese Berechnungen stimmen mit den
experimentellen Ergebnisse dberein und haben die eindeutige Identifizierung der
beobachteten  Schwingungsstrukturen erlaubt. Die Ubereinstimmung mit den
experimentellen Resultaten ermdéglichte auch die Auswertung der thermochemischen
Eigenschaften, die nicht direkt aus dem Experiment zugénglich waren.

Die Experimente, die an Komplexen der ionisierten Kohlenwasserstoffe durchgefihrt
wurden (1-Np* im Kapitel 3 und Im* in Kapitel 5), haben die Untersuchung der Aziditat
der verschiedenen Gruppen (C-H, N-H, O-H) erlaubt. Frequenzverschiebung sowie die
Erhéhung der Intensitét der O-H- und der N-H-Streckschwingungen (Avon und Avay), als
Folge der Komplexbildung héngen sowohl von der Sorte der Liganden (L) als auch der
Zahl der Liganden (n) ab. Zum ersten Mal wurde das O-H gebundene 1-Np*--Ar
detektiert. Das zeigt, dass die REMPI-IRPD Methode, welche vorher fir die Untersuchung
dieses Dimers verwendet wurde, in Bezug auf die Produktion des stabilsten Isomers eines
gegebenen kationischen Komplexes streng begrenzt ist. Die Entdeckung von
c-1-Np*-(N2), stimmt mit der ersten Beobachtung des c-1-Np* Komplexes tberein und
ermdéglicht den direkten  Vergleich  beider 1-Np* Rotameren. Aus der
Frequenzverschiebung Avay von Im*---No(H) konnte die erste experimentelle Abschétzung
der Protonaffinitat des Imidazyl-Radikals zu 890 + 30 kJ/mol ermittelt werden. Es wurde
auch gefunden, dass die stabilsten 1-Np*--Ar und Im*---Ar Strukturen (H-gebundene
Isomere) sich qualitativ vom entsprechenden neutralen Dimer (m-gebundene Struktur)
unterscheiden. Dies zeigt den groBen Einfluss der lonisierung auf das
Wechselwirkungspotential und das bevorzugte Erkennungsmotiv zwischen sauren
aromatischen Molekilen (A) und nichtpolaren Liganden. Die ionisierungsinduzierte
Umlagerung von m—H an der bevorzugten Bindungsseite im A™---Ar Komplex ist
inzwischen fiir eine groRe Vielzahl A™-Molekile mit sduren funktionalen Gruppen YHx
(Y = O, N) etabliert und scheint ein allgemeines Phdnomen zu sein. Die IRPD-Spektren
von 1-Np*--L, und Im*--L, erbrachten spektralanalytische Hinweise iber die vcu-, vww- und

VoH- Schwingungen des isolierten 1-Np* und Im*. Die
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Frequenzverschiebungsabhéngigkeit der O-H- und N-H-Streckschwingungen (Avon und
Awvny) konnte zur Aufstellung von Microsolvationsmodellen genutzt werden. Es wurde
gefunden, dass flr beide Kationen die Mikrosolvatation im N, mit der N»- Komplexbildung
am saurersten Protons beginnt. Das so entstandene Dimer solvatisiert dann weiter durch
Ausbildung von m-Bindungen mit den Liganden.

Die spektralanalytischen Resultate an gréRenselektierten 1-NpH*-L,-Kationen
(Kapitel 4) zeigen dass, mit der hier verwendeten lonenquelle, drei 1-NpH*-Isomere
entstehen: Oxonium-lonen (1-Np protoniert am O Atftom); Carbenium-lonen, die durch
Protonierung in para- und ortho-Position beziglich der OH-Gruppe und
Carbenium-lonen, die durch die Protonierung an einer definierten Position am zweiten
Naphthalinring gebildet werden. Die spektrale Identifizierung dieser drei Kategorien von
Protonierungsstellen wird durch ihre unterschiedlichen Photofragmentationsmuster
gestutzt.

