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ABSTRACT

Cation-water complexes are produced in a pulsed supersonic expansion source. Metal
containing ions are produced by laser vaporization and the electric discharge technique is used
for protonated complexes. Mass-selected ions are investigated with infrared laser
photodissociation spectroscopy and the method of rare gas predissociation. The infrared spectra
of singly charged metal cation-water complexes show red shifts in the O-H stretching
frequencies compared to corresponding stretches of the isolated water molecule. The red shift is
caused by polarization of water induced by the metal cation. The symmetric stretch gains more
intensity than that of the asymmetric stretch in the metal cation-water systems. These effects are
more prominent for the doubly charged ions. Partially resolved rotational structures for the
Sc*(H,0)Ar and Cr*(H,0) complexes show that the H-O-H bond angle is larger than it is in the
free water molecule. Multiple argons on Mn*(H,0) and multiple waters on Zn*(H,0) produce
various low energy isomers. Zn*(H,O)Ar shows the largest red shift in the O-H stretching
frequencies, whereas for Cr*(H,O)Ar this shift is smaller in magnitude. For doubly charged
metal-water complexes, the O-H stretches are observed roughly at the same positions.
Fragmentation and the spectral pattern shows that the coordination of M?*(M = Sc, V, Cr) is

filled with six ligands.



Mixed protonated complexes of water and nitrogen have HsO"(N,), structures with a
partial proton sharing interaction. The proton affinity of benzene is higher than that of water, but
in the [H(C¢He)(H20)]" complex the proton resides closer to water as an effect of a favorable
solvation energy. The shared proton stretch for this complex shows a larger red shift than the O-
H stretches of H3O". The larger [H(CsHg)m(H20)a]" sizes have structures of protonated water
clusters solvated by benzene. The shared proton stretch shows a larger blue shift in
[H(CsHs)(H20)2]" compared to the corresponding stretch of HsO,"-Ar due to a greater
polarization effect of benzene. The preferential site of protonation is always on water in the
systems with multiple benzenes. The strength of the n-hydrogen bonds decreases as the system
is progressively solvated by benzene. The coordination of HsO," is completed with four
benzenes.

INDEX WORDS:  Spectroscopy, Infrared photodissociation, Metal ion solvation, lon

chemistry, Protonated complexes, Shared proton interactions, Density
functional theory
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CHAPTER 1

INTRODUCTION

Water is the most common solvent and many chemical processes take place in aqueous
solutions. The cation solvation process involves a subtle interplay between electrostatic and
covalent forces between ions and water. Therefore, there has been a quest to understand
solvation processes at the molecular level. Among many solutes, metal ions are ubiquitous
throughout chemistry and biology.™ Gas phase metal ion-water complexes are convenient
model systems with which to study solvation processes at the fundamental level.® Apart from
solvation, the other important property of water is that it auto-ionizes in aqueous solutions to
form hydronium ion (H;O"). This dynamic species is susceptible to rapid proton transfer in
aqueous solution between two limiting structures. The first is the “Eigen” cation in which H30"
is solvated by three additional water molecules and each water molecule accepts a hydrogen
bond from the cation. The second is the “Zundel” cation, i.e. HsO," where the proton is equally
shared between two water molecules. The structures of the solvated proton are hard to
characterize from condensed phase studies, and so these structures have been studied in the gas
phase in recent years.”* More recently, the proton sharing interaction of hydrated water with
other molecules has been an active area of research.™ *%9-17 |nfrared spectroscopy in the gas
phase is such a powerful tool that it makes it possible to study the structures of these proton

bound dimers.™>?? In the first part of this dissertation (Chapters 3 and 4), we present the infrared



spectroscopic studies of metal ion-water complexes, which investigate the interaction of water
with metal ions to understand the early stage solvation process. The second part (Chapters 5 and
6) describes the proton sharing interactions of water with two other molecules (nitrogen and
benzene) via infrared laser photodissociation spectroscopy.

Metal ions in their various oxidation states govern many chemical processes in aqueous
solutions.”® A number of biological systems, such as enzymes, have metal ions in their active
sites.*> A cluster of four manganese ions plays a crucial role in the water splitting reaction
during photosynthesis.® In various chemical environments, the electrostatic interaction of metal
ions influences the outcome of significant chemistry. For example, the selective transport of
metal ions through cell membranes is believed to be determined by specific electrostatic
interactions.®® It is therefore important to understand these interactions at the fundamental level.
Gas phase metal ion-water complexes are tractable model systems which can probe the structures
and bonding, which in turn helps to understand the solvation process.® Therefore, these
complexes have been studied using mass spectrometry for many years.**** These mass
spectrometric studies investigated the reactivity and thermodynamic properties of cation-water
complexes. Both collision induced dissociation and equilibrium measurements have been
employed to measure the cation-solvent binding energies.?*% 2830

The structural information of metal ion-water complexes has been obtained from
spectroscopic measurements on these systems.***? Electronic spectroscopy has been successful
to study monohydrated complexes of metal ions.®**® Duncan et al. and others have reported the
electronic spectroscopy of mass-selected cation-water complexes of group 1l metals (Mg®, Ca’,
Sr, etc.). ** The single valence electrons of these cations showed strong low energy electronic

transitions. Unfortunately, the larger clusters with more than one water produced broad and



structureless spectra due to the effects of predissociation and excited state insertion reactions.
ZEKE photoelectron spectroscopy has been employed for certain metals with low ionization
potentials (alkalis, aluminum) to obtain ground state vibrations of metal cation-water
complexes.®”*® Infrared spectroscopy has been more productive for direct structural elucidation
of cation-water complexes.**** However, the ion densities produced in the supersonic expansion
are too low to perform traditional absorption measurements. Therefore, photodissociation
spectroscopy has been employed to study cation-water species. However, the binding energies
of M*-(H,0) are much greater (typically 25-40 kcal/mol, 8700-14000 cm™)?*?® than the photon
energy in the O-H stretch region (3000-4000 cm™). Therefore, photodissociation is not possible
with a single photon. In order to achieve photofragmentation, the method of rare gas “tagging”
is used.*>*? The binding energies of M*-Ar or M*-Ne are much lower and so the tag atoms (Ar or
Ne) can be eliminated upon vibrational excitations. However, external water molecules in larger
M*-(H,0), clusters have lower binding energies and can be eliminated with photoexcitation.** ¢
Lisy and coworkers have employed infrared photodissociation spectroscopy and the method of
rare gas tagging to study alkali cation-water complexes.*® Nishi et al. have studied some of the
main group and transition metal ion-water systems using infrared photodissociation.** Duncan
group has employed infrared photodissociation spectroscopy to investigate a number of main
group and transition metal ion-water complexes produced by the laser vaporization technique.*
Numerous theoretical studies with the new and improved computational tools complemented
these experiments.**>

Spectroscopic studies on metal-water complexes have been limited mainly to singly

charged species because multiply charged ions are harder to produce in the gas phase.’®® The

difficulty arises because multiply charged ion-molecule complexes are intrinsically unstable with



respect to charge transfer. The second ionization energy of the metal atom is often greater than
the first ionization energy of water (12.6 eV).%® Therefore, charge transfer from the doubly
charged metal to the water molecule can occur producing two singly charged ions which repel
each other. Metal ions in higher charge states also have this critical problem. However,
asymptotically unstable complexes may be stabilized by the strong Coulombic attraction which
dominates at short bonding distances. Under some conditions, the ions can be trapped in the
potential energy surface relative to the curve crossing between the M** + H,O and M* + H,0O"
potentials.®® ®4® One of the widely applied methods used to produce multiply charged ions in
the gas phase is electrospray ionization, where M™ (H,0),, ions in solution are taken directly into
the gas phase to avoid charge transfer.>®®! Other sources have been demonstrated by several
research groups.’*®*% The laser vaporization technique also has proven to be useful to produce
doubly charged metal ion complexes under certain conditions, including asymptotically unstable
systems.®*® The advantage of the laser vaporization source over electrospray ionization is that
the M?*-(H,0) complexes can be produced directly in the gas phase without any desolvation
process. This makes it possible to study the interaction of a metal ion with a single water
molecule.

With any of these sources, though, ion densities of multiply charged complexes are much
lower than those available for singly charged species, and therefore spectroscopic measurements
on these systems are more challenging. Metz and coworkers have employed an electrospray
source for studies of electronic photodissociation spectroscopy of doubly charged transition
metal ion complexes.®*"* Williams and coworkers have reported infrared spectroscopy on doubly
and triply charged complexes of several different metals with multiple water molecules, also

produced by electrospray.®™®” Stace and coworkers have measured electronic spectra for dication



complexes using their oven-beam production method.>® Our research group has employed
infrared photodissociation spectroscopy to study doubly charged metal ion-water complexes
produced in a laser vaporization source.®®

Protonation and proton transfer processes play a significant role in numerous chemical

69-74 -

and biological processes,*"* including acid-base reactions,®®"°

electrochemical processes,”®™

photosynthesis,’? and atmospheric chemistry.”®”* Therefore, proton transfer processes have been
studied extensively for many years exploring the detailed mechanism of the unusual rate of
proton transfer in solutions.””® The structures and various properties of protonated water
clusters have been investigated by several experimental and theoretical studies.”?* "' More
recently, understanding the behavior of protons at the interface of water and hydrophobic media
has been an active area of research.'****" These studies show that the surface charge density
plays a crucial role in stabilizing ions at hydrophobic interfaces.***™ Infrared spectroscopy in
the gas phase has been successful to study the structures of protonated systems.”?* Many of these
studies have explored the protonated water and its proton sharing interaction with other
molecules.’** 157817 |n recent years, these studies have been extended to mixed complexes in
which the molecular components have different proton affinities, polarizabilities and dipole
moments, etc.™%*

Protonated water clusters have been studied extensively using mass spectrometry for
many years.”* " The various isomeric structures of protonated water clusters have been
investigated by a number of theoretical methods.***** The infrared spectroscopic studies of
protonated water clusters started with the high resolution measurements of the hydronium cation

performed by Oka, Saykally and Nesbitt.”® Schwarz and coworkers have reported the infrared

studies of protonated water clusters.’® Small mass-selected protonated water clusters H*(H,0),



(n=2-8) were studied by Lee and coworkers using cluster ion beams and infrared
photodissociation spectroscopy in the O-H stretching region.** The low frequency shared proton
stretch and bends of protonated water dimer were studied by Asmis et al. using the free electron
laser “FELIX”.'® The same study was repeated at “CLIO”"** and both the laboratories
confirmed that the protonated water dimer has the symmetric “Zundel” structure rather than that
of hydronium solvated by a water molecule. Our research group, in collaboration with Johnson
and coworkers, used an IR optical parametric oscillator laser system to study protonated water
complexes.’ Recently, Johnson and coworkers studied hydronium and protonated water dimer
with isotopic substitution.®®®® Several theoretical studies investigated protonated water dimer
using reduced dimensional and full dimensional anharmonic calculations.'® Our research group
recently reported infrared photodissociation studies on small protonated water clusters H*(H,0),
(n=3-5), which investigated the role of tagging with argon and the effect of deuteration.?®
n-electron clouds in aromatic rings are highly polarizable and therefore these systems
are known to play key roles in intermolecular interactions such as n-hydrogen bonding and n- ©
stacking.**®**® Many spectroscopic studies involving n-electrons have been carried out to
elucidate the nature of intermolecular interactions.***** For example, neutral benzene-(water),
clusters, where the water moiety forms a sub-cluster of (water), sticking on the benzene ring,
have been studied as a prototype of n-hydrogen bonding.****** However, on photoionization or
protonation the charge distribution of an aromatic ring may drastically change. Our research
group has studied the protonated benzene complex employing infrared spectroscopy and the
method of rare gas tagging.’*® Mikami and coworkers have studied benzene cation-(water),
systems, [(Ce¢He)(H20),]" for n = 1-6, using infrared spectroscopy and they have investigated the

structural changes upon photoionization and resulting proton transfer reactions.**® Chang and



coworkers have employed infrared spectroscopy along with theoretical calculations to study
protonated benzene-(water),, [H(CsHg)(H20)2]". "’

In the present work, we use two different techniques to produce cation-water complexes.
Metal containing systems are produced by laser vaporization, while the protonated species are
produced using the electric discharge technique. Mass-selected complexes are investigated with
laser photodissociation spectroscopy. In Chapter 3, the spectroscopy of singly charged metal
cation-water complexes is discussed. The spectra of mono argon tagged metal (Sc*, Cr*, Mn",
and Zn")-water complexes show variations in the O-H stretch region depending on the electronic
structure of the metal or the location of argon in the respective complexes. For Mn*(H,O)Ar,,
where n=1-4, different binding sites of argon atoms produce various low energy isomers.
Similarly, the spectra of Zn*(H,0),Ar show evidence of different isomers. The spectroscopy of
doubly charged metal (Sc**, V**, Cr?*, and Mn**)-water complexes is discussed in Chapter 4. A
comparison of singly and doubly charged metal ion-water species is also included in that chapter.
Chapters 5 and 6 discuss the proton sharing interactions of water with nitrogen and benzene.
The proton affinity of water (691.0 kJ/mol) is much greater than that of nitrogen (493.8
kJ/mol).®® The spectra of mixed protonated complexes of water and nitrogen show HzO*(N5),
structures with a partial proton sharing interaction (more hydronium character). Although the
proton affinity of benzene (751.4 kd/mol)® is greater than that of water, water gets protonated
due to the favorable solvation energy. The shared proton interaction is much stronger in
benzene-water complexes than that of the nitrogen-water system. The higher cluster sizes with
multiple waters or multiple benzenes are found to have protonated water clusters solvated by

benzene.



CHAPTER 2

EXPERIMENTAL

Cation-water complexes are produced in a pulsed supersonic expansion source using two
different techniques. Metal containing complexes are produced by laser vaporization of a
translating and rotating metal rod using the second (532 nm) or third (355 nm) harmonic of a
Nd:YAG laser (Continuum Surelite or Spectra Physics INDI). Protonated complexes are
produced employing the needle electric discharge technique. In this technique, two sewing
needles are mounted in a Teflon block on the faceplate of a pulsed valve (General Valve, series
9). Needle tips are separated by approximately 2-5 mm and are centered on the beam axis 5 mm
downstream from the valve orifice. A high voltage pulser (DEI Model PV X-4140) is used to
generate ~1-50 us wide ~1000-3000 V pulse. The high voltage pulse is applied to one needle
keeping the other needle grounded to produce the electric discharge.

The pulsed nozzle source and details of molecular beam apparatus have been described
previously.® 2133 Figure 2.1 shows a schematic of our apparatus. Laser vaporization or electric
discharge is carried out in the cluster formation chamber (known as the “source” chamber). This
chamber operates at ~10™ torr. The buffer gas (generally Ar, He, He-Ne mixture, Ha, Ny) is
pulsed through a series 9 valve perpendicular to laser vaporization. Both laser vaporization and
electric discharges produce a plasma containing neutrals, cations and anions. These species
encounter many collisions with the supersonically cooled expansion gas, which leads to efficient

formation of “cold” ion-molecule and ion-rare gas complexes.



The molecular beam is collimated with a 3 mm diameter skimmer (Beam Dynamics) and
sent into the second differentially pumped chamber (known as the “mass-spec” chamber)
equipped with a specially designed reflectron time-of-flight (RTOF) mass spectrometer. The
“mass-spec” chamber is kept under a vacuum of 10 torr. In the first leg of the RTOF, the
cations are pulse extracted by a series of acceleration plates. A field in the reflectron assembly
brings the ions to zero velocity before reaccelerating them into the second drift tube. At the end
of the second tube the ions are detected using an electron multiplier tube (EMT) detector
(Hamamatsu R595). The signal from the detector is amplified by a pre-amplifier (Stanford SR
445A) and then fed into a digital oscilloscope (LeCroy WaveRunner LT342). The digital
oscilloscope is interfaced to a personal computer via an IEE 488 digital card. The signal of the
ions appears as voltage spikes as a function of flight time through both legs of the mass
spectrometer.

In the first leg of the flight tube, prior to the reflectron assembly, a pair of pulsed
deflection plates is used to select a specific ion of interest based on its flight time. The deflection
plates are kept at constant positive voltage (+600-800 V) which deflects ions from the beam axis.
These plates are pulsed to ground for a variable period of time based on the mass/charge ratio of
specific ion of interest. This allows only the selected ion to pass through this “mass-gate” and all
the other ions are deflected into the wall of the flight tube. The mass selected ions are
intersected with the tunable output of an infrared Optical Parametric Oscillator/ Optical
Parametric Amplifier (IR-OPO/OPA) laser system (LaserVision). The ion optics and pulse
timing are adjusted to achieve maximum overlap between the ion packet and the incident laser

beam. Photodissociation of mass selected ion occurs on resonant absorption, provided that at



least one of the bonds is weaker than the infrared photon energy. The intensity of the fragment
ion is monitored as a function of the infrared photon energy in order to obtain a spectrum.
Figure 2.2 shows a schematic of the OPO/OPA system. This system is pumped using
500 mJ/pulse of 1064 nm light from a Nd:YAG (Spectra Physics Pro 230) operating at 10 Hz.
The pump beam is split into two beams using a 70:30 beam splitter. The low energy beam is
passed through a KDP doubling crystal to generate 532 nm light. The 532 nm (~18800 cm™)
light is sent through the OPO stage (consists of a KTP crystal) where the 532 nm beam is split
into two beams (signal and idler) by optical parametric conversion. The frequency of the pump
beam (Vpump ) has to be equal to the frequencies of signal and idler beams (Vsignai + Vidier) due to
energy conversion, i.e. Vpuymp(18800 Cm'l) = Vsignal T Vidier- The signal beam is tunable from 710-
880 nm (14085 — 11364 cm™) and the idler beam is tunable from 134 -212 nm (4715 — 7436 cm
1) by angle tuning of the KTP crystal. In this configuration of the OPO/OPA system the signal
beam is not used and the idler beam is sent to the OPA stage (consisting of four KTA crystals
which also can be angle tuned). The higher energy residual beam at 1064 nm (9400 cm™) from
the YAG laser is directly sent to the OPA stage where difference frequency mixing with the idler
beam generates tunable light from 2000-4700 cm™(mid-IR). The idler and mid-IR beams are
orthogonally polarized and separated using a polarizer. The lower frequency light is obtained
using an AgGaSe; (silver gallium selenide) crystal where the difference frequency mixing of the
idler and the mid-IR beams produces tunable light from 600-2200 cm™. This IR-OPO/OPA
system has a linewidth of 1-2 cm™ in the 600-4700 cm™ region. This table top laser covers
almost the whole infrared region which allows studying the spectra of a variety of molecular and

ionic systems.
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Figure 2.1: Schematic of the laser vaporization molecular beam machine coupled to a reflectron
time-of-flight mass spectrometer.
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CHAPTER 3

SINGLY CHARGED TRANSITION METAL CATION-WATER COMPLEXES

3.1 Introduction

Much of chemistry in aqueous solutions involves metal cation solvation by water. > A
number of biological systems, such as enzymes have metal ions in their active sites.*> A
fundamental understanding of solvation requires a molecular level investigation of metal ion-
water interactions. Measurements in solution are averaged over numerous configurations,
making it difficult to characterize specific solvation structures or coordination numbers. 313
On the other hand, gas phase metal ion-water complexes provide convenient models to
understand the cation solvation process at the molecular level.® Therefore, metal cation-water
complexes have been studied using mass spectrometry for many years.?*° Thermodynamic
properties, such as cation-solvent bond energies have been measured using collision induced
dissociation and equilibrium techniques.?*??% Spectroscopic studies have investigated the
structures of metal cation-water complexes.®**? Numerous theoretical studies complimented
these experiments with new and improved computational tools.**>?

Electronic spectroscopy has been widely applied to study monohydrated complexes of
metal ions.®*3® However, the larger M*(H,0), clusters produced broad and featureless spectra
due to the effects of predissociation and excited state reactions. Infrared spectroscopy has been

more productive for direct structural elucidation of metal cation-water complexes.***? Lisy and

coworkers have employed infrared photodissociation spectroscopy and the method of rare gas
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“tagging” to study alkali cation-water complexes.”® Nishi and coworkers have studied some of
the main group and transition metal ion-water systems using infrared photodissociation.** Our
research group has used infrared photodissociation spectroscopy to investigate a number of main
group and transition metal ion-water complexes produced by laser vaporization.** In this present
work, we extended these studies on singly charged monohydrated complexes of Sc*, Cr*, Mn*
and Zn" employing the method of rare gas tagging. We also describe the spectroscopy of the
Mn*(H,0)Ar, complexes (where n=1-4) showing the effect of argon solvation. A similar study
with Zn*(H,0),Ar (where n=1-4) is also presented describing the effects of multiple water

solvation.

3.2  Experimental

Singly charged metal cation-water complexes are produced in a pulsed-nozzle laser
vaporization source which has been described in detail in Chapter 2. In the supersonic
expansion, argon is used as buffer gas and a few drops of water are added into the gas flow to
produce mixed complexes. The metal rod is vaporized by the third harmonic (355 nm) of a
Nd:YAG laser. Mass-selected ions are investigated with infrared photodissociation spectroscopy
in the O-H stretching region using an infrared optical parametric oscillator/amplifier laser system
(OPO/OPA,; LaserVision, Inc.) pumped by a Nd:YAG laser (Continuum 8010). Laser excitation
occurs in the turning region of the reflectron field, where ion optics and pulse timing are adjusted
to obtain optimized spatial and temporal overlap between the laser and the ion beam. Resonant
single photon absorption leads to elimination of argon from the M*(H,O)Ar, species. The
fragment ion intensity is recorded as a function of the infrared laser frequency using a digital

oscilloscope connected to a computer.
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Density functional theory (DFT) is employed to investigate the structures and vibrational
spectra of the M*(H,0)Ar, complexes for comparison to the experiment. These computations
use the B3LYP functional in the Gaussian 03W package and the 6-311+G (d, p) basis set.**® The
computed vibrational frequencies are scaled by a factor of 0.9575, which is the recommended

value for the B3LYP/6-311+G (d, p) method.***

3.3 Results and Discussion

The binding energies of M*(H,0) complexes, where M= Sc, Cr, Mn and Zn are 34.1,
31.7, 29.1 and 33.2 kcal/mol (~10000-15000 cm™) respectively.** Therefore, photodissociation
is not possible with a single photon in the O-H stretch region (3000-4000 cm™). Multiphoton
excitation is not feasible with the available laser pulse energies (5-10 mJ/pulse, unfocused). In
order to obtain photofragmentation, we must use the method of rare gas tagging since M*-Ar
bonds are much weaker than M*-H,0 bonds. Infrared excitation of the O-H stretches leads to
elimination of loosely bound argon atom from the M*(H,O)Ar complex .

Figure 3.1 shows the infrared spectrum measured for the Sc*(H,O)Ar complex in the
mass channel corresponding to the elimination of argon. There are several peaks observed for
this complex in the 3500-3800 cm™ region, where the symmetric and asymmetric O-H stretches
(3657 and 3756 cm™ for isolated water molecule)® are expected. The spectrum of Sc*(H,0)Ar
has four main peaks at 3580, 3641, 3668 and 3695 cm™ and couple of weaker features at 3613,
3720 and 3746 cm™. The pattern of these peaks is similar to those observed for alkali metal
cation-water complexes.”® The computed structure of Sc*(H,O)Ar is shown in the inset of
Figure 3.1. This complex has C,, symmetry and argon binds to the Sc* ion on the C; axis

opposite to water. In this C,, configuration, all the heavy atoms (Sc*, O and Ar) are on the C,
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axis and only the light hydrogen atoms are off the axis. Therefore, the A rotational constant
corresponds approximately to the rotational constant of the isolated water molecule, where the
O-H groups rotate along the symmetry axis and only the light hydrogen masses contributes to the
moment of inertia. The peaks in the spectrum of Sc*(H,O)Ar arise from the symmetric and
asymmetric O-H vibrational bands and their partially resolved rotational structure. The broader
band centered at 3580 cm™ is assigned to the symmetric O-H stretch of water in this complex.
This is a parallel type vibration band with unresolved rotational structure along its contour. The
asymmetric O-H stretch is a perpendicular type vibration and therefore K-type rotational sub
bands are expected to be resolved as an effect of the large A rotational constant. The peaks at
3641, 3668 and 3695 cm™, and the weaker features either side of these, are assigned to the K-
type sub bands of the perpendicular type asymmetric stretch.

To confirm this assignment, we have simulated the rotational structure of these
vibrational bands using a program Asyrotwin, as shown in the lower trace of Figure 3.1. The
simulation includes the nuclear spin statistical weights for the ortho-para (odd:even =3:1) values
of K. The assignments of K-type rotational sub bands (K', K") are also shown in the simulated
spectrum. The bands in the observed spectrum are best described by a rotational temperature of
50K. The ground and excited state rotational constants obtained from observed and simulated
spectra are shown in the inset. Band origins of the symmetric and asymmetric stretches (3580
and 3656 cm™) are also determined from the simulated spectrum.

The O-H stretching frequencies for the Sc*(H,O)Ar complex are 77 and 101 cm™ red
shifted compared to the symmetric and asymmetric stretches of the free water molecule (3657
and 3756 cm™ respectively). ®® The red shift is caused by polarization of the lone pair of

electrons on the oxygen induced by the metal cation. The non-bonding molecular orbital of the
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water accommodating the lone pair has some partial bonding character along the O-H bonds.
Polarization of the electron density from this orbital remove electron density from the O-H bonds
resulting in weaker and longer bonds which accounts for the red shifts in O-H stretching
frequencies.

Figure 3.2 shows the spectrum of the Sc*(H,O)Ar, complex. The symmetric and
asymmetric O-H stretches are observed at 3546 and 3637 cm™, which are further shifted to the
red from the band origins of the corresponding stretches of Sc*(H,O)Ar (3580 and 3656 cm™
respectively). DFT predicts that the lowest energy isomer has the second argon atom attached to
the O-H bond of water, as shown in the inset. The other isomer corresponding to Ar,Sc*OH;
(both argons on metal) has 5.3 kcal/mol higher energy than that of ArSc*OH.,Ar. As a result of
the argon interaction with the O-H bond, the argon-bound O-H stretches shift to lower
frequencies and the partially resolved rotational structure is lost. The predicted frequencies for
ArSc*OH,Ar are 3560 and 3652 cm™, which agree well with the observed spectrum. The
predicted frequencies for Ar,Sc*OH, are 3607 and 3679 cm™, which are much higher than the
observed frequencies.

Another interesting aspect of these spectra is the intensities of the symmetric and
asymmetric O-H stretch vibrations. For the Sc*(H,O)Ar complex, the asymmetric stretch
appears as multiplet band structure and the integrated intensities of these bands are roughly 2-3
times more intense than that of the symmetric stretch. The intensity ratio of these stretches for
Sc*(H20)Ar; is roughly 1:1. For both the Sc*(H,0)Ar; » complexes, the intensity ratio is
significantly different from that of the isolated water, where the symmetric stretch is ~18 times
less intense than the asymmetric stretch.®® The intensity of an infrared vibration depends on the

dipole moment derivative. The symmetric stretch in a metal cation-water system is a parallel

17



type vibration which modulates the charge density more effectively than the perpendicular type
asymmetric stretch. This greater modulation of charge density in the symmetric stretch leads to a
higher change in dynamical dipole moment than that of the asymmetric stretch. Therefore, in a
cation-water system the symmetric stretch gains more intensity than the asymmetric stretch.

Figure 3.3 shows the spectrum of Cr'(H,O)Ar. The pattern of bands in the O-H stretch
region is similar to that observed for Sc*(H,O)Ar. The band at 3616 cm™ is assigned to the
parallel type symmetric O-H stretch vibration with unresolved rotational structure along its
contour. The 3676, 3729 and 3782 cm™ peaks, and the weaker features either side of these peaks
represent the K-type sub bands of the perpendicular type asymmetric O-H stretch. A rotational
temperature of 130K reproduces the main features of the observed spectrum. The ground state
and excited state rotational constants obtained from the observed and simulated spectra are
shown in the inset. The rotational constants are roughly the same for both the Cr*(H,O)Ar
(A"=13.1, A'=13.0) and Sc*(H,0)Ar (A" =13.7, A'=13.4) complexes. The band origins for the
symmetric and asymmetric O-H stretches are determined to be 3620 and 3690 cm™ respectively.
These are 37 and 67 cm™ shifted to the red from the free water stretches. The amount of red shift
is much less for Cr*(H,O)Ar than that of Sc*(H,O)Ar (77 and 101 cm™). Sc* has one electron in
the d-orbital, whereas Cr" has four electrons in the valence shell. Apparently, a lower number of
d-electrons on metal ion enhance the polarization of the electrons of oxygen. As a result,
Sc*(H20)Ar shows more red shift in O-H stretches than that of Cr*(H,0)Ar.

The A rotational constant is used to calculate the H-O-H bond angle of the Cr*(H,O)Ar
complex. The value of this constant is determined by the distance of the hydrogen atoms from
the C, axis, which is related to both the O-H bond lengths and the H-O-H bond angle. Therefore,

one rotational constant is not sufficient to determine both these geometric parameters
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simultaneously. We assume that the O-H bond distances of water do not change significantly
upon binding to the metal ion. Assuming the fixed O-H bond distances and using the A value we
can calculate the H-O-H bond angle. Using this procedure we calculated the H-O-H bond angle
to be 111.1°. This angle is greater than the corresponding H-O-H angle of the isolated water
molecule (104.7°).%® Although the calculated value for Cr*(H,O)Ar is not expected to be exact
due to some approximation associated with this procedure, it makes sense that the metal cation
removes electron density from the lone pair of oxygen which leads to a greater H-O-H bond
angle.

The lower trace of Figure 3.4 shows the infrared spectrum measured for the Mn*(H,O)Ar
complex in the O-H stretch region. The spectrum has two peaks at 3584 and 3660 cm™
corresponding to the symmetric and asymmetric O-H stretches with roughly a 1:1.3 intensity
ratio. These bands are 73 and 96 cm™ shifted to the red from the corresponding stretches of the
isolated water molecule. This magnitude of red shift is close to that observed for Sc*(H,O)Ar
(77 and 100 cm™ respectively). The intensity pattern is also consistent with the general feature
observed for these two vibrations. We notice that the partially resolved rotational structure is
absent in the spectrum. The DFT computed structure shows that the argon atom binds to the side
of Mn" with a ~90° O-Mn"-Ar bond angle. Since argon binds to Mn" off the C, axis the
rotational constant for Mn*(H,O)Ar is much smaller and the asymmetric stretch loses the
multiplet band structure. The valence shell electronic configuration of the isolated ground state
Mn"* ion is (3d°4s) is similar to that of Mg* (2p°3s?). As discussed previously for the
Mg*(H,0)Ar system, the valence shell s electron is back polarized by the water, inducing a

negative lobe around Mg* along the C, axis opposite to water.2’® Therefore, the argon atom
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tends not to bind along the C, axis. In the Mn*(H,O)Ar complex, a similar situation is observed
where argon binds to the side of Mn".

The upper three traces of Figure 3.4 show the spectra of the Mn*(H,O)Ar,., complexes.
DFT predicts various low energy isomers depending on the binding sites of the argon atoms.
Table 3.1 lists the relative energies of these isomers and corresponding predicted vibrational
frequencies. The four peaks (3549, 3584, 3643 and 3662 cm™) in the spectrum of Mn*(H,0)Ar,
arise from O-H stretches of two different isomers corresponding to the Ar,Mn"OH, (two argons
on metal) and ArMn*OH,Ar (one argon on metal, one argon on O-H) structures. The predicted
frequencies (3518/3586 cm™, 3535/3636 cm™) for these structures agree well with the observed
frequencies. The spectrum of Mn*(H,0)Ar3 also has four peaks (3554, 3586, 3644 and 3665 cm’
1) corresponding to two different isomers. However, the set of peaks corresponding to the
stretches for Ar,Mn"OH,Ar (two argon on metal, one on O-H) at 3554 and 3644 cm™ is more
intense than that observed for ArsMn*(H0) at 3586 and 3665 cm™. Apparently, the relative
abundance of the isomer in which argon binds to the O-H bond increases as the system is
solvated by more argon. The spectrum of Mn*(H,O)Ar, has three intense peaks at 3557, 3614,
3648 cm™ and two weaker peaks at 3545 and 3665 cm™. The set of peaks at 3557/3668 cm™ is
assigned to the O-H stretches of ArsMn*OH.Ar and the set of peaks at 3545/3665 cm™
corresponds to the O-H stretches of Ar;Mn*H,0. The stretches for the other isomer
Ar,Mn*OH,Ar; are predicted at 3537 and 3607 cm™. Therefore, the 3614 cm™ peak in the
observed spectrum is assigned to the asymmetric O-H stretch of Ar,Mn*OH,Ar,. The symmetric
stretch for this complex is probably close to the 3540-3550 cm™ region, where there is an intense
peak corresponding to another isomer. The relative abundance is again more for ArsMn*OH,Ar

isomer, but the other isomer Ar,Mn*OH,Ar; is also produced in a small amount.
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To illustrate the effect of argon isomers in assigning the peaks for manganese-water-
argon complexes, we selected Mn*(H,0)Ar3 as an example. The upper trace of Figure 3.5 shows
the experimental spectrum and three lower traces show the spectra for three different isomers
corresponding to ArsMn*OH, (3a), Ar,Mn*OH,Ar (3b), and Ar,Mn*OH.Ar (3c). The infrared
spectrum of the Mn"(H,0)Ars complex is best described by the predicted spectra corresponding
to the isomers (3a) and 3(b). The two intense bands at 3554 and 3644 cm™ correspond to the
symmetric and asymmetric stretches of isomer (3b) predicted at 3540 and 3638 cm™. The other
two less intense bands at 3586 and 3665 cm™ correspond to the O-H stretches predicted for
isomer 3(a) at 3577 and 3659 cm™. There is a small peak at 3607 cm™ observed in the spectrum
which corresponds to the asymmetric O-H stretch of isomer (3c) predicted at 3594 cm™. The
symmetric stretch for this complex is not detected, probably because of the low abundance of
this isomer. In the experimental spectrum, this stretch may also be hidden beneath the intense
3554 cm™ band.

Figure 3.6 shows the spectra of the Zn"(H,0),Ar complexes. The spectrum of
Zn*(H,0)Ar has three main peaks at 3565, 3644 and 3726 cm™. The computed structure for this
complex shows that argon binds to the side of Zn" similar to that of Mn*(H,O)Ar . Therefore,
the two peaks at 3565 and 3644 cm™ are assigned to the O-H stretches for this complex. The
predicted vibrations at 3579 and 3666 cm™ also agree well with this assignment. The other
intense peak at 3726 cm™ is assigned to a combination band. This type of combination band has
been studied previously by theoretical calculations in the case of Cu*(H,0)Ar,.*'" The spectrum
of Zn*(H,0),Ar has two sets of doublet peaks at 3547, 3578, 3652 and 3668 cm™. Zn*(H,0)sAr
shows similar doublet peaks roughly at the same positions (3567, 3585, 3657, 3672 cm™). This

spectrum also has some weaker peaks at 3386, 3481, 3626 and 3813 cm™. In the spectrum of
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Zn*(H,0),Ar, an intense band at 3428 cm™ appears abruptly. The spectrum also has two other
intense peaks at 3664 and 3682 cm™ along with some weaker features at 3493, 3522 and 3593
cm™.

The assignments of the peaks observed for the Zn*(H,0),.4Ar complexes can be done
with the help of theoretical calculations. For all the sizes DFT finds low energy isomers. The
upper trace of Figure 3.7 shows the spectrum of Zn*(H,0).Ar and the lower traces show the
predicted spectra corresponding to two different isomers. As shown in the inset structures, argon
binds either to Zn" or to water and the relative energies of these two isomers are only 0.5
kcal/mol. The peak corresponding to the ArZn*(H,0), (isomer 2a) structure (argon on Zn*) is
predicted at 3590 and 3679 cm™. For Zn*(H,0),Ar (isomer 2b), argon binding to water breaks
the symmetry of this complex and the O-H stretches are shifted to the lower frequencies. The
argon bound symmetric stretch is predicted at 3569 cm™ and the same stretch corresponding to
free O-H is predicted at 3585 cm™. The observed spectrum has four peaks at 3547, 3578, 3652
and 3668 cm™. The set of peaks at 3547/3652 cm™ is then can be assigned to the symmetric and
asymmetric O-H stretches of isomer 2b and the set of peaks at 3578/3668 cm™ corresponds to the
O-H stretches of isomer 2a.

The Zn*(H,0)sAr complex is also found to have three lowest energy isomers. Similar to
Zn*(H,0),Ar, the two isomers corresponding to the ArZn*(H,0)s structure (isomer 3a, argon on
Zn") and Zn*(H,0)3Ar (isomer 3b, argon on OH) have a small energy difference. The other
isomer has the third water molecule hydrogen bonded to the O-H bonds of two other water
molecules which are bound to Zn* (isomer 3c). Figure 3.8 shows the predicted spectra
corresponding to each isomer and the upper trace shows the spectrum of Zn*(H,0)sAr. The

observed spectrum is best described by the predicted spectra corresponding to the isomer 3a and
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3b. The assignments of the peaks in the 3500-3700 cm™ region is similar to that of
Zn*(H,0),Ar. The set of peaks at 3567/3657 cm™ is the argon bound O-H stretches of isomer 3b
and 3585/3672 cm™ set is the O-H stretches of isomer 3a. The weak peaks observed at 3386,
3481 and 3626 cm™ correspond to the stretches of isomer 3c. The predicted spectrum for this
complex shows an intense band at 3432 cm™ which corresponds to the hydrogen bonded O-H
stretches of water. However, the detected stretches are weak probably due to the low abundance
of this isomer.

The upper trace of Figure 3.9 shows the spectrum of Zn*(H,0)4Ar. The bottom three
traces show the predicted spectra for three different isomers computed by theory. For the
Zn*(H,0), complex, theory finds that the fourth water does not tend to bind to Zn", rather it
prefers to go to the second solvation sphere accepting one hydrogen bond each from the two
other water molecules in a double-acceptor configuration. In the Zn*(H,0)4Ar complex, argon
binds either to Zn" or to the O-H bond of the second sphere water molecule. Both of these
isomers are separated from each other by only 0.5 kcal/mol energy. The observed spectrum is
best described by the predicted spectra for these two isomers. The hydrogen bonded O-H
stretches are predicted at 3414/3450 and 3424/3461 cm™ corresponding to these two isomers.
The observed spectrum has an intense band at 3428 cm™ which is assigned to the hydrogen
bonded O-H stretch for this complex. The free O-H stretches are observed at 3664 and 3682 cm’
! The argon bound stretches are observed at 3593 cm™. Even though single-acceptor isomer is

only 1.6 kcal/mol higher in energy, it is apparently not formed.
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3.4  Conclusions

Singly charged metal cation-water complexes are produced in a pulsed laser vaporization
source and studied via infrared photodissociation spectroscopy in the O-H stretching region. For
Sc*(H,0)Ar and Cr*(H,O)Ar, argon binds to the metal ion on the C, axis opposite to water. The
spectra for these complexes show multiplet band structures in the O-H stretch region.
Simulation of these spectra provides structural parameters for M*(H,O)Ar. For Mn*(H,O)Ar and
Zn*(H,0)Ar, the valence shell s electron of M* is back polarized by water leading to a negative
lobe around the metal ion. Therefore, the argon atom binds to M off the C, axis and partially
resolved rotational structure is lost in the spectra of the Mn*(H,O)Ar and Zn*(H,O)Ar
complexes. The symmetric and asymmetric O-H stretches for Zn*(H,O)Ar show 92 and 113 cm’
! red shifts compared to the corresponding stretches of free water. The red shifts for Sc*(H,0)Ar
(77 and 101 cm™) are close to those observed for Mn*(H,0)Ar (73 and 107 cm™). The
magnitude of the red shift for Cr*(H,O)Ar is much smaller than those observed for Zn*, Mn" and
Sc*. For Mn*(H,0)Ar, and Zn*(H,0),Ar, different binding sites of argon and water give rise to

multiple low energy isomers.
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Table 3.1: Relative energetics and vibrational frequencies (cm™) computed for manganese-water-
argon structures. IR intensities (km/mol) are in parentheses, and frequencies are scaled by a
factor of 0.9575 for comparison to the experiments.