Es wurde gezeigt, dass die spektralanalytische "Abfrage” der Mikrosolvatation von
ImH* in Ar und N, (Kapitel 6) zusammen mit den Quantenchemischen Berechnungen ein
sehr detailliertes Bild des Solvatationsprozesses beschreibt und belegt deutliche
Unterschiede zwischen Mikrosolvationsmodellen als Funktion der PA der Liganden.
Wichtige Unterschiede sind auch zwischen den verschiedenen Bindungsstellen
identifiziert worden unter Erméglichung der Schaffung einer klaren Prioritéten-Skala fur
die Besetzung der Bindungsposition wéhrend der Mikrosolvatation. Die Anwendung von
IRPD zur Studie von mikrohydratisiertem ImH* verschafft zum ersten Mal direkte
spektralanalytische Informationen dber die Eigenschaften der N-H Bindungen dieses
biomolekularen Bausteins unter kontrollierter Mikrohydratisierung. Es wurde gezeigt, dass,
mit der Protonierung die Aziditat der N-H Gruppen erhéht wird und damit die Fahigkeit fir
die Protonleitfahigkeit in ImH* steigt. Mehr Arbeit muss erledigt werden, um die
Wechselwirkung zwischen den Proton-Streckschwingungen und  anderen
Schwingungsmoden von ImH*(---L) zu identifizieren.

Ein sehr wichtiges Resultat wird von der IRPD-Spektroskopie des Dimers CoHs" L,
mit L= Ar, N,, CO, CHs (Kapitel 7) abgeleitet. Die Gleichgewichtgeometrie des
Ethylkations ist lange Zeit diskutiert worden. Jetzt wurden IRPD-Spektren dber den
Bereich der C-H-Streckschwingungen aufgenommen (Abdeckung sp® und sp?
Hybridisierung von C). Abhéngig von der Ligandenart wurde gefunden, dass die Spektren
durch den Fingerabdruck von zwei sehr unterschiedlichen Dimergeometrien dominiert
werden. Mit dem experimentellen C.Hs"--Ar Spektrum und den entsprechenden
quantenchemischen Berechnungen konnte bewiesen werden, dass das schwach gestorte
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Ethylkations in der nicht-klassischen H-lberbriickten Struktur vorliegt. Andererseits
beeinflussen Liganden wie N, und CH, stark die Geometrie, wie die spektralen Signaturen
des CoHs"-N> und des C.Hs"-CH4 zeigen, die dem klassischen [H.CCH;[" entsprechen.
Es wurde auch gezeigt, dass wéhrend das nicht-klassische C:Hs" das globale Minimum
auf der PES vom freien [Co, Hs[" reprdsentiert, die tatsdchliche Struktur des Ethylkations
durch die chemischen Eigenschaften des Umgebung stark beeinflul3t werden kann.

Man kann sehen, dass die IR-Spektroskopie an Clusterionen verwendet werden
kann, um thermochemische Eigenschaften kurzlebiger Radikale sowie fundamentale
Eigenschaften der isolierten lonen (Messengertechnik) zu priifen.

Es ist wichtig zu anmerken, dass der verwendete experimentelle Aufbau aufgrund
der \Verbindung von doppelter Massenselektivitdt und spektraler Analyse ein
angemessenes Werkzeug fur das Herstellen eines lonenstrahls aus gut-spezifizierten
Isomeren dargestellt. AuBerdem setzt die Methode eine bestimmte obere Grenze fir die
interne Energie der selektierten lonensorte. Dies heillt, dass Kationen, die in der
kondensierten Phase instabil sind, selektiert werden kénnen und ihre spekiralen,
thermodynamischen oder kinetischen Eigenschaften charakterisiert werden kbnnen.