OH stretches (theory)

OH stretches (exp)

Molecule Rel. Energy
Mn*(H,0) 0.0
Mn*(H0)Ar

A" (Cs) (Ar on H) 0.0
‘A (C1)(Ar on Mn"¥) +0.2
Mn+(H20)Ar2

A’ (Cs) (2Ar on H) 0.0
A (Cy) +0.2
(1Ar on Mn*; 1Ar on H)

‘A (C1) (2Ar on Mn") +0.4
Mn+(H20)Ar3

A (C)) 0.0
(1Ar on Mn™; 2Ar on H)

A (C)) +0.3
(2 Aron Mn"; 1Ar on H)

A (C1) (3Aron Mn*) +0.5
Mn* (HzO)AM

A (Cy) 0.0
(2Ar on Mn*; 2Ar on H)

A (Cy) +0.3
(3Ar on Mn*; 1Ar on H) +0.7

‘A (C1)(4Ar on Mn*)

3570 (84), 3651(209)

3524(314), 3626(258)
3572(78), 3653(206)

3518(280), 3586(532)
3535(282), 3633(257)

3575(74), 3657(207)

3524(269), 3594(506)
3540(280), 3638 (248)

3577(71), 3659 (203)

3537(270), 3606(409)

3548 (242), 3642 (247)

3578(68), 3662(201)
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3584, 3660

3549, 3584,
3643, 3662

3554, 3586,
3644, 3665

3557, 3614, 3648
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Figure 3.1: The infrared photodissociation spectrum measured for the Sc*(H,O)Ar complex
(upper trace). The lower trace shows the simulated spectrum. The inset structure of Sc*(H,O)Ar
is obtained from theory. Rotational constants, band origins for the symmetric and asymmetric
stretches and rotational temperature obtained from the observed and simulated spectra are also
shown in the inset.
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Figure 3.3: The photodissociation spectrum measured for the Cr*(H,O)Ar complex (upper trace).
The lower trace shows the simulated spectrum. Rotational constants, band origins of the
symmetric and asymmetric stretches and rotational temperature obtained from the observed and

simulated spectra are also shown in the inset.
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Figure 3.4: The infrared spectra of the Mn*(H,O)Ar, complexes. The red dashed lines correspond
to the symmetric and asymmetric stretches of the isolated water molecule (3657 and 3756 cm™
respectively).
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Figure 3.5: The spectrum of the Mn"(H,0)Ars complex (upper trace). The lower three traces are
predicted spectra for ArsMn*(H,0) (isomer 3a), Ar,Mn*(H,O)Ar (isomer 3b) and
ArMn*(H,0)Ar,(isomer 3c). The correspondence between peaks is shown with dashed lines
(blue, red and green).
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Figure 3.6: The photodissociation spectra measured for the Zn*(H,0),Ar complexes (n = 1-4) in
the mass channel corresponding to the elimination of argon.
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Figure 3.7: The upper trace shows the spectrum of Zn*(H,0),Ar. The lower two traces show the
predicted spectra corresponding to the different isomers. The structures and relative energies of
the isomers are shown in the inset.
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traces show the predicted spectra for three low energy isomers. The structures and relative
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Figure 3.9: The upper trace shows the spectrum of Zn*(H,O),Ar. The lower traces show the
predicted spectra corresponding to the different isomers. The structures and relative energies of
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CHAPTER 4

DOUBLY CHARGED EARLY TRANSITION METAL ION-WATER COMPLEXES

4.1 Introduction

Multiply charged ion-molecule complexes are more difficult to produce in the gas phase
due to their intrinsic instability with respect to charge transfer. The second ionization energy of
the metal atom is often greater than the first ionization energy of water (12.6 eV).®® Therefore,
charge transfer from the doubly charged metal to the water molecule can occur producing two
singly charged ions which repel each other. Metal ions in higher charge states also have this
critical problem. However, asymptotically unstable complexes may be stabilized by the strong
Coulombic attraction which dominates at short bonding distances. Under some conditions the
ions can be trapped in the potential energy surface relative to the curve crossing between the M?**
+ H,0 and M* + H,O" potentials.®® ®>® One of the widely applied methods used to produce
multiply charged ions in the gas phase is electrospray ionization, where M™ (H,0), ions in
solution are taken directly into the gas phase to avoid charge transfer.®>®*®" The laser
vaporization technique also has proven to be useful to produce doubly charged metal ion
complexes under certain conditions, including asymptotically unstable systems.®%¢364%8 The
advantage of the laser vaporization source over electrospray ionization is that M?*-(H,0)

complexes can be produced directly in the gas phase without any desolvation process. This

makes it possible to study the interactions of a metal ion with a single water molecule.
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With any of these sources, though, ion densities of multiply charged complexes are much
lower than those available for singly charged species, and therefore spectroscopic measurements
on these systems are more challenging. In the present work, we describe the infrared
photodissociation spectroscopic studies of argon “tagged” M**(H,0) complexes (M = Sc, V, Cr,
Mn ) produced by laser vaporization. A comparative study investigating the effect of different
metal ions in these complexes will be discussed. A comparison between singly and doubly
charged metal-water complexes will also be discussed investigating the role of charge in ion

solvation.

4.2  Experimental

M?*(H,0)Ar, complexes are produced in a pulsed-nozzle laser vaporization source
which has been described in detail in Chapter 2. In the supersonic expansion, argon is used as
buffer gas and a few drops of water are added into the gas flow to produce mixed complexes.
The metal rod is vaporized by the third harmonic (355 nm) of a Nd:YAG laser. Mass-selected
ions are investigated with infrared photodissociation spectroscopy in the O-H stretching region
using an infrared optical parametric oscillator/amplifier laser system (OPO/OPA,; LaserVision,
Inc.) pumped by a Nd:YAG laser (Continuum 8010). Laser excitation occurs in the turning
region of the reflectron field, where ion optics and pulse timing are adjusted to obtain optimized
spatial and temporal overlap between the laser and the ion beam. Resonant single photon
absorption leads to elimination of argon from M?*(H,0)Ar, species. The fragment ion intensity
is recorded as a function of the infrared laser frequency using a digital oscilloscope connected to

a computer.
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Density functional theory (DFT) is employed to investigate the structures and vibrational
spectra of the M**(H,O)Ar, (n=0-7) complexes for comparison to the experiment. These
computations use the B3LYP functional in the Gaussian 03W package and the 6-311+G(d,p)
basis set.**® The computed vibrational frequencies are scaled by a factor of 0.9575, which is the

recommended value for the B3LYP/6-311+G (d, p) method.'*

4.3  Results and Discussion

In this section, we first discuss the infrared spectroscopy of the V**(H,0)Ar, complexes
as a prototype, which is helpful to describe the spectra of other M?*(H,0)Ar, systems. One of
the main goals of studying doubly charged metal-water complexes is to compare the properties
of these systems with those of singly charged species. In order to do a comparison between
singly and doubly charged ions we also show the infrared spectrum of the VV*(H,O)Ar, complex.
Infrared photodissociation studies of first row transition metal cation-water complexes have been
described in detail in Chapter 3. We typically use slightly different experimental conditions for
producing doubly charged complexes than those for singly charged ions. Figure 4.1 shows the
mass spectrum of V*(H,O)Ar, produced in the laser vaporization source optimizing the
conditions for singly charged ions. The most intense peak in the mass spectrum corresponds to
the V* and the progression of V*(Ar), and V*(H,0)Ar, are also shown. Figure 4.2 shows the
mass spectrum of singly and doubly charged vanadium-water-argon complexes in the same
source, but now the conditions are optimized for doubly charged complexes. The crucial change
in the experimental condition is higher vaporization laser power. This is typically 5-10 mJ/pulse
for doubly charged ions, compared to 1-3 mJ/pulse for singly charged species. The backing

pressure of the buffer gas was also higher, typically 200 p.s.i., whereas 50-100 p.s.i was used for
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singly charged ions. The higher backing pressure of the buffer gas partially compensates for the
higher internal energies of the ions resulting from the higher vaporization laser power. Another

key factor for efficient production of doubly charged complexes is the vaporization laser timing

with respect to the gas pulse. This timing is also significantly different from that used to produce
singly charged ions. Itis clearly seen from Figure 4.2 that the ion densities of VZ*(H,0)Ar, are
much smaller than those of V*(H,O)Ar,.

Since the ion densities are too low to perform absorption spectroscopy, these ions are
probed with infrared photodissociation spectroscopy. The binding energy of V*(H,0) was
measured by Armentrout and co-workers to be 35.8 kcal/mol.?® Since the binding energy is
more than the photon energy in the O-H stretch region (3000-4000 cm™), photodissociation is
not possible with a single photon. To our knowledge, the binding energy of the V**(H,0)
complex has not been measured. We compute this value to be +82.0 kcal/mol which is much
greater than that of the VV*(H,0O) complex. The argon binding energy to the VV?*(H,0) has also not
been measured. We compute these values for the V**(H,0)Ar,.; complexes to be 17.6, 16.0,
15.6, 10.9, 9.4, 2.8 and 2.7 kcal/mol respectively. Although the computed binding energies are
not expected to be quantitative, we assume that the binding energies of first one or two argon
atoms to the metal dication-water complex is too high to observe any photofragmentation
because we only begin to detect fragmentation from the V2*(H,0)Ar, complex.

Figure 4.3 shows the infrared spectrum of V*(H,0)Ar, (upper trace) and V**(H,0)Ar,
(lower trace) obtained by monitoring the mass channel corresponding to argon elimination. The
inset structures are those obtained from theory and the red dashed lines correspond to the
symmetric and asymmetric stretches of the free water molecule (3657 and 3756 respectively).®®

The spectrum of V*(H,0)Ar, has two peaks at 3611 and 3683 cm™ corresponding to the
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symmetric and asymmetric O-H stretches. Theory for this complex predicts these stretches at
3597 and 3668 cm™, which is in good agreement with the observed frequencies. For the
V#*(H,0)Ar, complex, these stretches are shifted to lower frequencies, at 3546 and 3600 cm™
respectively, with a different relative intensity pattern. In both the vanadium cation- and
dication-water systems the O-H stretches shift to lower frequencies compared to the free water
stretches. The red shifts in O-H stretching frequencies in a metal ion-water complex have been
discussed in detail in chapter 3 and it is one of the general features of these systems.** The red
shift is caused by polarization of the lone pair of electrons on the oxygen induced by the metal
cation. The non-bonding molecular orbital of the water accommodating the lone pair has some
partial bonding character along the O-H bonds. Polarization of the electron density from this
orbital also removes some density from the O-H bonds resulting in longer and weaker O-H
bonds. This accounts for the red shifts in O-H stretching frequencies. As these red shifts are
essentially an effect due to the polarization of water, doubly charged ions shift the O-H
stretching frequencies more than singly charged ions.

Another interesting feature of the spectra of cation-water systems is that the intensity
pattern for the symmetric and asymmetric stretches in these systems is different from those in the
isolated water molecule. The intensity ratio of these stretches in the free water molecule is
roughly 1:18, whereas for cation-water systems this ratio is close to 1:1 or 1:2. The intensity of
an infrared vibrational band depends on the dipole moment derivative. The symmetric stretch in
a cation-water system is a parallel type vibration which modulates the charge density more
effectively along the C, axis than the perpendicular type asymmetric stretch. This greater
modulation of charge density in the symmetric stretch leads to a larger change in dynamical

dipole moment than that of the asymmetric stretch. Therefore, in a cation-water system the
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symmetric stretch gains more intensity than the asymmetric stretch. For doubly charged
complexes the symmetric stretch is twice as strong as the asymmetric stretch because the extent
of the polarization is even greater, which leads to an even greater change in dynamic dipole for
the symmetric stretch. Figure 4.3 shows a nice example comparing the general features of
spectra of cation- and dication-water systems. As shown, the O-H stretches are 111 and 157 cm™
red shifted for the VV**(H,0)Ar, complex compared to the free water stretches, whereas these
shifts are 46 and 73 cm™ respectively for V*(H,0)Ar,. The intensity ratio of the symmetric and
asymmetric stretches also switches from 1:2 for V*(H0)Ar; to 2:1 for V¥*(H,0)Ar,,

Figure 4.4 and 4.5 show the spectra of the V**(H,O)Ar, (h=2-7) complexes in the O-H
stretch region. The inset structures are those obtained from theory. Table 4.1 lists observed
vibrational frequencies and scaled harmonic frequencies along with intensities predicted by
theory. As shown in Figure 4.4, the spectrum of V*(H,O)Ar, has a peak around 3501 cm™ with
an indication of a couple of small peaks in the high frequency region on top of an overall noisy
feature. The spectrum is noisier than those of other sizes since the argon binding is probably still
more than the single photon energy, which leads to an overall poor dissociation yield from this
species. V**(H,0)Ars shows two distinct peaks with roughly a 2:1 intensity ratio. The intense
peak at 3524 cm™ is blue shifted from the peak observed for the V?*(H,0)Ar, complex. The
other less intense peak for VV**(H,O)Ar; is observed at 3582 cm™. The peaks are again shifted to
the blue at 3546 and 3600 cm™ in the spectrum of VV**(H,0)Ar,.

The spectrum of V**(H20)Ars is more complicated than those of the all other sizes
(Figure 4.5). It has a strong peak at 3561 cm™ and three less intense and broad peaks are
observed at 3598, 3694 and 3713 cm™. For the VV**(H,0)Arg species, two sharp peaks are

observed, one at 3448 cm™ and another at 3604 cm™. The spectrum also shows a weak band
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near 3280 cm™. There are no high frequency peaks observed for the VV**(H,O)Ar; complex. The
spectrum shows three distinct peaks at 3456, 3497 and 3521 cm™ on top of a broad resonance
ranging from 3430-3530 cm™.

The assignments of the peaks can be done with the help of theoretical calculations for the
V#*(H,0)Ar..; complexes. It is straightforward now that the two peaks at 3524 and 3582 cm™ in
the spectrum of VV**(H,0)Ar; are the symmetric and asymmetric O-H stretches respectively,
where 3524 cm™ peak is roughly twice as intense as the 3582 cm™ peak, consistent with the
general feature of these systems. Evidently, these peaks are red shifted by an amount of 133 and
174 cm™ respectively from the free water stretches (3657 and 3756 cm™ respectively). Theory
predicts two peaks at 3522 and 3577 cm™ which are within ~10 cm™ of the experimental
frequencies. The O-H stretches for VV**(H,O)Ar, are observed at 3546 and 3600 cm™, which are
less red shifted relative to the corresponding stretches for VV?*(H,0)Ars. The O-H bonds regain
some of the electron density due to the presence of extra argon which reduces the charge-induced
dipole interactions between the metal ion and water. The computed O-H bond lengths in the
V#*(H,0)Ar, complex (0.973 A) are slightly shorter than those of the VV**(H,0)Ar; complex
(0.974 A). Predicted frequencies for those stretches of the V**(H,O)Ar, system are 3537 and
3593 cm™ respectively, which again agree quite well with the experiment.

Having assigned the spectra of these two cluster sizes, we can now go back and assign
the relatively complicated spectra of V**(H,0)Ar, and VV**(H,O)Ars . For both the species, there
are strong peaks at 3501 and 3561 cm™, roughly where the symmetric stretches are predicted and
we assign these peaks to the symmetric stretches. The asymmetric stretches are predicted at
3531 cm™ for V2*(H,0)Ar; and 3612 cm™ for V2*(H,0)Ars respectively, but for the V2*(H,0)Ar

complex no clear peak is observed and the spectrum of V**(H,O)Ars shows three broad bumps
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in the high frequency region. Fortunately this pattern is not totally unfamiliar to us. The spectra
of singly charged metal-water-argon complexes often show several peaks in the high frequency
region instead of two peaks corresponding to symmetric and asymmetric stretches and this
pattern was described in detail in chapter 3. These bands arise from the two vibrational bands
and their partially resolved rotational structure.”>** In these cation-water systems, argon lies on
the C, axis giving the overall structure a C,, symmetry, where only the light hydrogen masses are
off the C, axis and contribute to the moment of inertia along this axis. As a result, the rotational
constant along this axis is close to 13-14 cm™ and partially resolved rotational bands can be seen
in our low resolution spectra. The peaks observed in these spectra have roughly a 1:3 for K=
even:odd intensity ratio following the nuclear spin statistics due to the presence of two identical
hydrogen atoms. Simulation of these bands also provides us a rough idea about the rotational
temperature, which is typically 15-50 K for cation-water systems.** However, doubly charged
complexes are produced with greater internal energies since we have to use warmer experimental
conditions than those used for singly charged ions. The intensities of the bands are largely
influenced by the temperature of the ions produced and therefore the 3:1 intensity alteration can
be lost. For some other metal cation water argon complexes, if argon is off the C,-axis,
rotational constant is much smaller and the asymmetric stretch appear as a single band. In some
cases, low frequency torsional vibration arising from hydrogen motion can combine with the
asymmetric stretch which appears just above the O-H stretches.*'¢ In some other scenario,
where multiple argon is present and the angular potential is smooth, internal rotation of water
with respect to the whole complex can give rise to rotational structure. If the internal rotation is
hindered, an intermediate rotation/torsion may produce irregular structure for the asymmetric

stretch. Therefore, it makes sense that the three peaks at 3598, 3663 and 3713 cm™ for
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V#*(H,0)Ars arise due to the hindered internal rotation. The spectrum of V2*(H,O)Ar, shows a
slight indication of similar structure in the high frequency region, but asymmetric stretch is not
clearly seen because of the poor signal to noise.

The spectrum of the VV2*(H,0)Ars complex changes abruptly from that of VV**(H,0)Ars,
and two intense sharp peaks are observed at 3448 and 3604 cm™. The computed structure for
V#*(H,0)Ars predicts that the first coordination shell of \V** is filled with one water and five
argons and the remaining argon interacts with one of the O-H bonds. This argon interaction
shifts both the O-H stretches towards lower frequencies. The symmetric and asymmetric
stretches are predicted at 3419 and 3593 cm™ respectively, which agrees well with the observed
frequencies. The argon interaction with water also restricts its internal rotation and therefore the
partially resolved rotational structure is not seen in the spectrum. A relatively weak band at 3281
cm™ was also observed for this species and we believe that this peak arises from an H-V**- OH ~
species resulting from an insertion reaction. The overall charge for this complex is still +2 and a
small amount of this reaction product may be produced together with the V>*(H,O)Ars. Theory
predicts that the anionic O-H stretch of the H-V**-OH" complex should appear at 3263 cm™,
which is in the neighborhood of the observed band. The spectrum of VV?*(H,0)Ar; again
abruptly changes from that of the \V2*(H,0)Ars complex. It does not have a free O-H peak in the
high frequency region but there are three or four peaks observed on top of a broad resonance
ranging from 3440-3540 cm™. This indicates that both the O-H bonds interact with argons
resulting in red shifts in the O-H frequencies.

Having discussed the spectra of the V2*(H,0)Ar, complexes, we can now describe the
spectra of the other M**(H,0)Ar, complexes where M?*= Sc, Cr and Mn. In order to compare

these species the spectra of M?*(H,0)Ar, complexes are shown in Figures 4.5, 4.6, 4.8 and 4.9.
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Figures are made keeping the number of argon atoms constant in each case and varying the metal
to show the effect of different metals in the spectra of these complexes. However, we do not
have spectra for all the argon sizes for Mn**(H,0) due to mass coincidences with some
prominent peaks. Table 4.2 and 4.3 list the observed and computed frequencies for
Cr¥*(H,0)Ar, and Sc**(H,0)Ar, complexes. These tables also list the frequencies of
corresponding singly charged ions for a comparison. Figure 4.5 shows the spectra of
M?*(H,0)Ars. The inset structures are those obtained from theory and the red dashed lines
correspond to the symmetric and asymmetric stretches of free water. The computed structures
show that argon atoms prefer to bind to the metal ion rather than to the O-H bonds. On the other
hand, in some singly charged metal-water systems argon binds to the O-H bond and these
isomers are found to have lower energy than the one in which argon binds to the metal ion.”*® As
shown in figure 4.5, V?*(H,0)Ar; shows two peaks at 3524 and 3584 cm™ corresponding to the
symmetric and asymmetric stretches, whereas Sc®*(H,0)Ar; and Cr?*(H,O)Ar; complexes each
have only one strong band at 3528 and 3512 cm™ respectively. These bands are assigned to the
symmetric O-H stretches. The asymmetric stretches are not well resolved since the argon
binding energy to these metal ions is still too high and only ions with higher internal energies can
fragment giving a overall poor dissociation yield. A similar situation was described in detail
previously for the spectrum of V**(H,0)Ar, . Although the asymmetric stretches are not well
resolved to compare the red shifts among those complexes, we note that the relative red shift in
the symmetric stretches for these three metal ions are within 15 cm™ of each other. In other
words, O-H stretching frequencies are about the same for these three different metal ions. This is
a very different result than that obtained for singly charged complexes, where Sc*, which has the

lowest number of valence shell electrons, shifts the O-H stretching frequencies the most.>™
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Figure 4.6 shows the infrared spectra of M?*(H,O)Ar,. The interesting feature to note
here is that except for Cr®*, all the metal ions show two clear peaks corresponding to the
symmetric and asymmetric stretches. The peaks in the high frequency region of Cr?*(H,0)Ar,
complex arise from the partially resolved rotational structures of the asymmetric stretch
vibrational band associated with internal rotation of water. For the Cr**(H,0)Ar, complex the
spectrum is simulated using a program Asyrotwin and Figure 4.7 shows the comparison between
simulated and observed spectrum. The rotational constants and temperatures obtained from the
simulation and the experiment are also shown in the inset. These rotational constants do not
correspond to the rotation of the whole complex, but from the internal rotation of water. The
structural parameters obtained from the simulation are again shown in Table 4.4 compared to
those obtained for the Cr*(H,O)Ar complex (discussed in detail in chapter 3). As shown in Table
4.4, doubly charged complexes have lower rotational constants than those of singly charged
complexes. The simulation of the spectrum of Cr®*(H,O)Ar, also provides us with a rough
estimate of the temperature of the ions produced. For the doubly charged chromium-water
complex this is 250K, while for the singly charged ion it is 130 K. With the help of observed
and simulated spectra we can also calculate the H-O-H bond angle (detailed procedure discussed
in chapter 3) and this angle is larger for Cr**(H,0)Ar, (113.5°) than it is for Cr*(H,O)Ar
(111.1°). This is consistent with the fact that the lone pair of water is more polarized by the
doubly charged metal leading to a greater H-O-H bond angle.

Figure 4.8 shows the spectra of M**(H,0)Ars. For all these complexes the symmetric
stretches appear as single bands and the asymmetric stretches appear as unresolved rotational

bands in the high frequency region. Again all the red shifts are within a few wavenumbers of
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each other. The relative red shifts for Sc** and Cr*"is 2 cm™, and V** shows ~10 cm™ relative
shift compared to those for Sc** and Cr*".

Figure 4.9 shows the spectra of M**(H0)Ars complexes where M= Sc, V and Cr. The
spectra for all these M#*(H,0)Ars complexes change abruptly from those of the M**(H,0)Ars
species. Computed structures for these complexes are shown in the insets of Figure 4.9 and it is
clear from these that the coordination of M?* is filled up with six ligands (one water and five
argons) and the remaining argon is interacting with the O-H. The argon interaction with the O-H
shifts stretching frequencies to the red and also restricts the internal rotation of water, causing the
rotational structure to disappear. The other interesting aspect of these spectra is that all the
M?*(H,0)Ar, complexes show a small peak near 3265-3280 cm™. These peaks are believed to
arise from a small amount of reaction product between M** and H,O forming an H-M**- OH ~
species. The reactions of early transition metals with water are well known, and theory predicts
that the anionic OH stretches of H-M®"- OH ~ complexes should appear very close to the
observed peak. However, we note that these reaction products are only seen in higher cluster
sizes. Solvation of the metal with a larger number of argons apparently causes the reaction.

Having described the spectra of M?*(H,0)Ar, complexes, we can now consider the effect
of the number of argon atoms on the red shifts of stretching frequencies for different metals.
However, it is not possible to do so for both the symmetric and asymmetric stretches since for
some of the argon sizes the asymmetric stretches do not appear. Figure 4.10 shows a plot
describing the red shifts of the symmetric stretches that we observed in our spectra for different
metal dication water—(argon), systems where n=3, 4 and 5. As shown, more argon on a metal

ion center dilutes the charge on it and smaller red shifts in the O-H frequencies are observed.
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We also notice that the difference in red shifts in different M?*(H,O)Ar, systems where M= Sc,
V, and Crand Ar = 3-5are within 10 cm™ of each other.

The discussion above provides us with an idea about the shifts in O-H stretches
influenced by the number of argon atoms. For the M?*(H,0)Ar, complexes, argons prefer to
bind to the metal center and the O-H stretching frequencies are not directly perturbed. However,
it is useful to compare the red shifts in these dication-water complexes without the influence of
argon atoms. Since we have to tag our complexes in order for photodissociation to occur, it is
not possible to do this comparison directly from our spectra. The other way to do this is to
compare the theoretically obtained frequencies for these metal-water systems. Therefore, we use
theory to validate our available experimental results, and with the help of theory we can compare
the red shifts in stretching frequencies for metal dication-water complexes. Table 4.4 lists the
symmetric and asymmetric stretch shifts obtained from theory for M"*-(H,0) complexes where
M= Sc, V, Cr and Mn and n=1, 2. This table also contains M"*-O bond lengths as well as O-H
bond lengths computed from theory. We note that the red shifts are larger for dication-water
systems than those for mono-cation-water systems since the extent of polarization induced by the
metal dication is greater. As a result, M?*-O bond lengths are shorter and O-H bond lengths are
longer for the doubly charged ions. The red shifts for transition metal cation-water systems are
typically 30-100 cm™,* where dication-water systems show red shifts ranging from 190-280 cm’
! However, for singly charged systems the red shifts depend on the number of valence electrons
on the metals, i.e. scandium cation-water system shows one of the largest red shifts among first
row transition metal-water systems since it has fewer number of valence shell electrons. On the

other hand, for the doubly charged systems, removing one extra electron form the valence shell
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and orbital contraction resulting from greater charge makes these systems almost identical.

Therefore, the red shifts for these complexes are remarkably similar to each other.

44  Conclusions

M?*(H,0)Ar, complexes (M = Sc, V, Cr and Mn) are produced in a pulsed laser
vaporization source. Mass-selected ions are analyzed with infrared photodissociation
spectroscopy in the O-H stretching region. Doubly charged ions shift the O-H stretches to lower
frequencies than those of the corresponding singly charged complexes. The symmetric O-H
stretch gains more intensity than that of the asymmetric stretch due to greater change in
dynamical dipole. The intensity ratio of these two stretches becomes ~1:1 for singly charged
complexes and ~2:1 for doubly charged species. Partially resolved spectra for some singly and
doubly charged complexes provide rotational constants and doubly charged complexes are found
to have lower rotational constants than those of the singly charged complexes. The H-O-H bond
angle is also greater for M**(H,0O) complexes due to more polarization caused by the metal
dications. The relative red shifts in stretching frequencies for M?*(H,0)Ar, complexes for
different metals are within a few wavenumbers of each other as opposed to corresponding
M™(H,0)Ar, systems where the metals having a fewer number of valence shell electrons shift the
O-H stretching frequencies the most. The shifts in O-H stretching frequencies for M?*(H,0)Ar,
complexes are influenced by the number of argon atoms. Polarization of electrons from argon to
metal reduces the partial charge on metal and causing smaller red shifts in the O-H stretching
frequencies. For all the M?*(H,0)Ar, complexes a coordination number six (one water, five
argons) was observed. Doubly charged metal-water complexes with larger number of argon

atoms show evidence of an insertion product of the form H-M**- OH ~.
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Table 4.1: O-H stretch frequencies (cm™) computed and measured for doubly-charged vanadium-
water-argon complexes. IR intensities (km/mol) are in parentheses, and frequencies are scaled by
a factor of 0.9575 for comparison to the experiments.

Complex

OH stretches (theory)

OH stretches (exp)

V#(H,0)

V*(H,0)Ar,
V#(H,0)

V2 (H,0)Ar
V#(H,0)Ar,
V#(H,0)Ars
V#(H,0)Ar,
V#(H,0)Ars
V#(H,0)Arg

V2*(H,0)Ar,

3587 (154), 3658 (227)
3597 (134), 3668 (230)
3450 (383), 3496 (402)
3448 (411), 3498 (355)
3479 (349), 3531 (326)
3522 (308), 3577 (300)
3537 (288), 3593 (275)
3554 (253), 3612 (259)
3419 (870), 3593 (257)

3426 (811), 3462 (829)
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3611, 3683

3501, -
3524, 3582
3546, 3600
3561, -
3448, 3604

3456, 3521



Table 4.2: O-H stretch frequencies (cm™) computed and measured for singly and doubly charged
chromium-water-argon complexes. IR intensities (km/mol) are in parentheses, and frequencies
are scaled by a factor of 0.9575 for comparison to the experiments.

Complex OH stretches (theory) OH stretches (exp)
Cr*(H,0) 3624(143), 3696(233)

Cr*(H,0)Ar 3628(145),3700(228) 3620,-
Cr*(H,0)Ar, 3631(139),3703(224) 3621, 3687
Cr?*(H,0) 3460(378)/3506(403)

Cr?*(H,0)Ar 3454(429)/3507(409)

Cr?*(H,0)Ar, 3486(417)/3539(368)

Cr?*(H,0)Ar; 3515(360)/3572(341) 3512, -
Cr?*(H,0)Ar, 3528(308)/3587(315) 3531,3586
Cr?*(H,0)Ars 3539(308)/3600(296) 3546, -
Cr?*(H,0)Are 3351(1133)/ 3580(290) 3380, 3578
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Table 4.3: O-H stretch frequencies (cm™) computed and measured for singly and doubly charged
scandium-water-argon complexes. IR intensities (km/mol) are in parentheses, and frequencies
are scaled by a factor of 0.9575 for comparison to the experiments.

OH stretches (theory)

OH stretches (exp)

Complex Rel. Energy
Sc*(H.0) 0.0
?c*(HZO)Ar

A; (Cay 0.0
A (Cy) +7.0
Sc+(H20)Ar2

A" (Cs) (Aron H) 0.0
A" (Co) (2Ar on M) +5.3
Sc?*(H,0)

A1 (Cv) 0.0
Sc®*(H,0)Ar

’As (Cav) 0.0
2Aq (Cs) (Ar on H) +9.4
Sc?*(H,0)Ar,

(2Ar on Sc*) 0.0
(1Ar on Sc®*; 1Ar on H) +6.9
Sc®*(H,0)Ar;

(3Ar on Sc*) 0.0
Sc?*(H,0)Ar,

(4Ar on Sc*) 0.0
Sc?*(H,0)Ars

(5Ar on Sc*) 0.0
Sc?*(H,0)Arg

(5Ar on Sc®*; 1Ar on H) 0.0
Sc?*(H,0)Ar;

(5Ar on Sc**; 2Ar on H) 0.0

3589 (122), 3659(209)

3597(102), 3670(192)
3556(340), 3642(256)

3560(317), 3652(228)
3607(62), 3679(273)

3465(354), 3506(366)

3488 (356), 3531 (341)
3142 (1562), 3497 (341)

3501 (338), 3548 (319)
3223 (1387), 3519 (337)

3517 (324), 3565 (301)

3545 (260), 3597 (262)

3557 (224), 3610 (247)

3441 (772), 3591 (242)

3440 (708), 3472 (775)
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3580, 3656

3546, 3637

3513, -

3528, -

3539, 3590

3548, -

3425, 3587

3431, 3444



Table 4.4: Ground and excited state rotational constants (A", A") of Cr'(H,O)Ar and
Cr®*(H,0)Ar, complexes, Rotational temperatures (J, K) obtained from simulated and observed
spectra. H-O-H bond angles are calculated from rotational constants assuming that the O-H
bond lengths do not change.

Complex (A") (A" T, K) H-O-H bond angle
Cr(H,0)Ar 13.1 13.0 85,130 111.1°
Cr¥*(H,0)Ar, 12.6 12.8 250 113.5°
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Table 4.5: The symmetric and asymmetric stretches (cm™), M™-O and O-H bond lengths (A) of
M™-(H,0) complexes where M = Sc, V, Cr and Mn and n=1, 2 obtained from DFT-B3LYP
calculations. The red shifts from free water stretches are shown in parentheses.

Complex sym str. (Shift) asym str. (Shift) M™-O bond length  O-H bond length

H,0 3657 (0) 3756(0) 0.962
Sc*(H,0) 3580 (77) 3649(107) 2.200 0.969
Sc?*(H,0) 3465(192) 3506(250) 2.106 0.981
V*(H,0) 3587 (70) 3659(97) 2.077 0.969
V?*(H,0) 3450(207) 3496(260) 2.012 0.981
Cr*(H,0) 3615 (42) 3686 (70) 2.089 0.967
Cr?*(H,0) 3460(197) 3506(250) 2.038 0.981
Mn*(H,0) 3570 (87) 3651(106) 2.191 0.970
Mn?*(H,0) 3433(224) 3479(277) 1.987 0.982
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Figure 4.1: The mass spectrum of the V*(H,0)Ar, complexes produced by the laser vaporization source, optimizing the
conditions for singly charged ions. The biggest peak corresponds to V™ and the progression of V*(Ar), and V*(H,0)Ar, are
shown in red and blue .
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Figure 4.2: The mass spectrum of the V™ (H,O)Ar, , (m=1,2) complexes produced by the laser vaporization cluster source,
optimizing the conditions for doubly charged ions. The progression of V*(H,0)Ar,, V**(Ar), and V**(H,O)Ar, are shown in
different colors . The abundance of doubly charged ions is significantly lower than that of the singly charged complexes.
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Figure 4.3: The infrared photodissociation spectrum measured for the V*(H,O)Ar, complex in
the mass channel corresponding to the elimination of argon (upper trace). The lower trace shows
the spectrum of the VV**(H,0)Ar, complex for a comparison. The vertical dashed lines show the
positions of the vibrations in the isolated water molecule (3657 and 3756 cm™ respectively). The
inset structures are computed from theory, and their vibrations also agree best with the observed
bands.
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Figure 4.4: The spectra measured for the VV**(H,0)Ar,.4 complexes in the mass channel
corresponding to the elimination of argon. The inset structures are computed by DFT.
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Figure 4.5: The photodissociation spectra measured for the V*(H,0)Ars.; complexes in the mass
channel corresponding to the elimination of argon. The inset structures are computed by theory.
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Figure 4.5: The spectra of the M?*(H,O)Ars (where M = Sc, V and Cr) complexes comparing the
relative red shifts in the O-H stretching frequencies. The inset structures show that argons bind
to the metal ion sites.
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Figure 4.6: The spectra measured for the M?*(H,0)Ar, (where M = Sc, V, Cr and Mn) complexes
in the O-H stretch region. The asymmetric O-H stretch of Cr**(H,0)Ar, shows multiplet band
structures. The inset structures are computed by DFT.
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Figure 4.7: The infrared photodissociation spectrum measured for the Cr?*(H,0)Ar, complex in
the mass channel corresponding to the elimination of argon (upper trace). The lower trace shows
a simulation of the vibrational bands and their partially resolved rotational structure. The inset
structure is that computed with density functional theory. The structural parameters obtained
from the observed and simulated spectra are also shown in the figure.
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Figure 4.8: The photodissociation spectra measured for the M**(H,0)Ars (where M = Sc, V and
Cr) complexes in the O-H stretch region. The inset structures are those from theory.
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Figure 4.9: The spectra of the M?*(H,0)Arg (where M = Sc, V and Cr) complexes. The inset
structures show that the coordination of M?" is filled up with five argons and one water. The
other argon binds to water, which shifts the O-H stretches to the red.
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Figure 4.10: Observed red shifts in the symmetric stretches of the M?*(H,0)Ar, complexes
where M=V, Sc, Cr, and n=3-5. M?*(H,0)Ar; complexes have red shifts ranging from 128-
145cm™ compared to the O-H stretches of free water. Addition of more argon leads to lower red
shifts in the stretching frequencies compared to the free water stretches.
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CHAPTER 5

HYDROINUM-NITROGEN COMPLEXES

51 Introduction

Protonation and proton transfer processes are ubiquitous throughout chemistry and
biology.®*"® The detailed mechanisms of these processes have been studied for many years.” "
The proton transfer processes involve ionic intermediates in which protons are bound or shared
between the molecular components. Mass spectrometric studies have extensively investigated
these intermediates.”®™ In recent years, infrared spectroscopic studies have been employed to
investigate the structures of the proton bridged dimer complexes.”?* Many of these studies have
focused on protonated water and its proton sharing interactions with other molecules.*?%31>17
More recent infrared experiments have shown that the proton sharing depends on the difference
in proton affinity values of two components competing for the proton.*’” In some cases dipole
moments and polarizabilities also play significant role in determining the protonation site.**"

Protonated water dimer and its shared proton interactions have been reported by Asmis
and coworkers using the free electron laser “FELIX”.** In a collaborative work between our
group and Johnson group, the small protonated water clusters have been studied using an
infrared parametric oscillator/amplifier (IR-OPO/A) laser system.* More recent studies by
Johnson and coworkers have investigated protonated water dimer with isotopic substitution.*>*®

A number of theoretical studies employing reduced dimensional and full dimensional

anharmonic calculations have investigated the protonated water dimer. %1% Shared proton
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interactions of symmetric dimers of different molecules such as CH3;OH, NH3;, CO,, acetylene,
acetone and N, have been explored by recent infrared experiments.***% Johnson and
coworkers have reported a study examining the shared proton stretch vibrations of a number of
asymmetric proton bound dimers."” This study showed that the shared proton stretch can be
linearly correlated to the difference in the proton affinity values (APA) of the molecular
components. Based on their measured spectra for a number of species, they made a linear plot of
shared proton stretch vs. APA. This plot should predict the shared proton stretch of a complex
with a known APA. Fridgen and coworkers have suggested that the dipole moment also affects
the accommodation of protons in mixed proton-bound dimers. Johnson and coworkers have
studied such an example with protonated acetonitrile-water complex.**"

The hydronium cation was studied by Saykally, Oka and others using high resolution
infrared spectroscopy.”® The double-well potential energy surface of this ion has been
investigated by state-of-the-art theories.”*'*1% Protonated nitrogen ion, NoH*, has been studied
using high resolution spectroscopy.**® Linnartz et al. and our research group have reported the
spectroscopy of protonated nitrogen dimer (N.H*N,).**"?* The proton affinity of water (691.0
kJ/mol) is much greater than that of the nitrogen (493.8 kJ/mol).®® Therefore, in a mixed
protonated complex of water and nitrogen proton is expected to mostly reside on water. In the
present work, we describe the infrared spectroscopy of the HsO"(N>), complexes, for n = 1-3,

describing the effect of nitrogen solvation and related shared proton interactions.

5.2  Experimental
Mixed complexes of protonated water and nitrogen of the form HzO*(N,),, are produced

in a pulsed supersonic expansion source employing the needle electric discharge method that has
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been described in detail in Chapter 2. Mass-selected ions are probed with infrared
photodissociation spectroscopy (IRPD) with the tunable output of an infrared optical parametric
oscillator/amplifier (IR- OPO/OPA) system pumped by an Nd:YAG laser (Spectra Physics
model Pro-230). IRPD is carried out in the turning region of the reflectron field, where ion
optics and pulse timing are adjusted to obtain optimized spatial and temporal overlap between
the laser and the ion beam. Resonant absorption leads to the fragmentation of H3O"(N2),
complexes by eliminating a nitrogen molecule in each case. The intensities of fragment ions
resulting from IR excitation are recorded as a function of the photon energy to obtain a spectrum.
The signal is collected with a digital oscilloscope interfaced to a computer.