Der Mechanismus der Clustererzeugung war hierbei von héchster Wichtigkeit: die
spektralen Eigenschaften, beobachtet bei Komplexen, die in der El-Clusterionenquelle
produziert wurden, unterscheidet sich qualitativ von den, die tber REMPI produziert
wurden. Es konnte tatsdchlich gezeigt werden, dass die El-Clusterionenquelle
uberwiegend die stabilste Struktur eines gegebenen Clusterions produziert, wéhrend die
REMPI-Clusterionenquelle normalerweise geladene Komplexe mit den Strukturen
produziert, die den stabilsten Strukturen der entsprechenden Neutralcluster dhnlich sind.
Dieses zeigt, dass die El-Quelle sich im Allgemeinen besser als die Photoionisation
eignet, um das globale Minimums der Kationkomplexe spektroskopisch zu beschreiben.

Apart from the results presented in this work, a number of other experimental
investigations have been carried out on the same experimental setup. For the first time,
the spectra of the protonated carbonic acid and of its isomeric H;O™---CO, have been
recorded.” The investigation has been done via tagging the charged species with a weakly
bound Ar ligand. The microsolvation of the protonated carbonic acid and of H;O"---CO; in
Ar and CO;, has also been investigated and the results are currently prepared for
publication. Also the weakly bound complexes of phenol cation and Kr have been
investigated in the range of the O-H stretch vibration.®! Like for all other Ph*---L complexes

previously investigated, it was found that the REMPI-IRPD allows for only limited amounts
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of OH-bound complexes to be produced. The ligand-specific frequency shift of the O-H
stretch vibration (Avon) was found to be in line with the prediction based on a linear

dependence of the Avon on the PA of the ligand.

Keeping in mind the results of the IRPD investigations previously done as well as the
ones presented in this works and, few directions of possible future studies are suggested
in the following.

It might be interesting to further expand the IRPD studies of mass-selected 1-Np*---L,
(reported in Chapter 3) and Ph*--L, (L=Ar, N;) with similar studies of 2-Np*--L,,
resorcinol™--L,, and hidroquinone® -L,. Such an investigation is accessible with the present
experimental setup and might give further insight in the solvation mechanisms and the
competition between two similarly acidic groups. Similar studies on the protonated 2-Np,
resorcinol, and hidroquinone would also enable further testing of the ISA theory used in
Chapter 4.

Probing the acidity of the ionized and protonated imidazole (Chapter 5§ and Chapter
6) must be considered as valuable steps in understanding chemical reactions involving
biologically relevant systems containing such a molecular building block. As the interaction
of Im(H)" with water is of large biological interest, further IRPD studies might shed light on
its microhydration and, maybe, on the proton transfer between water clusters and Im. The
expansion of these studies to other biomolecular building blocks (like 7-azaindole, pyrrole,
furan) will lead to a collection of experimental results which can probably be combined into
a comprehensive picture of spectroscopically-derived properties of fundamental
biomolecules (DNA bases, amino acids, etc.).

The present IRPD investigations, done in a tandem mass spectrometer coupled with
an electron impact ionization ion source, have underlined few limitations of the
experimental apparatus used. Maybe the most important limitation is the inability of
producing high enough densities of biologically relevant species in the gas phase. Indeed,
given the low vapor pressure of the most interesting biomolecules (DNA bases like
adenine or guanine), it is essential to use different mechanisms for bringing them in gas
phase and ionizing / protonating them. Thus, the use of an electrospray ion source or of a
laser ablation ion source can open a lot of new opportunities for investigating interesting
biomolecules. Another improvement which will increase the efficiency of observing ions of
low-vapor pressure substances is the modification of the octopole ion guide into an ion
trap. Along the same line, the replacement of the integrators used for recording the IRPD

signals with event counters might give another boost to the sensitivity of the setup. Finally,
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the extension of the operating range of the OPO laser system (down to under 1800 cm™)
might allow for observation not only of proton stretch vibrations, but also of other

vibrational modes.
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