Density functional theory (DFT) is employed to investigate the structures, energetics and
vibrational spectra of the H30"(N>),, complexes for comparison to the experiment. These
computations use the Gaussian 03W package and the 6-311+G (d, p) basis set.**® The computed
vibrational frequencies are scaled by a factor of 0.961 which is the recommended values for

these levels of theory and basis sets.**

5.3  Results and discussion

The measured binding energies of H30"(N,), complexes are 7.8, 7.3 and 6.3 kcal/mol
(2730, 2550 and 2200 cm™) respectively for the n=1, 2, 3 species.*® The infrared
photoexcitation in the 2000-4500 cm™ region leads to efficient fragmentation of HzO*(Ny),
systems by eliminating a nitrogen molecule. However, we do not observe any fragmentation at
2330 cm™, where the N-N stretch for the isolated nitrogen molecule is expected.?? Therefore,

probably the binding energies of these complexes are greater than 2330 cm™.
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Figure 5.1 shows the photodissociation spectra measured for the H3O"(Nz),, complexes in
the 2600-4000 cm™ region. Each spectrum is obtained by monitoring the mass channel
corresponding to the elimination of a nitrogen molecule. The spectrum of H;O"(N) has two
broad bands centered at 2787 and 3031 cm™, where the second band is less intense than that of
the first. The spectrum also has several sharp peaks in the O-H stretch region (3519, 3580, 3620
cm™) and some weaker features to both side of the 3580 and 3620 cm™ peaks. The H30"(N),
complex shows an intense but somewhat broader peak at 2957 cm™ and three weaker peaks at
3208, 3284, 3585 cm™. The spectrum of H3O"(N>); has an intense peak at 3110 cm™ and a less
intense one at 3347 cm™. DFT computed structures for the H3O"(N,), complexes are shown in
the insets of Figure 5.1 and the red solid lines correspond to the predicted vibrations of each
complex. The neat H;O" ion has symmetric and asymmetric O-H stretches at 3441/3491 and
3514/3530 cm™ (inversion doublets).”® Interaction with N, shifts the solvated O-H stretch of
HsO" towards lower frequency. Therefore, the band at 2787 cm™ is assigned to the N, bound O-
H stretch of the H3O"(N,) complex. This band is broad because of the hydrogen bonding
interaction of N,-HOH,". The pattern of peaks in the lower frequency region is similar to those
observed for metal cation-water-argon systems. The multiplet band structure arises due to the
symmetric and asymmetric O-H stretches and their partially resolved rotational structure as
discussed in Chapters 3 and 4.

Figure 5.2 shows an expanded view of peaks observed in the high frequency region for
the H3O"(N,) complex (upper trace). The symmetric stretch is a parallel type band with
unresolved rotational structure appearing as a broad band at 3519 cm™. For the asymmetric
stretch K-type rotational sub bands are partially resolved and observed as two intense bands

(3579 and 3620 cm™) and a weaker central one (3600 cm™). There are some weaker higher order
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(K", K') type sub bands are observed both side of the two intense peaks at 3579 and 3620 cm™.
To confirm this assignment we have simulated the spectrum with the program Asyrotwin, as
shown in the lower trace of Figure 5.2. For this simulation we use the rotational constants from
the computed structure. The simulation includes the 3:1 intensity alterations of K = odd: even
for the two identical hydrogens. The observed spectrum is best described by two different
temperatures, i.e. T; = 25K and Tk = 40 K. The J temperature affects the width of the J type
unresolved rotational structure and the K temperature affects the width and intensities of the
partially resolved K type sub bands. This behavior has also been seen previously for metal-water
complexes and was attributed to the different rates of cooling of J and K levels.** The K levels
are widely spaced and so do not relax as efficiently as the J levels in the supersonic expansion.
Another important aspect of this simulation involves the 3:1 statistical weight which should only
be applied to planar C,, systems. The computed lowest energy structure of HsO"(N) is not
planar. However, we have computed the H-O-H bending potential using the MP2/aug-cc-pVDZ
theory, keeping all the other atoms of this complex fixed at their equilibrium positions. The
barrier to planarity is found to be low (2.0 kcal/mol, 700 cm™) and the zero point vibrational
energy (741 cm™) also lies close to this barrier. Therefore, this complex may be vibrationally
averaged to be planar.

The weaker band observed at 3031 cm™ for the H30*(N,) complex is assigned to a
combination band involving a hydrogen bonded stretch band and a low frequency vibrational
mode. The difference between hydrogen bonded stretch (2787 cm™) and the 3031 cm™ band is
244 cm™ and the predicted vibrations for this complex has an intermolecular (Hs0)*-N, stretch

vibration at 246 cm™, which lies on the same axis as the hydrogen bond. Therefore, this mode
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can strongly couple with the hydrogen bonded stretch. We can then assign the 3031 cm™ band to
the combination band of the intermolecular stretch and the proton stretch.

The H30"(N2), complex has a structure with two N, bound to the two O-H bonds of
hydronium (structure is shown in the inset of Figure 5.1). In this structure, there should be only
one free O-H and the partially resolved rotational structure is not expected. The 3585 cm™ band
is then assigned to the free O-H stretch for this complex and the predicted vibration (3585 cm™)
also matches with the experiment. In the hydrogen bonding region, the broad band at 2957 cm™
is assigned to the symmetric and asymmetric O-H stretches towards the nitrogens. Theory
predicts these stretches at 2999 and 3039 cm™. The other weaker bands observed at 3208 and
3284 cm™ are not predicted by theory. These bands are believed to be arise from some kind of
combination of a hydrogen bonded stretch with a low frequency intremolecular vibration. The
3208 and 3284 cm™ bands are 251 and 327 cm™ above the main hydrogen bonded stretch band.
The computed vibrational frequencies for this complex has a vibration corresponding to the
asymmetric N,-(H30)*-N, intermolecular stretch at 236 cm™. There is one more low frequency
mode corresponding to the free O-H bending vibration predicted at 338 cm™. Assuming that the
coupling of vibrational bands is not associated with high anharmonicities, we can assign the
3208 and 3284 cm™ bands to the combination of hydrogen bonded stretch band with the low
frequency vibrational modes mentioned above.

The first coordination sphere of hydronium is filled with three nitrogens in the H3O"(N,)3
complex. Subsequently, there is no free O-H stretches and due to the symmetric structure the
symmetric and asymmetric stretches are expected to appear roughly at the same positions in the

experimental spectrum. Indeed an intense band is observed at 3110 cm™ and this is assigned to
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the hydrogen bonded stretch. Similar to the H3O"(N,)1.» complexes, in this spectrum a
combination band is observed at 3347 cm™.

Having assigned the spectra of the H30"(N>), species, it is interesting to investigate the
nature of the shared proton in these system. The hydrogen bonded stretch of H3O"(N,) is
observed at 2787 cm™ which is ~700 cm™ red shifted from the corresponding stretch of neat
hydronium cation (3445/3491, 3515/3530 cm™). This large red shift indicates that this complex
has a shared proton interaction rather than a complex where N is weakly bound to hydronium.
The amount of red shift is less (500 cm™) for H30*(N.), because the shared proton interaction is
distributed over two N, binding sites and each of this interaction is less than that of the H30"(N,)
complex. Consistent with this same logic H3O"(N,)3 shows the smallest red shift from the free

O-H stretches of hydronium.

5.4  Conclusions

H30"(N2), complexes are produced in pulsed nozzle source and investigated with
infrared laser spectroscopy in the 2000-4000 cm™ region. The hydrogen bonded stretch of the
H3;0"(N,) complex shows a large red shift compared to the free O-H stretches of hydronium. In
the high frequency region partially resolved rotational structure is also observed for this
complex. Higher cluster sizes show smaller red shifts for the hydrogen bonded stretches due to
the effect of nitrogen solvation. The spectra of H30"(N,), show combination bands between

hydrogen bonded stretches and the low frequency intermolecular stretches.
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Figure 5.1: The photodissociation spectra of the H3O"(N,), complexes, for n=1-3. The red solid
lines indicate the computed vibrational bands, which are scaled by factor of 0.961.
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simulated spectrum.
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CHAPTER 6

MIXED PROTONATED COMPLEXES OF BENZENE AND WATER

6.1 Introduction
The mechanistic details involving the unusual rates of proton transfer in aqueous

solutions has gained much attention for many years.*"% >

In an aqueous solution, rapid
transfer of proton is believed to occur between two limiting structures. First is the “Eigen” ion,
where hydronium (Hz0") is symmetrically solvated by three other water molecules and second is
the “Zundel” ion, where the proton is symmetrically solvated between two water molecules.”>
The structures of the solvated proton are difficult to characterize from condensed phase studies.
Therefore, these structures have been investigated by infrared experiments and theoretical
studies. "> 17239211 Many of the infrared experiments have also explored the proton sharing
interactions of water with other molecules.™®***” More recently, understanding the behavior of
protons at the interface of water and hydrophobic media has been an active area of research.™*
117 These studies show that the surface charge density plays a crucial role in stabilizing ions at
hydrophobic interfaces.**>**" Therefore, a molecular level understanding of the interaction
between charged species, such as protonated water clusters, and a hydrophobic molecule is
required to elucidate the behavior of protons at interfaces. In this present work, we describe the

infrared photodissociation spectroscopy of mixed complexes of protonated water and benzene

which can be viewed as a simple model system to study hydrophilic-hydrophobic interactions.
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The shared proton stretch vibrations have been a central focus in studying small
protonated systems in which the components are either homo-molecular or hetero-molecular.’
Since the proton has low mass, it can undergo high amplitude motion in a complex of two
constituents having the same or a low difference in proton affinity values (APA). Protonated
water dimer has a shared proton stretch at ~1000-1200 cm™ while this stretch is observed at ~750
cm™ for the protonated nitrogen dimer.'?*?* Apart from these two symmetric proton-bound
dimers, a number of other proton-bound systems including CH3OH, NHs, CO,, acetylene and
acetone have been studied using vibrational spectroscopy.'?*3¢182022 johnson and coworkers
have done a systematic study of proton-bound dimers of hetero-molecular species having
different APA values, which shows that the shared proton stretch appears at wide range of
frequencies, and a linear plot of APA vs. shared proton stretch can be used to predict this
vibration of a mixed complex.!” Fridgen and coworkers suggested that if one of the components
has a high dipole moment the shared proton stretch may not follow the APA trend. Johnson and
coworkers studied such an example in the case of the protonated complex of water and

5T Acetonitrile has much higher proton affinity (788 kd/mol)® than that of water

acetonitrile.
(691.0 kJ/mol), but in the proton-bound dimer the proton is closer to water since acetonitrile also
has much higher dipole moment (3.84D) than that of water (1.85D). The proton affinity of
benzene (750.4 kJ/mol) is higher than that of water but benzene has no dipole moment. Previous
theoretical work by Nguyen and coworkers predicted that in the [(bz)HH,O]* complex, proton
transfer occurs from bzH"*-H,0 to bz(H30)" via a transition state of the form [bz...H...H,0]"
with a low energy barrier (2.5 kcal/mol).**

Our research group has studied protonated benzene complex employing infrared

spectroscopy and the method of rare gas tagging.**> Mikami and coworkers have studied benzene
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cation-(water), systems, [(CsHs)(H20)n]" where n = 1-6, using infrared spectroscopy and they
have investigated the structural changes upon photoionization and resulting proton transfer
reaction.® Chang and coworkers have employed infrared spectroscopy along with theoretical
calculations to study protonated benzene-(water),, [H(CsHs)(H20).]".*?" However, they could
only study this complex in the high frequency region (3600-3800 cm™). In this present work, we
describe the infrared spectroscopic studies of mixed complexes of protonated benzene and water,
[H(CsHg)m(H20)a]",where m=1, 2 and n=1- 4, examining the preferential sites of protonation and

the role of solvation.

6.2  Experimental

Mixed complexes of protonated benzene and water of the form [H(CsHe)m(H20).]" are
produced in a pulsed supersonic expansion source employing the needle electric discharge
method that has been described in detail in Chapter 2. The expansion consists of a gas mixture
of 20% H; and 80% Ar with a small amount of ice-cooled benzene and water is seeded in it. The
molecular beam is collimated with a skimmer, and cations are pulsed extracted into a reflectron
time-of-flight mass spectrometer where they are mass-analyzed and size-selected. Mass-selected
ions are probed with infrared photodissociation spectroscopy (IRPD) with the tunable output of
an infrared optical parametric oscillator/amplifier (IR- OPO/OPA) system. The IR-OPO/OPA
laser system is pumped by a Nd:YAG laser (Spectra Physics model Pro-230) producing
radiation between 600-4500 cm™ with a linewidth of 1-2 cm™. IRPD is carried out in the turning
region of the reflectron field, where ion optics and pulse timing are adjusted to obtain optimized
spatial and temporal overlap between the laser and the ion beam. For the smaller systems, the

rare gas tagging method is applied for efficient photofragmentation while larger clusters are
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photodissociated by the elimination of weakly bound benzene. The intensities of fragment ions
resulting from IR excitation are recorded as a function of the IR photon energy to obtain a
spectrum. The signal is collected with a digital oscilloscope (LeCroy) interfaced to a computer.
Density functional theory (DFT) and second order Moller-Plesset perturbation theory
(MP2) calculations are employed to investigate the structures, energetics and vibrational spectra
of the [H(CeHe)m(H20)n]" Ar complexes where m=1 and n=1, 2 for comparison to the
experiment. DFT is used for the larger systems in order to minimize the computational cost.
These computations use the Gaussian 03W package and the 6-311+G (d, p) basis set.*® The
computed vibrational frequencies are scaled by a factor of 0.9575 for DFT and 0.9523 for MP2,

which are the recommended values for these levels of theory and basis sets.™*

6.3  Results and discussion

The potential energy surface of the [bz-H,O]H" complex has been calculated by Nguyen
and coworkers using the MP2/6-31+G (d, p) level of theory, which predicted two low lying
isomers corresponding to the bz(Hz0)" and bzH"-H,0O structures. This MP2 calculation showed
that the energy difference between these two isomers is 2.62 kcal/mol and the barrier to proton
transfer is 2.5 kcal/mol.** We have obtained the same structures using DFT-B3LYP and MP2
levels of theory and the 6-311+G (d, p) basis set. The binding energies and relative energetics of
various isomers calculated using these two different theories are shown in Table 6.1. The main
difference between DFT and MP2 is that DFT finds bzH"-H.,O as the lowest energy isomer (3.5
kcal/mol lower energy than bz(Hs0)" ), while MP2 finds bz(H3;0)" as the lowest energy isomer
(6.2 kcal/mol lower than bzH*-H,0) on the potential energy surface. To our knowledge, the

binding energies of these complexes have not been measured. The computed binding energies of
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the bz(H30)" and bzH"-H,0 complexes (25.0 and 11.4 kcal/mol) are much greater than the
available infrared photon energies and therefore it is not possible to study these species directly
via single photon photodissociation spectroscopy in the infrared. We must use rare gas atom
predissociation, also known as rare gas tagging, in order for fragmentation to occur. The binding
energies of argon to any of these ions have also not been measured to our knowledge, and we
calculated these energies to be low (~300-400 cm™). Therefore, photodissociation is expected to
occur efficiently for these weakly bound complexes and indeed we see photofragmentation even
in the low frequency region.

Figure 6.1 shows the infrared spectrum measured for the [(bz)H*(H.O)Ar] complex by
monitoring the mass channel corresponding to the elimination of argon (middle trace). The
lower and upper traces show the spectra of the bzH™-Ar and H30"-Ar; species for a comparison
with the spectrum of [(bz)H"(H,0)Ar]. The inset structures corresponding to each complex are
obtained from theory. The infrared spectroscopy of argon tagged protonated benzene has been
described by our research group in detail.**> Here we show the spectrum measured previously in
order to explain the spectroscopy of the [(bz)H"(H,0)Ar] system. The main structural
information obtained from the IR study of bzH"-Ar was that protonation occurs on one of the
carbon atoms of the benzene ring changing the hybridization of that carbon from sp? to sp. The
high proton affinity of benzene compensates for the loss of resonance energy to make
protonation favorable for this system. The overlapping symmetric and asymmetric sp* CH,
stretches of benzene are observed at ~2820 cm™ as a set of intense peaks. As an effect of
protonation, charge delocalizes in the pi-system and part of the ring opposite the protonation site
acquires a partial positive charge. Therefore, the ring modes of “charged” benzene turn on

appearing as strong peaks in the low frequency region. The two intense peaks at 1456 and 1607
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cm™ in the spectrum of bzH*-Ar are assigned to the asymmetric stretches involving the CCC
framework of protonated benzene. These low frequency peaks along with the 2820 cm™ peak
corresponding to the sp® CHj stretch are considered as spectral signatures of protonated benzene.

The IRPD spectrum of the HsO"Ar, complex is shown in the upper trace of Figure 6.1,
obtained by monitoring the mass channel corresponding to the elimination of argon. The
vibrational spectroscopy of H3O*Ar, has been studied by our group™* and also that of Johnson
and coworkers.™® The spectrum of the neat hydronium cation has the symmetric and
asymmetric O-H stretch vibrations at 3445/3491 and 3514/3530 cm™ (inversion doublets).” In
the H3O"Ar, complex, two O-H bonds of hydronium are solvated by the two argon atoms leaving
only one free O-H bond. Therefore, three bands are expected in the O-H stretch region. The free
O-H stretch is observed at 3540 cm™ which is close to the corresponding stretch of the neat
hydronium ion. The argon bound symmetric and asymmetric O-H stretches are shifted to the red
at 3187 and 3266 cm™ respectively. The low frequency peaks (1613 and 1876 cm™) are assigned
to the hydronium bending mode (1613 cm™) and a combination band of the bending mode with
one of the low frequency vibrational modes (1876 cm™).**® The umbrella or inversion vibration
of the isolated hydronium ion is expected below 1000 cm™ 2 and not detected probably because
of the higher argon binding energy.

Having described the spectra of the bzH"-Ar and H30"Ar, complexes, we can now
discuss the spectrum of [(bz)H"(H,O)Ar]. The first noticeable feature is that there are no peaks
observed in the 2800-2850 cm™ region. If protonation occurs to benzene making a bzH*-H,0
structure, there should be a peak around this region, which would correspond to the spectral
signature of the sp® CH, stretch. DFT predicts this stretch at 2433 cm™ (see Figure S1 in

Appendix). As shown in the spectrum of [(bz)H"(H,O)Ar], there is no peak observed in the
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2400-2800 cm™ region. The other strong peaks at 1239, 1456 and 1607 cm™ ,which turn on as an
effect of benzene protonation, are also not observed in the spectrum of [bz-H,O]H"-Ar . The
other possible structure bz(HsO)*-Ar resembles that of H3O"Ar,, with a hydronium core and one
of the argon atoms is replaced by benzene. In that case, there are three main vibrations expected
- a free O-H stretch, an argon-bound O-H stretch and an O-H stretch towards benzene. The free
O-H stretch should be very close to the corresponding stretch of H3O"Ar, and indeed a peak at
3555 cm™ is observed for the bz(H30)"-Ar complex, which is close to the free O-H stretch
observed at 3540 cm™ for H3O*Ar,. The other peak at 3395 cm™, which is more intense than the
3555 cm™ peak, can then be assigned to the O-H stretch attached to the argon atom. Theory
predicts this argon-bound O-H stretch at 3398 cm™, which agrees well with this assignment.
This peak is more intense than that of the free O-H stretch since the argon interaction with O-H
enhances the intensity of this stretch band. The remaining O-H stretch towards benzene is one of
the most interesting aspects of the spectrum of the bz(Hs0)"-Ar complex. DFT and MP2 predict
this stretch at two significantly different frequencies, at 2247 and 2635 cm™ respectively (see
Figure S2 in Appendix). These predicted stretches are more red shifted than the free O-H
stretches of hydronium by an amount of ~1000-1300 cm™. This large red shift is consistent with
the ionic-n type of hydrogen bonded interaction, and it is known that the amount of red shift
corresponds to the strength of the hydrogen bond.” 1181126 However, since the proton
affinity difference between benzene and water is small, this hydrogen bonded stretch can also be
considered as a shared proton stretch between benzene and water, rather than an oxonium O-H
stretch towards benzene. In a protonated complex, if the proton affinity difference (APA)
between the constituents is small, the proton does not tend to localize on any of these

constituents, but instead is shared between them. In such complexes, the proton can undergo
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high amplitude motion due to its low mass and therefore this stretch is highly anharmonic in
nature. The shared proton stretch vibration can also couple strongly with low frequency
vibrational modes which results in combinations bands, Fermi resonances and overtones.
Therefore, harmonic calculations have often been unsuccessful in predicting the frequency of the
shared proton stretch. However, the high amplitude motion of a charged species leads to a
greater change in dipole moment derivative, and as a result an extremely high oscillator strength
is associated with this stretch. With the recent availability of new infrared laser systems which
can go as low as 600 cm™, these stretches have been probed by vibrational spectroscopy and are
known to appear in a wide range of frequencies depending on APA of the two constituents
competing for the proton.’” For example, the symmetrically shared proton has stretch at ~750
cm™ for the protonated nitrogen dimer (APA = 0),% whereas the asymmetrically shared proton
stretch in the H3O*-N, complex (APA = 197 kJ/mol) is observed at ~2800 cm™.'* In the IR
spectrum of bz(HsO)"-Ar, two peaks in the low frequency region are observed at 1639 and 1949
cm™, where the 1949 cm™ peak is more intense. The peak at 1639 cm™ is close to the hydronium
bending mode, which is observed at 1613 cm™ for the (H30)"Ar, complex. Therefore, it makes
sense that 1639 cm™ band is the hydronium bending mode of the bz(H30)*-Ar species. The only
remaining strong peak observed at 1949 cm™ is then assigned to the shared proton stretch
between benzene and water. This peak is significantly shifted to the red from the free O-H
stretch of (H30)"-Ar, (3540 cm™) and also from the argon-bound O-H stretches (3187 and 3266
cm™). This makes sense because benzene is more polarizable than argon. The 1949 cm™ peak is
intense because of the high oscillator strength associated with the proton stretch. This peak also
appears 73 cm™ higher than the combination band observed for (Hs0)*-Ar, at 1876 cm™.

Therefore, the 1949 cm™ peak is probably not a combination band.
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Further confirmation regarding the assignment of this peak can be obtained using a
spectroscopic study done by Johnson and coworkers.” They have shown that the proton stretch
has a nearly linear correlation with APA values between the species competing for proton. Based
on their measured spectra for a number of complexes with different APA values, they made a
plot of APA vs. frequencies of the observed shared proton stretch. Ideally this plot should
predict the shared proton stretch of a complex if APA of the constituents is known. According to
this analysis, since the APA between benzene and water is ~60 kJ/mol, the shared proton stretch
for the bz(H30)* complex should appear at ~1950 cm™. In our spectrum of bz(Hs0)*-Ar, this is
indeed exactly where we observe the band.

Although infrared spectroscopy of [bz-H,O]H"-Ar proves that the bz(Hz0)" isomer is
preferred over the bzH*-H,O isomer, it does not provide information about why the preferential
site of protonation is water even though benzene is more basic. The preferential protonation site
of a complex depends on the overall complexation energy, and so this information can only be
obtained from the energetics of these two isomers. As shown in Table 6.1, both DFT and MP2
calculations show that the complexation energy of bz(Hz0)" (25.0 and 28.7 kcal/mol
respectively) is much greater than that of bzH"-H,O (11.4 and 13.6 kcal/mol respectively).
Although both the isomers are found to reside in the potential energy surface as stable minima
having a low barrier for proton transfer, protonation certainly favors bz(Hs0)* over bzH*-H,0.
The structural parameters (bond lengths and angles) of different isomers of the [(bz)H(H,O)Ar]"
complex, predicted frequencies corresponding to these isomers, and the binding energies are
shown in Appendix. Here it is worth discussing the structural details obtained for the
[(bz)H(H,0)]" complex using two level of theories (DFT and MP2). MP2 finds the bz(H;0)"

isomer to be more stable by 6.2 kcal/mol than the bzH*-H,0 isomer. In the bz(Hs0)" complex,
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hydronium forms a nearly symmetrical bifurcated hydrogen bond of the ionic H...C type with
two adjacent C atom of benzene. The structure in which the O-H of oxonium ion directly
interacts with one of the C atoms of benzene is found as a transition state between the bz(H;0)"
and bzH"-H,0 isomers. DFT, as opposed to MP2, finds bzH"-H,0 as the lowest energy isomer
and in the bz(H;0)" complex, the O-H of hydronium forms a hydrogen bond with one of the
carbon atoms of the benzene ring. This O-H bond length (1.051 A) calculated using DFT is also
longer than the corresponding bond length (1.026 A) calculated using MP2. The predicted
spectra for these slightly different structures obtained from different theories are compared to the
observed spectrum in Figures S1 and S2 of Appendix. MP2 predicts the hydronium stretch to
appear at 2635 cm™, while DFT predicts this at 2247 cm™. Comparing the predicted frequencies
with the observed frequency of the shared proton stretch and the benzene bound O-H bond
lengths of hydronium calculated using two different theories, it is apparent that although theory
indicates more hydronium character than the experiment, the description of the delocalized
proton is better obtained by DFT than MP2.

The spectroscopy of [bz-H,O]H™-Ar shows that the preferential protonation site is water
although benzene is more basic. The next step was to add more water to study the solvation
effect in a systematic manner. The second trace of Figure 6.2 shows the photodissociation
spectrum measured for [(bz)H(H20).]"-Ar by monitoring the mass channel corresponding to the
elimination of argon. The upper trace shows the spectrum of the HsO,"-Ar complex for a
comparison. The lower trace shows the predicted spectrum for bz(Hs0,)"-Ar. Protonated water
dimer (HsO,"), also known as the “Zundel” ion, has a symmetric structure with the proton
equally shared between the two water molecules and therefore only two stretches corresponding

to the symmetric and asymmetric O-H stretches are expected in the high frequency region. The
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binding energy of HsO," with respect to elimination of water is over 30 kcal/mol (~10500 cm™)®
and so photodissociation is not possible without tagging. The argon atom attaches to the one of
the terminal O-H bonds making this molecule asymmetric and so there are four stretches (3523,
3616, 3658 and 3696 cm™) in the high frequency region. The two peaks at 3616 and 3696 cm™
are assigned to the stretches of the water molecule remote from the argon atom. The other two
peaks at 3523 and 3658 cm™ are more intense and these are assigned to the symmetric and
asymmetric stretches of the water molecule bound to the argon atom. These stretches are shifted
to the red from the corresponding vibrations of free water molecules (3657 and 3756 cm™
respectively). In the neat HsO," ion, since a proton is equally shared between the two water
molecules (APA = 0), this shared proton stretch is shifted to lower frequencies. Recent
vibrational spectroscopic studies along with anharmonic calculations assigned the peak at 1073
cm™ to the shared proton stretch for HsO,™-Ar.* ¢ The other remaining peak at 1764 cm™ is
assigned to a bending mode. The spectrum of bz(Hs0,)"-Ar has three sharp peaks (3523, 3634
and 3718 cm™) and one relatively broad peak (2970 cm™) in the high frequency region. The
computed lowest energy structure shows that benzene binds to the same water molecule as argon
in a “cis” position, i.e. to the other free O-H bond of the argon-bound water molecule, forming a
n-hydrogen bond. The O-H bonds of the other water remote from benzene are free and so the
peaks at 3634 and 3718 cm™ are assigned to the symmetric and asymmetric stretches of this free
water molecule. These stretches are shifted ~20 cm™ to higher frequencies from the
corresponding free O-H stretches of (Hs0,)"-Ar. Apparently, the polarization effect of benzene
is transferred even to remote water through the molecular framework. The O-H bond lengths of
the free water molecule are shorter in bz(Hs0,)"-Ar (0.965 A) than those of (Hs0,)"-Ar (0.967

A). The peak at 3523 cm™ is assigned to the symmetric stretch of argon-bound O-H. This peak
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position is exactly the same as the corresponding stretch of (Hs0,)"-Ar. Apart from these three
sharp peaks in the high frequency region, one additional O-H stretch towards benzene is
expected. Indeed, this n-hydrogen bonded band, which is somewhat broader, is observed at 2970
cm™ in the spectrum of bz(HsO,)"-Ar. Theory predicts this stretch at 2978 cm™, which is less
than 10 cm™ from the observed band. In the low frequency region, the spectrum has two strong
peaks at 1488 and 1820 cm™ along with a weak feature at 1928 cm™. We notice that the set of
peaks at 1488 and 1820 cm™ are shifted to higher frequencies from those observed for (Hs0,)*-
Ar (1073 and 1764 cm™). The 1073 cm™ peak is assigned to the “Zundel”-ion stretch and since
bz(Hs0,)"-Ar has the same core, a stretch corresponding to this unit is expected. We have
discussed before that the polarization effect of benzene shifts the O-H stretches of remote water
to higher frequencies. Therefore, it makes sense that the water molecule adjacent to benzene
feels this effect more, and the proton moves closer to this water. The distance of the proton from
the oxygen in the water molecule interacting with argon in the (HsO,)"-Ar complex is 1.140 A,
whereas this distance in bz(Hs0,)"-Ar is significantly shorter (1.052 A). As a result, this
unequally shared proton stretch shifts to a higher frequency. This stretch band is actually shifted
415 cm™ to the blue compared to the corresponding stretch for the (HsO,)*-Ar complex. For the
same reason the bending mode at 1820 cm™ is also shifted to a higher frequency compared to the
corresponding mode of (HsO,)"-Ar (1764 cm™).

Figure 6.3 shows the spectrum of [(bz)H(HeO3)]" (second trace from the top) obtained by
monitoring the mass channel corresponding to elimination of benzene. Apparently, the binding
energy of this complex with respect to the elimination of benzene is less than the infrared photon
energy, and we see photofragmentation without argon tagging. The lower two traces show the

predicted spectra for the bz(H;03)" and bzH"(H,0); complexes and the corresponding structures
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are shown in the inset. The top trace shows the spectrum of (H;Os)*-Ar and the inset structure is
obtained from theory. Comparing the predicted spectra corresponding to the two isomers of
[(bz)H(Hs03)]", the observed spectrum is best described by that of bz(H;03)". A comparison of
the spectra of (H;03)"-Ar and bz(H;03)" also shows that the protonation occurs on the water
making it a (H;03)" ion solvated by benzene. In the spectrum of (H;03)*-Ar, three intense peaks
are observed at 3577, 3638 and 3722 cm™. As shown in the inset structure, (H;03)*Ar has a
hydronium core with two water molecules interacting with two of the O-H bonds and the other
O-H binds to the argon atom. Therefore, the assignments of these three peaks in the high
frequency region are relatively straightforward. The 3638 and 3722 cm™ peaks are the O-H
stretches of free water. The other stretch at 3577 cm™ is the argon-bound O-H stretch. In the
spectrum of bz(H;03)" the free water stretches are shifted to higher frequencies. These peaks
are observed at 3641 and 3732 cm™, whereas the spectrum of (H;O3)"-Ar has the corresponding
stretches at 3638 and 3722 cm™. The hydrogen bonded stretch for bz(H-O3)" is observed at 3192
cm™. This band is shifted 331 cm™ to the red compared to the argon-bound O-H stretch of
(H703)"-Ar, consistent with the greater polarization effect of benzene. There is no evidence for
the bzH"(H,0)3 isomer in the experimental spectrum.

Infrared spectroscopy of the [bzH(H20),]" complexes, where n=1-3, show that the
preferential site of protonation is water making the structures that of protonated water clusters
solvated by benzene. The second trace of Figure 6.4 shows the infrared spectrum measured for
the [bzH(H,0)4]" complex by monitoring the mass channel corresponding to the elimination of
benzene. The spectrum of the H(H,0),"-Ar complex is shown in the upper trace for comparison.
The bottom trace shows the predicted spectrum for the lowest energy isomer of [bzH(H,0)4]".

The structures shown in the insets are computed from theory. The spectroscopy of H(H,0), -Ar

86



has been described by our group in detail.*

The spectrum has two sharp peaks (3646 and 3732
cm™) in the high frequency region and two broad bands (centered at 2670 and 3053 cm™) in the
hydrogen bonding region. The neat H(H,0),4" ion, also known classically as the “Eigen” ion,
where a hydronium core is solvated by three water molecules each hydrogen bonded to a single
O-H. Theory for the H(H,0)4"-Ar complex finds a couple of low energy isomers, but the
spectrum suggests the presence of a symmetrical “Eigen” core with a weakly interacting argon.
Therefore, only two peaks at 3646 and 3732 cm™ are observed, consistent with a symmetrical
structure and these peaks are assigned to the free symmetric and asymmetric O-H stretches of
H(H,0),"-Ar. The broad band in the hydrogen bonding region is associated with the symmetric
“Eigen” ion stretch. The mechanism of broadening of hydrogen bonded peaks is not well
understood. However, some possible explanations have been proposed such as an
inhomogeneous effect from different isomeric species, a temperature effect, a predissociation
lifetime effect or a lifetime effect from the relative rates for intramolecular vibrational relaxation
(IVR). As discussed previously for the H(H,0),"-Ar complex, although there are some low
lying isomers possible, the observed spectrum suggests that only one isomer is present
corresponding to a more symmetrical structure.?* This rules out the possibility of an
inhomogeneous effect arising from different isomers. The line widths of the high frequency
peaks are much sharper, which suggests that the temperature does not affect the broadening. The
predissociation lifetime should be longer at lower energy and as the high frequency peaks are
sharper than the hydrogen bonded peaks observed at the low frequency. Therefore, this cannot
be the source of this broadening. However, the relative rates of VR can be different for
different vibrational modes with different coupling strength. Apparently, the free O-H stretches

are less well-coupled to the molecular framework than that of the hydrogen bonding modes.
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This makes sense because the core ion is bonded to three other water molecules which make the
coupling stronger.

The interaction of benzene with H(H,0)," is expected to have a greater perturbation on
the core hydronium stretch and in the spectrum of bz-H(H,0)4" indeed we see that this band is
shifted to higher frequencies. The hydrogen bonded peaks are observed at 2830 cm™, which is
160 cm™ blue shifted compared to the corresponding stretch of H(H,0),"-Ar. The symmetric O-
H stretch towards benzene is observed at 3473 cm™ and this peak is also broad, consistent with
the m-hydrogen bonding interaction. The spectrum also has three sharp peaks at 3645, 3700 and
3734 cm™. The peaks at 3645 and 3734 cm™ are observed at about the same positions as the free
O-H symmetric and asymmetric stretches of H(H,0)4*-Ar (3645 and 3732 cm™ respectively).
Therefore, we assign these peaks to the symmetric and asymmetric free O-H stretches.
Apparently, the polarization effect of benzene does not change these remote O-H stretches. The
other relatively broad peak at 3700 cm™ is assigned to the asymmetric O-H stretch towards
benzene. The predicted spectrum corresponding to the computed structure agrees well with the
experiment.

The spectroscopic study so far shows that the progressive addition of water to the
[bzH(H,0)]" species produces protonated water clusters solvated by benzene. The other
interesting aspect of this work is the effect of multiple benzenes on the [bzH(H,0)]" complex.
To start this discussion in a simple way, we first show the spectrum of [bz,H(H,O)]*. The upper
trace of Figure 6.5 shows the infrared spectrum measured for [bz,H(H,0)]" -Ar obtained by
monitoring the mass channel corresponding to the elimination of argon. The neat [bz,H(H.0)]"
species has two low energy isomers corresponding to the bz,(H3z0)" and bz,H*-H,0 structures.

The predicted vibrational spectra corresponding to these isomers are shown in the bottom two
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traces of Figure 6.5. The most stable isomer bz,(Hz0)" has a 6.6 kcal/mol lower energy than that
of bz,H*-H,0. The calculated binding energies for these two complexes are 41.1 and 17.3
kcal/mol respectively, and therefore photodissociation is not possible without tagging. As shown
in Figure, the observed spectrum is best described by that predicted for bz,(Hz0)*Ar (second
trace from the top). In the bz(H30)*Ar complex, the coordination of H3O™ is filled with two
benzenes and one argon. Therefore, two main vibrational bands are expected. The argon-bound
O-H stretch is observed at 3457 cm™ and this peak is shifted 62 cm™ to the blue from the
corresponding stretch of bz(HsO)"Ar. The polarization effect of benzene apparently shifts this
stretch to a higher frequency. The symmetric and asymmetric n-hydrogen bonded stretches
appear as a broad resonance centered at 2740 cm™. Comparing the predicted spectra for the two
isomers with the observed spectrum, it is clear that even though the bz,H*-H,0O isomer has only a
6.6 kcal/mol higher energy than that of bz,(Hs0)"Ar, the latter is preferred over the former.
Apparently, the preferential protonation site is still water in a complex in which more than one
benzene is present.

We extend this study to protonated water dimer (Hs0,") by progressively adding multiple
benzenes. The bottom trace of Figure 6.6 shows the infrared spectrum of the (Hs0,)"-Ar
complex and the ascending traces show the spectra of bz,(Hs0,)"-Ar, where n=1-2 and
bzm(Hs02)", where m=3-4. The spectra of (Hs0,)"-Ar and bz(Hs0,)"-Ar were described in detail
before and we have seen that the addition of benzene to (HsO2)"-Ar shifts both the shared proton
and O-H stretching bands to higher frequencies due to the greater polarization effect. The
spectrum of bz,(Hs0,)*-Ar shows the hydrogen bonded stretch at 3110 cm™ which is 140 cm™
shifted to the blue compared to the corresponding stretch for bz(HsO,)"-Ar at 2970 cm™. The

free O-H stretches are observed (3636 and 3717 cm™) at about the same positions as the
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corresponding stretches (3634 and 3718 cm™) of bz(Hs0,)*-Ar. However, these peaks for
bz,(Hs0,)"-Ar are not as sharp as those for bz(Hs0,)*-Ar. The peaks in the low frequency
region are observed at slightly different positions (1462 and 1788 cm™) than the corresponding
stretches of bz(Hs0,)*-Ar (1488 and 1820 cm™). The photodissociation spectrum of bzs(Hs02)*
is obtained by monitoring the benzene elimination channel because apparently the third benzene
is weakly bound. In the spectrum of bzs(Hs0,)*, the hydrogen bonded stretch is observed at
3129 cm™, which is again blue shifted from the corresponding stretch of bza(HsO,)"-Ar . The
free O-H stretches for this complex are observed at 3621 and 3706 cm™ respectively. For
bz4(Hs0,)" , each of the four O-H bonds of the two water molecules are hydrogen bonded to
benzene. Therefore, no free O-H stretch is observed for this complex. However, the hydrogen
bonded peak is broader than those observed for other sizes. This spectrum also has three weak
peaks at 3049, 3075 and 3100 cm™ which correspond to the well known “Fermi triad” of isolated
benzene.'*

Having assigned the vibrational spectra for the bz,(HsO,)"-Ar complexes, it is interesting
to consider how shared proton and n-hydrogen bonded interactions change with benzene
solvation. The m-hydrogen bonded stretch for bz(Hs0,)"-Ar is shifted to a lower frequency
(2970 cm™) than the free O-H stretches (3658, 3696 cm™) or from the argon-bound stretch (3523
cm™) of (Hs0,)"-Ar. It is known that this red shift corresponds to the strength of the hydrogen
bond. % 18 119126 Then it makes sense that this stretch is less red shifted for bz,(Hs02)"-Ar
because in this case there are two n-hydrogen bonds and the strength of each of these two
interactions is less than the single interaction of one hydrogen bond in the bz(HsO,)*-Ar species.
For the same reason, the hydrogen bonded stretches for the higher cluster sizes are less red

shifted compared to the free O-H stretches. The bz4(Hs0,)" complex has a completed
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coordination with each benzene interacting with one O-H bond, which makes a symmetrical
environment around (Hs0)". Therefore, there is no free O-H stretch observed and all four
hydrogen bonded stretches appear around the same position making this peak broader than those
observed for all the other sizes.

The effect of solvation by benzene is relatively subtle on the shared proton stretch. We
have discussed before that due to the polarization effect the proton moves closer to benzene and
therefore this proton stretch is 415 cm™ shifted to the blue for bz(HsO,)"-Ar compared to that of
(Hs02)"-Ar. However, for the bz(Hs02)"-Ar complex the observed band is less blue shifted (26
cm™) than that of bz(HsO,)"-Ar. We also notice that this peak at 1462 cm™ for bz,(HsO2)*-Ar is
relatively weaker than the 1488 cm™ peak observed for bz(HsO,)*-Ar. In order to explain this
apparent anomaly we look closely at the spectrum of the bz,(Hs0,)-Ar complex. DFT predicts
that this complex has two low lying isomers. In the first, benzene attaches to the same water
molecule as the other benzene in a “cis” structure. In the other isomer, benzene binds to the free
water molecule in a “trans” structure. The energy difference between these two isomers is low
(~300 cm™). Figure 6.7 shows the predicted spectrum corresponding to these isomers along with
that spectrum for bz,(Hs0,)*-Ar . For the “cis” and “trans” isomers the symmetric and
asymmetric free O-H stretches are predicted at 3583/3668 and 3598/3771 cm™ respectively. The
observed spectrum does not have sharp peaks in this region, but rather the peak observed at 3636
and 3717 cm™ are broad and noisy. The hydrogen bonded peaks are broad and stretches
predicted for these two isomers are roughly at the same position. Therefore, it is hard to decide
if one isomer is preferred over the other by looking at the peaks in the high frequency region.
However, for these two different isomers the shared proton stretch frequency is predicted to be

significantly different. In the “cis” isomer, one water molecule is polarized by two benzenes,
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and so the proton is more localized on this water compared to water molecules in the “trans”
isomer, where each water is polarized by benzene to the same extent. The proton stretch for the
“cis” isomer is predicted at 2124 cm™ indicating a hydronium like character, whereas for the
“trans” isomer this stretch is predicted at 997 cm™ indicating a shared proton character.
Although it is known that harmonic calculations have often been unsuccessful in predicting the
shared proton stretch, but it seems that we detect only the shared proton stretch of the “cis”
isomer at 1462 cm™ which is close to the corresponding stretch of bz(HsO,)"-Ar. The same
stretch of the “trans” isomer is probably shifted down to an even lower frequency and we
probably could not detect it because of low laser power in the low frequency region as well as

the relative abundance of the “trans” isomer.

6.4  Conclusions

Mixed complexes of protonated benzene and water are studied via infrared
photodissociation spectroscopy in a pulsed supersonic expansion source employing an electric
discharge. Although benzene is more basic than water, the preferential site of protonation is
water in the [(bz),H(H.0)m]" complexes due to the greater solvation energy. In the [Hbz(H,0)]"
system, the proton is unequally shared between benzene and water (the proton is closer to water).
This shared proton stretch vibration can be predicted based on the relative proton affinity values
of benzene and water. The shared proton stretch of protonated water dimer shifts to a higher
frequency in the [Hbz(H,0),]" complex because of the polarization effect induced by benzene.
This effect is also transferred to the free O-H stretches of remote water. For [Hbz(H,0)4]", the
“Eigen” ion stretch shifts to higher frequencies but the remote water molecules apparently do not

experience the same polarization effect. The solvation of protonated water dimer with multiple
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benzenes shifts the n-hydrogen bonded stretches towards higher frequencies due to a charge
redistribution in the cluster. The spectrum of bz,(Hs0,)" indicates a symmetrical environment
around HsO,", which shows that the coordination of HsO," is completed with four benzene

molecules. The shared proton stretches are also affected by the solvation.
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Table 5.1: Computed binding energies and relative energies (with respect to the most stable
isomer) of [(benzene)H*(H,0)]Ar, in kcal/mol. Calculations are done using MP2 and/or B3LYP
levels of theory with 6-311+G (d, p) basis set. Energies are not ZPVE or BSSE corrected.

DFT MP2
Complex B.E. AE B.E. AE
BW-1, 1 isomer-a (bz-Hz0)" 25.0 +3.5 28.7 0.0
BW-1, 1 isomer-b (bzH-H,0)" 11.4 0.0 13.6 +6.2
BW-1, 1-Ar isomer-a (bz-HzO-Ar)" 27.0 +1.9 32.3 0.0
BW-1, 1-Ar isomer-b (bzH-H,0-Ar)" 11.8 0.0 155 +7.8
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Figure 6.1: The infrared spectrum measured for the (bz)H*(H,O)Ar complex by monitoring the
mass channel corresponding to the elimination of argon (middle trace). The top and bottom
traces show the spectra of (H30)"Ar; and H*(bz)Ar in order for a comparison with the spectrum
of (bz)H"(H,0)Ar. Inset structures are obtained from DFT.
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Figure 6.2: The first and second trace from the top show the infrared spectra measured for the
H*(H,0),Ar and (bz)H"(H,0).Ar complexes by monitoring the mass channel corresponding to
the elimination of argon. The bottom trace show the predicted spectrum corresponding to the
lowest energy isomer of (bz)H"(H,0),Ar. Inset structures are obtained from DFT.
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Figure 6.3: The second trace from the top shows the infrared spectrum of (bz)H"*(H,0)3 obtained
by monitoring the mass channel corresponding to the elimination of benzene. The first trace
show the spectrum measured for H*(H,0)sAr by monitoring the argon elimination mass channel.
The lower two traces show the predicted spectra for two low energy isomers of (bz)H"(H,0)s.
Inset structures are computed by DFT.
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Figure 6.4: The second trace from the top shows the infrared spectrum measured for the
(bz)H*(H,0)4 complex by monitoring the mass channel corresponding to the elimination of
benzene. The top trace shows the spectrum of H*(H,0),Ar obtained by monitoring the argon
elimination channel. The bottom trace shows the predicted spectrum corresponding to the lowest
energy isomer of (bz)H*(H,0)4. Inset structure is obtained from DFT.
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Figure 6.5: The top trace shows the spectrum of (bz).H"(H.O)Ar obtained by monitoring the
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spectra for two low energy isomers corresponding to the (bz),(Hz0)" and (bz)bz-H*-(H,0)
structures. Inset structures are those obtained from DFT.
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Figure 6.6: The spectra of protonated water dimer (HsO,") solvated by multiple benzenes. The
bottom trace shows the infrared spectrum of (HsO,)"-Ar and the ascending traces show the
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Figure 6.7: The top trace shows the infrared spectrum of H*bz,(H,0),Ar. The middle trace
shows the predicted spectrum corresponding to the “cis” isomer (two benzenes bind to the same
water molecule). The bottom trace shows the predicted spectrum corresponding to the “trans
isomer (each water molecule binds to a single benzene). Inset structures are computed by DFT.
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CHAPTER 7

CONCLUSIONS

Cation-water complexes are produced in a pulsed nozzle source using laser vaporization
and the arc-electric discharge techniques. Mass-selected complexes are investigated with laser
photodissociation spectroscopy. The spectra of singly charged metal cation-water-argon
complexes show variations in the O-H stretch region depending on the electronic structure of the
metal or the location of argon in the complex. For Sc*(H,O)Ar and Cr*(H,O)Ar, argon binds to
the C, axis opposite to water. Since the heavy atoms lie on the symmetry axis, the rotational
constants for these complexes are large. The spectra of these two species show partially resolved
rotational structure. However, this multiple band structure in the O-H region is not observed for
Mn*(H,0)Ar and Zn*(H,O)Ar because argon binds to M* off the C, axis. All of these systems
show red shifts in the O-H stretching frequencies. The symmetric stretch gains more intensity
than the asymmetric stretch. For Mn*(H,O)Ar,, where n=1-4, different binding sites of argon
atoms produce low energy isomers. Similarly, the spectra of Zn*(H,O),Ar show evidence of
different isomers. Doubly charged metal (Sc®*, V?*, Cr**, and Mn?*)-water complexes show
larger red shifts in the O-H stretches than those of the singly charged ions. The intensity pattern
of the symmetric and asymmetric stretches also switches in the doubly charged systems. The
fragmentation and spectral patterns for M**(H,0)Ar, show that the coordination of M?* is filled

with six ligands (five argons and a water).
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The infrared spectroscopy of mixed complexes shed light on the proton sharing
interaction of water with nitrogen and benzene. The proton affinity of water is much greater than
that of nitrogen. The spectrum of mixed protonated complexes of water and nitrogen shows
evidence for the H3O"(Ny), structures with a partial proton sharing interaction. The proton
affinity of benzene is more than that of water, but the preferential site of protonation is on water
in the [(bz),H(H.0)m]" complexes due to the greater solvation energy. In the [Hbz(H,0)]"
system, the proton is unequally shared between benzene and water (the proton is closer to water).
This shared proton stretch vibration can be predicted based on the relative proton affinity values
of benzene and water. The shared proton stretch of protonated water dimer shifts to a higher
frequency in the [Hbz(H,0),]" complex because of the polarization effect induced by benzene.
This effect is also transferred to the free O-H stretches of remote water. For [Hbz(H,0)4]", the
“Eigen” ion stretch shift to higher frequencies, but the remote water molecules apparently do not
experience the same polarization effect. The solvation of protonated water dimer with multiple
benzenes shifts the n-hydrogen bonded stretches towards higher frequencies due to a charge
redistribution in the cluster. The spectrum of bz,(Hs0,)" indicates a symmetrical environment
around HsO,", which shows that the coordination of HsO," is completed with four benzene

molecules. The shared proton stretches are also affected by solvation.
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APPENDIX

STRUCTURES AND VIBRATIONS OF PROTONATED BENZENE-WATER COMPLEXES!

! All calculations are done with either DFT-B3LYP or MP2 level of theory with 6-311+G (d, p) basis set.

a. Total binding energy in the complex relative to separated molecules as specified (in kcal/mol). The energies are not ZPVE and
BSSE corrected.

b. Dissociation energy in kcal/mol for the elimination of benzene, water or argon as specified.
c. Intensities are in Km/mol. Frequencies are scaled by a factor of 0.9575 for DFT and 0.9523 for MP2.

Total energies are in atomic units.
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BW-1, 1 isomer-a (bz-H;0)" DFT
State: *A(Cy) Total Energy = -309.082267 AE=+3.5

B.E.? = E (complex)-E (H30"+bz) = 25.0 D.E’ (H;0", bz) = 25.0

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

45 (8.8) 43/, 62 (5.8) 60/a, 101(52.6) 97/a, 267 (89.8) 255/a, 289 (1.8) 277/a, 407 (0.1) 389/a, 408(10.7) 391/a, 487 (246.6) 467/a,
616(0.1) 589/a, 617 (1.6) 590/a, 683 (21.3) 654/a, 733 (87.6) 702/a, 882 (14.2) 845/a, 891 (0.1) 853/a, 970 (7.3) 928/a,
1000(4.8)957/a, 1015 (0.1) 972/a, 1022 (0.4) 979/a, 1033 (0.3) 989/a, 1049 (0.6) 1004/a, 1056 (3.0) 1011/a, 1066 (144.7) 1021/a,
1182 (0.8) 1132/a, 1201 (3.7) 1150/a, 1202 (0.4) 1151/a, 1331 (8.0) 1275/a, 1383 (0.0) 1324/a, 1499 (22.9) 1435/a,

1500 (32.6) 1437/a, 1535(2.9)1469/a, 1602 (110.1)1534/a, 1614(0.4) 1546/a, 1635 (14.9) 1565/a, 2137 (3139) 2046/a,

3165 (0.2) 3030/a, 3180 (0.0) 3045/a, 3181(0.1) 3046/a, 3189 (0.2) 3054/a, 3196 (0.1) 3060/a, 3203 (0.1) 3067/a, 3677 (133.3) 3521/a,
3762 (258.9) 3602/a.
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BW-1, 1 isomer-b (bzH-H,O)" DFT

State: *A(Cy) Total Energy = -309.0878769 AE =+0.0
B.E.? = E (complex)-E (H,0+bzH") = 11.4 D.E’ (H,0)=11.4
0.964
105.9 1.086

1.872

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

41 (3.5) 40/, 46 (1.4) 44/a, 83(0.1)79/a, 166(35.5)159/a, 235 (271.4) 225/a, 281 (29.0) 269/a, 342 (0.6) 328/a, 366(37.0) 351/a,

490 (16.3) 469/a, 595 (4.0) 570/a, 600 (2.7) 574/a, 665 (62.9) 637/a, 820 (0.3) 785/, 839 (21.2) 804/a, 922(13.0)883/a, 1001 (18.4)
958/a, 1006 (0.3) 964/a, 1012 (1.9) 969/a, 1020 (0.3) 976/a, 1040 (0.8) 996/a, 1061 (2.5) 1016/a, 1135 (5.1) 1087/a, 1166 (0.8) 1116/a,
1205(13.2) 1154/a, 1209 (31.3) 1158/a, 1277 (172.2)1223/a, 1369 (12.8)1311/a, 1425 (11.5)1364/a, 1479 (150.9) 1416/a,

1482 (24.5)1419/a, 1575(0.0)1508/a, 1632 (30.6) 1563/, 1639(86.6) 1569/a, 2565 (1146.7) 2456/, 3018(22.6) 2889/a, 3181 (0.0)
3046/a, 3191 (1.0) 3055/a, 3192 (2.8) 3057/a, 3208 (2.7) 3072/a, 3211 (0.6) 3074/a, 3800 (55.8) 3639/a, 3895 (119.6) 3730/a.
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BW-1, 1 isomer-a (bz-H;0)" MP2
State: *A(Cy) Total MP2 Energy =-308.1764399 AE=0.0

B.E.? = E (complex)-E (H30"+bz) = 28.7 D.E (H;0", bz) = 28.7

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

45(8.8) 43/a, 82 (20.8) 78/a, 96 (57.0) 92/a, 191 (0.1)182/a, 259 (68.5) 246/a, 375 (0.8) 358/a, 388(0.1) 369/a, 437(29.1) 416/a,
463 (167.5) 440/a, 604(0.3)575/a, 605(0.0)576/a, 722 (84.7) 688/a, 876(0.4) 834/a,886(1.3) 844/a,942(0.4)897/a, 948(0.1) 903/a,
966(1.9) 920/a, 998(1.1) 951/a, 1006 (0.1) 958/a, 1052 (2.6) 1002/a, 1056 (2.9)1006/a, 1099 (190.7) 1047/a, 1183 (0.2) 1126/, 1203
(0.3) 1146/a, 1204 (0.6) 1147/a, 1371(0.0)1306/a, 1440 (1.1) 1371/a, 1497(22.6) 1426/a, 1498 (16.0)1427/a, 1571(7.6)1496/a,
1618(3.8)1541/a, 1627(1.8)1549/a, 1649 (53.8) 1571/a, 2660 (2143.1) 2533/a,3208 (0.0)3055/a, 3217(0.1)3064/a, 3218(0.2)3065/a,3
2280.8) 3074/a, 3231(0.3) 3077/a, 3238 (0.3) 3083/a, 3711(149.5)3534/a, 3798 (259.5) 3617/a.
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BW-1, 1 (bz-H;0)" transition state MP2
State: *A(Cy) Total MP2 Energy =-308.1764186 AE=0.0
B.E.? = E (complex)-E (H30"+bz) = 28.7 D.E (H;0", bz) = 28.7

109.7

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

-47 (3.0) -45/a, 82 (76.4) 78/a, 88 (9.5) 84/a, 186 (0.7) 177/a, 258 (65.7) 246/a, 378 (0.0) 360/a, 389 (1.1) 370/a, 445 (102.9) 424/a,
472 (100.8) 450/a, 604(0.0) 575/a, 605 (0.2) 576/a, 723 (84.7) 688/a, 877 (0.2) 835/, 886 (1.3) 843/a, 947 (0.6) 901/a, 950(0.0)905/a,
963 (2.6) 918/a, 998 (1.2) 951/a, 1007 (0.2) 959/a, 1052(1.4)1002/a, 1056(2.7)1006/a, 1105(186.4)1052/a, 1183(0.1)1126/a,1204(1.1)
1146/a,1204 (0.0) 114/a, 1371(0.0) 1306/a,1439(2.0)1370/a, 1497(24.1)1426/a,1498 (15.3)1427/a, 1567(5.1)1492/a, 1622(1.2)1544/a,
1623 (5.9) 1545/a, 1651 (52.3) 1572/a, 2665 (2145.8) 2537/a, 3208 (0.1) 3055/a, 3217 (0.1) 3064/a, 3218(0.2) 3065/, 3228 (0.9)
3074/a, 3231 (0.3) 3077/a, 3238 (0.3) 3083/a, 3711 (150.3) 3534/a, 3798 (257.6) 3617/a.
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BW-1, 1 isomer-b (bzH-H,0)" MP2
State: *A(Cy) Total MP 2 Energy = -308.1666288 AE =+6.2

B.E.? = E (complex)-E (H,O+bzH") =13.6 D.E? (H,0) =13.6

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

30 (8.1) 28/a, 61 (7.4) 58/a, 89 (4.2) 85/a, 131 (105.7) 125/a, 299 (229.9) 284/a, 345 (23.9) 328/a, 357 (10.4) 340/a, 378 (25.9) 360/a,
573 (33.8) 546/a, 591 (3.7) 563/a, 597 (1.2) 569/a, 656 (33.8) 624/a, 800 (44.0) 762/, 821 (24.4) 782/a, 931 (47.8) 886/a,

964 (18.9) 918/a, 1009 (0.6) 961/, 1016 (6.4) 967/a, 1020 (2.8) 972/a, 1040 (1.8) 991/a, 1050 (0.4) 999/a, 1062 (0.0) 1011/a,

1185 (0.1) 1128/a, 1209 (8.3) 1151/a, 1212 (2.1) 1154/a, 1273 (60.7) 1212/a, 1379 (2.2) 1313/a, 1463 (0.2) 1393/a,

1489 (15.0) 1418/a, 1524 (91.2) 1452/a, 1616 (12.0) 1539/a, 1625 (72.7) 1547/a, 1651 (40.5) 1573/a, 2078 (2056.8) 1979/a,

3181 (8.9) 3029/a, 3219 (0.0) 3065/a, 3226 (1.8) 3073/, 3228 (3.9) 3074/a, 3247 (4.0) 3093/a, 3250 (1.4) 3095/a,

3833 (73.2) 3650/a, 3943 (134.2) 3755/a.
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BW-1, 1-Ar isomer-a (bz-H;O-Ar)" DFT

State: *A(Cy) Total Energy = -836.639238 AE=+1.9
B.E.* = E (complex)-E (H30"+bz+Ar) = 27.0 D.E” (Ar)=1.9

2.269 111.5

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

14 (4.0) 13/a, 26 (3.2) 25/a, 55 (0.8) 53/a, 62 (6.3) 60/a, 110 (21.5) 105/, 240 (63.1) 230/a, 252 (86.4) 241/a, 319 (4.8) 306/a,
407 (0.1) 390/a, 409 (7.7) 391/a, 517 (194.3) 495/a, 617 (0.1) 591/a, 618 (0.8) 591/a, 686 (12.4) 656/a, 733 (90.3) 702/a,

888 (10.3) 850/a, 891 (1.3) 853/a, 971 (19.4) 930/a, 1000 (5.0) 958/a, 1013 (0.8) 970/a, 1022 (2.5) 979/a, 1032 (3.3) 988/a,
1041 (69.2) 997/a, 1054 (36.2) 1009/a, 1057 (17.8) 1012/a, 1182 (0.5) 1132/a, 1201 (1.2) 1150/a, 1202 (0.9) 1151/a,

1332 (4.5) 1276/a, 1383 (0.0) 1324/a, 1502 (17.5) 1438/a, 1503 (23.5) 1439/a, 1555 (8.9) 1489/a, 1614 (32.5) 1546/a,

1616 (2.1) 1548/a, 1644 (23.2) 1574/a, 2346 (3015.8) 2247/a, 3166 (0.1) 3032/a, 3180 (0.1) 3045/a, 3181 (0.0) 3046/a,

3189 (0.4) 3054/a, 3196 (0.2) 3060/a, 3202 (0.1) 3066/a, 3550 (635.8) 3399/a, 3733 (250.3) 3575/a.
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BW-1,1-Ar isomer-b (bzH-H,O-Ar)" DFT
State: *A(Cy) Total Energy = -836.6422875 AE=0.0

B.E.? = E (complex)-E (H,O+bzH"+Ar) =11.8 D.E° (Ar)=0.3

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

10 (1.3) 10/a, 17 (0.2) 16/a, 44 (6.7) 42/a, 48 (3.3) 46/a, 52 (0.9) 50/a, 131 (6.2) 125/a, 173 (38.2) 165/a, 251 (246.9) 240/a,
293 (27.8) 280/a, 342 (0.9) 328/a, 374 (37.2) 358/a, 498 (18.3) 477/a, 596 (3.9) 570/a, 600 (2.6) 575/a, 666 (64.6) 637/a,
820 (0.4) 785/a, 839 (21.1) 804/a, 924 (12.7) 885/a, 1001 (18.0) 958/a, 1007 (0.3) 964/a, 1012 (2.5) 969/a, 1020 (0.3) 976/a,
1040 (0.9) 996/a, 1062 (2.5) 1017/a, 1133 (5.4)1085/a, 1167 (0.9) 1117/a, 1206 (12.8) 1155/a, 1209 (29.0) 1158/a,

1280 (164.2) 1226/a, 1369 (12.1) 1311/a, 1424 (12.0) 1364/a, 1479 (147.5) 1416/a, 1482 (24.3) 1419/a, 1575 (0.0) 1508/a,
1632 (33.0) 1562/a, 1639 (78.0) 1570/a, 2541 (1227.1) 2433/a, 3022 (21.7) 2894/a, 3181 (0.0) 3046/, 3191 (1.0) 3055/,
3192 (2.7) 3056/a, 3208 (2.6) 3072/a, 3210 (0.6) 3074/a, 3798 (82.2) 3636/a, 3892 (161.0) 3727/a.
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BW-1, 1-Ar isomer-a (bz-H;O-Ar)" MP2
State: *A(Cy) Total MP2 Energy = -835.1367415 AE=0.0

B.E.? = E (complex)-E (H30"+bz+Ar) = 32.3

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

11 (3.9) 10/a, 38 (3.0) 36/a, 75 (5.3) 71/a, 92 (6.7) 87/a, 117 (23.5) 111/a, 236 (62.9) 225/a, 251 (56.9) 239/a, 255 (26.4) 243/a,
375 (1.6) 357/a, 388 (0.1) 370/a, 450 (0.4) 429/a, 484 (146.4) 461/a, 605 (0.1) 576/a, 606 (0.0) 577/a, 721 (86.4) 687/a,

875 (0.3) 833/a, 885 (0.8) 843/a, 947 (0.1) 902/a, 949 (0.0) 904/a, 968 (0.6) 922/a, 999 (1.3) 951/a, 1008 (0.0) 960/a,

1053 (1.8) 1003/a, 1056 (3.0) 1006/a, 1109 (200.5)1056/a, 1183 (0.2) 1126/a, 1203 (0.0) 1146/a, 1204 (0.7) 1147/a,

1371 (0.0) 1305/a, 1441 (0.8) 1373/a, 1498 (19.7) 1427/, 1499 (16.3) 1427/a, 1582 (2.4) 1507/a, 1618 (1.5) 1541/a,

1629 (1.1) 1551/a, 1671 (43.0) 1591/a, 2767 (1978.3) 2635/a, 3208 (0.0) 3055/a, 3217 (0.1) 3064/a, 3218 (0.1) 3064/a,

3228 (0.7) 3074/a, 3230 (0.2) 3076/a, 3237 (0.5) 3083/, 3622 (488.9) 3449/a, 3773 (286.1) 3593/a.
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BW-1, 1-Ar isomer-b (bzH-H,O-Ar)" MP2
State: *A(Cy) Total MP2 Energy =-835.124332 AE =+7.8

B.E® = E (complex)-E (H,O+bzH*+Ar) = 15.5 D.E° (Ar)=1.9

. 2912

105.1
3.837 0.963

0.963
1.716

1.178
1.092

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

14 (0.7) 13/a, 29 (2.9) 27/a, 47 (3.1) 45/a, 58 (9.9) 55/a, 68 (4.5) 65/a, 108 (27.7) 103/a, 147 (70.1) 140/a, 226 (222.3) 215/a,
323 (41.2) 308/a, 350 (0.9) 333/a, 378 (28.0) 360/a, 583 (15.8) 555/a, 590 (3.3) 562/, 605 (8.9) 576/a, 657 (55.1) 625/a,
762 (27.3) 726/a, 820 (30.0) 781/, 912 (29.0) 869/a, 961 (17.3) 916/a, 1010 (0.6) 961/a, 1012 (4.6) 963/a, 1020 (2.5) 971/a,
1036 (2.0) 987/a, 1044 (0.1) 994/a, 1062 (0.0) 1012/a, 1182 (0.2) 1125/a, 1209 (10.0) 1152/a, 1213 (2.7) 1155/,

1287 (94.5) 1225/a, 1377 (2.7) 1311/, 1462 (0.0) 1393/a, 1490 (11.8) 1418/a, 1526 (103.7) 1453/a, 1615 (13.9) 1538/a,
1627 (43.5) 1549/a, 1650 (52.3) 1571/a, 2204 (1825.2) 2099/a, 3166 (10.4) 3015/a, 3216 (0.0) 3063/a, 3228 (2.1) 3074/a,
3229 (4.2) 3075/a, 3248 (4.8) 3093/a, 3250 (0.9) 3095/a, 3840 (58.5) 3657/a, 3952 (146.2) 3764/a.
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BW-1, 2 isomer-a (bz-HsO,)" DFT

State: *A(Cy) Total Energy = -385.5831972 AE=0.0
B.E.* = E (complex)-E (H;O0"+H,0+bz) = 51.7 D.E® (H,0, bz) = (26.7, 15.0)
1095 Pl 057 (966
. 1.004 1, 412%09-0

2.005

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

10 (2.0) 9/a, 35 (4.7) 34/a, 47 (11.7) 45/a, 56 (4.9) 54/a, 92 (94.7) 88/a, 165 (139.8) 158/a, 189 (82.5) 181/a, 324 (132.6) 310/a,
390 (137.8) 373/a, 408 (0.5) 391/a, 412 (1.2) 395/a, 430 (26.4) 412/a, 489 (8.8) 469/a, 619 (0.3) 592/a, 619 (0.1) 593/a,

695 (24.9) 665/a, 710 (82.5) 680/a, 740 (65.0) 709/a, 889 (0.5) 852/a, 900 (4.2) 862/a, 1002 (4.5) 959/a, 1003 (0.8) 960/a,

1009 (0.1) 967/a, 1019 (0.1) 976/a, 1031 (0.1) 987/a, 1054 (5.0) 1009/a, 1056 (4.6) 1011/a, 1180 (0.1) 1130/a, 1200 (0.2) 1149/a,
1201 (0.1) 1150/a, 1242 (249.6) 1189/a, 1331 (0.8) 1275/, 1383 (0.0) 1324/a, 1505 (13.0) 1441/a, 1506 (13.1) 1442/a,

1594 (5.4) 1526/a, 1619 (0.3) 1550/a, 1623 (3.8) 1554/a, 1649(36.3)1579/a, 1660(47.1)1590/a, 2294 (3235.4) 2197/a,

3106 (1391.1) 2974/a, 3169 (0.2) 3034/a, 3178 (0.0) 3043/a, 3179 (0.2) 3044/a, 3190 (4.9) 3054/a, 3193 (2.7) 3057/a,

3200 (2.1) 3064/a, 3774 (156.5) 3614/a, 3794 (80.4) 3633/a, 3887 (205.4) 3722/a.
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BW-1, 2 isomer-b (bzH-H,0,)" DFT

State: *A(Cy) Total Energy = -385.5612877 AE =+13.7
B.E.* = E (complex)-E (bzH*+2*H,0) = 20.8 D.E® (H,0) = 9.4
3 105.5
0.964
1.962

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

33 (0.2) 32/a, 36 (2.1) 35/a, 37 (0.5) 35/a, 42 (2.9) 40/a, 71 (0.2) 68/a, 78 (0.3) 75/a, 141 (14.7) 135/a, 161 (5.1) 154/a,

228 (28.7) 218/a, 242 (389.4) 232/a, 255 (141.0) 244/a, 313 (68.5) 300/a, 343 (0.9) 328/a, 372 (43.1) 357/a, 506 (32.4) 485/a,
598 (3.8) 573/a, 602 (7.8) 576/a, 675 (76.8) 646/, 827 (0.0) 792/a, 844 (12.4) 808/a, 926 (13.4) 887/a, 1004 (0.6) 962/a,
1011 (0.0) 968/a, 1013 (18.8) 970/a, 1022 (0.5) 978/a, 1038 (0.3) 994/a, 1060 (2.3) 1015/a, 1154 (1.8) 1105/a,

1172 (0.8) 1122/a, 1204 (13.8) 1153/a, 1207 (49.7) 1155/a, 1267 (221.4) 1213/a, 1371 (17.5) 1312/a, 1431 (21.6) 1370/a,
1474 (132.0) 1412/a, 1484 (27.8) 1421/a, 1578 (0.2) 1511/a, 1635 (65.6) 1566/a, 1636 (8.8) 1567/a, 1640 (97.8) 1570/a,
2720 (555.8) 2605/, 2768 (899.4) 2650/a, 3180 (0.1) 3045/a, 3189 (0.4) 3054/a, 3191 (1.5) 3055/a, 3207 (0.8) 3070/a,

3209 (0.1) 3073/a, 3805 (45.0) 3643/a, 3805 (40.0) 3643/a, 3900 (104.5) 3734/a, 3900 (108.1) 3734/a.
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BW-1, 2 isomer-a (bz-Hs0,)" MP2
State: *A(Cy) Total MP2 Energy = -384.4948164 AE =0.0

B.E.? = E (complex)-E (Hs0*+H,0+bz) = 56.5 D.E? (bz) = 18.7

107.% 2.119
& 416 @ 09968, 050
0.964 1416 @ :
107.5
0.969

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

8 (1.9) 7/a, 37 (4.0) 35/a, 78 (13.9) 74/a, 89 (1.0) 85/a, 130 (24.0) 123/a, 194 (32.8) 185/a, 253 (204.7) 241/a, 299 (145.3) 285/a,
380 (0.6) 362/a, 390 (0.5) 372/a, 393 (115.7) 374/a, 439 (40.1) 418/a, 483 (3.3) 460/a, 505 (3.7) 480/a, 606 (0.0) 577/,

607 (0.1) 578/a, 708 (120.4) 674/a, 773 (43.3) 736/a, 873 (0.7) 831/a, 883 (2.4) 841/a, 947 (0.0) 901/a, 958 (0.1) 912/,

965 (0.4) 919/a, 1000 (2.2) 952/a, 1008 (0.0) 960/a, 1055 (3.4) 1005/, 1057 (3.8) 1006/a, 1181 (0.0) 1124/a, 1202 (0.1) 1145/a,
1203 (0.0) 1145/a, 1333 (276.4) 1270/a, 1370 (0.0) 1305/a, 1441 (0.8) 1372/a, 1500 (13.4) 1428/a, 1501 (12.8) 1429/a,

1613 (27.5) 1536/a, 1622 (2.0) 1544/a, 1624 (1.3) 1547/a, 1657 (26.2) 1578/a, 1724 (40.1) 1641/a, 2408 (2803.9) 2293/a,

3207 (0.0) 3054/a, 3215 (0.1)3062/a, 3216 (0.3) 3062/a, 3228 (1.4) 3074/a, 3229 (0.7) 3075/, 3235 (7.0) 3081/a, 3269 (1069.2)
3113/a, 3816 (146.6) 3634/a, 3837 (88.2) 3654/a, 3944 (196.7) 3756/a.
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BW-1, 2 isomer-b (bzH-H,04)" MP2
State: *A(Cy) Total MP2 Energy = -384.4560766 AE =+24.3

B.E.? = E (complex)-E (bzH"+2*H,0) = 23.2 D.E (Ar)=9.6

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

-32 (3.4) -30/a, 25 (4.2) 24/a, 27 (0.0) 26/a, 36 (0.9) 34/a, 61 (0.8) 58/a, 82 (0.0) 78/a, 138 (16.7) 131/a, 159 (2.6) 151/a,
210 (40.2) 200/a, 215 (466.4) 205/a, 238 (46.5) 226/a, 307 (57.9) 292/a, 323 (4.9) 308/a, 344 (14.1) 328/a, 418 (66.4) 398/a,
589 (4.5) 561/a, 594 (5.6) 66/a, 647 (70.3) 616/, 804 (21.8) 766/a, 817 (0.0) 778/a, 936 (43.3) 892/a, 977 (2.0) 930/a,

978 (0.0) 931/a, 985 (1.1) 938/a, 1018 (23.2) 969/a, 1023 (1.7) 974/a, 1033 (2.6) 983/a, 1134 (1.5) 1080/a,

1148 (6.7) 1094/a, 1193 (222.8) 1136/a, 1212 (5.4) 1154/a, 1221 (89.1) 1163/, 1363 (11.6) 1298/a, 1463 (11.3) 1393/a,
1490 (19.7) 1419/a, 1530 (140.8) 1457/a, 1610 (17.6) 1533/a, 1648 (13.6) 1570/a, 1651 (65.2) 1572/a, 1654 (74.0) 1575/a,
2772 (530.1) 2640/a, 2803 (977.0) 2670/a, 3213 (0.0) 3060/a, 3225 (0.8) 3071/a, 3225 (3.1) 3072/a, 3250 (2.4) 3095/a,
3251 (0.6) 3096/a, 3855 (42.9) 3671/a, 3855 (39.8) 3671/a, 3966 (116.7) 3777/a, 3966 (103.2) 3777/a.
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BW-1, 2-Ar isomer-a (bz-HsO,-Ar)" DFT (Argon is “cis” to benzene)
State: *A(Cy) Total Energy =-913.1387812 AE=0.0

B.E.? = E (complex)-E (Hz0*+H,0+hz+Ar) = 52.8 D.E° (Ar)=1.1

0974 .2 421

1.052 "
) - 110.8

2.006

108.8 ‘() 1.424 ‘
. .

1.084
.

1.397
@

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

20 (2.2) 19/a, 24 (1.3) 23/a, 32 (1.7) 30/a, 36 (5.1) 34/a, 57 (1.9) 55/a, 63 (5.5) 60/a, 86 (3.4) 82/a, 118 (80.4) 113/a, 166 (149.3) 159/a,
189 (107.9) 181/a, 375 (138.6) 359/a, 388 (110.9) 371/a, 411 (3.0) 393/, 412 (0.1) 395/a, 429 (24.6) 411/a, 515 (7.2) 493/a,

619 (0.2) 593/a, 620 (0.1) 593/a, 698 (17.2) 668/, 710 (110.3) 680/a, 747 (46.1) 715/a, 888 (0.4) 850/a, 900 (4.3) 862/a,

1000 (1.8) 958/a, 1003 (3.1) 960/a, 1009(0.2) 967/a, 1019 (0.1) 976/a, 1031 (0.0) 987/, 1055 (4.9) 1010/a, 1057 (4.6) 1012/a,

1180 (0.1) 1130/a, 1200 (2.6) 1149/a, 1201 (0.1) 1150/a, 1219 (211.6) 1168/a, 1333 (0.5) 1276/, 1384 (0.0) 1325/a,

1506 (12.8) 1442/a, 1507 (11.9) 1443/a, 1588 (9.0) 1521/a, 1621 (0.6) 1552/a, 1624 (3.1) 1555/a, 1650 (28.9) 1580/a,

1659 (54.8) 1589/a, 2361 (3011.7) 2261/a, 3112 (1523.4) 2979/a, 3168 (0.4) 3033/a, 3178 (0.2) 3043/a, 3179 (0.1) 3044/a,

3190 (7.2) 3054/a, 3193 (3.5) 3057/a, 3201 (2.7) 3065/a, 3695 (439.9) 3538/, 3796 (85.1) 3635/a, 3889 (198.5) 3724/a.
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BW-1, 2-Ar isomer-b (bz-HsO,-Ar)" DFT (Argon is “trans” to benzene)

State: *A(Cy) Total Energy = -913.1383365 AE =+0.3
B.E.* = E (complex)-E (HsO"+H,0+bz+Ar) = 52.5 D.E" (Ar)=0.8
@ 2.519

1.397

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

11 (3.0) 11/a, 14 (3.2) 14/a, 25 (1.8) 24/a, 29 (2.9) 28/a, 53 (1.4) 51/a, 58 (4.4) 55/a, 79 (15.2) 75/a, 124 (136.3) 118/a,

184 (53.1) 176/a, 261 (76.6) 250/a, 333 (165.3) 319/a, 403 (147.0) 386/a, 408 (0.2) 391/a, 412 (6.9) 395/a,

457 (27.7) 437/a, 495 (9.9) 474/a, 619 (0.2) 592/a, 619 (0.0) 593/a, 697 (15.6) 667/a, 710 (100.9) 680/a, 747 (60.3) 715/a,
888 (0.4) 850/a, 900 (5.7) 862/a, 1000 (2.6) 958/, 1002 (2.9) 960/a, 1008 (0.3) 966/, 1019 (0.1) 976/a,

1030 (0.1) 986/a, 1054 (5.3) 1009/a, 1056 (4.6) 1012/a, 1180 (0.1) 1130/a, 1200 (0.1) 1149/a, 1201 (0.1) 1150/a,

1265 (233.6) 1211/a, 1332 (0.5) 1275/a, 1383 (0.0) 1324/, 1505 (13.4) 1441/a, 1507 (11.3) 1442/a, 1574 (54.8) 1507/a,
1619 (0.8) 1551/a, 1623 (3.0) 1554/a, 1650 (44.5) 1579/a, 1655 (33.0) 1585/a, 2194 (3332.0) 2101/a, 3121 (1451.4) 2988/a,
3168 (0.3) 3033/a, 3178 (0.1) 3043/a, 3179 (0.1) 3044/, 3190 (7.7) 3054/a, 3192 (3.2) 3057/a, 3200 (2.8) 3064/a,

3764 (266.2) 3604/a, 3781 (132.2) 3620/a, 3871 (262.7) 3706/a.
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BW-1, 2-Ar isomer-a (bz-HsO,-Ar)" MP2 (Argon is “cis” to benzene)
State: *A(Cy) Total MP2 Energy = -911.45386 AE=0.0

B.E.? = E (complex)-E (H30"+H,0+bz+Ar) = 59.2 D.E° (Ar) =27

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

10(0.9)10/a, 22(5.1) 21/a, 30(4.2)28/a, 35(4.9)33/a, 70 (5.6) 66/a, 87 (4.7) 83/a, 98 (14.5) 93/a, 111 (12.9) 106/a, 186 (27.2) 177/a,
217 (205.2) 207/a, 342 (108.9) 326/a, 380 (1.7) 362/a, 389 (8.8) 371/a, 396 (122.6) 377/a, 427 (30.5) 407/a, 502 (2.7) 478/a,

535 (31.9) 509/a, 606 (0.0) 577/a, 607 (0.1) 578/, 706 (116.4) 673/a, 790 (51.4) 752/a, 872 (0.6) 831/a, 883 (4.1) 841/a,

948 (0.1) 902/a, 959 (0.1) 913/a, 964 (0.3) 918/a, 1000 (2.1) 953/a, 1009 (0.0) 961/a, 1056 (3.8) 1006/a, 1057 (3.2) 1006/a,

1181 (0.1) 1124/a, 1202 (0.1) 1144/a, 1203 (0.0) 1146/a, 1302 (243.2) 1240/a, 1371 (0.0) 1305/a, 1442 (0.3) 1373/a,

1500 (13.8) 1429/a, 1501 (12.0) 1429/a, 1612 (8.3) 1535/a, 1622 (0.3) 1545/a, 1626 (2.9) 1549/, 1667 (51.0) 1587/a,

1734 (38.8) 1651/a, 2426 (2544.5) 2310/a, 3205 (0.1) 3052/a, 3214 (0.1) 3060/a, 3215 (0.3) 3062/a, 3226 (1.2) 3072/a,

3228 (0.7) 3074/a, 3235 (1.5) 3080/a, 3302 (1069.7) 3145/a, 3767 (383.3) 3587/a, 3844 (79.5) 3661/a, 3952 (194.8) 3763/a.
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BW-1, 2-Ar isomer-b (bz-HsO,-Ar)" MP2 (Argon is “trans” to benzene)

State: *A(Cy) Total Energy = - -911.4514554 AE=+1.5
B.E.? = E (complex)-E (H30"+H,0+bz+Ar) = 57.7 D.E” (Ar)=1.2
2.582
« 1.405‘1-05
107.9 108.0
0);63 0.995
v 2009 &
&

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

12 (4.1) 11/a, 17 (4.7) 16/a, 21 (1.5) 20/a, 31 (6.6) 30/a, 56 (115.1) 53/a, 69 (15.7) 66/a, 89 (46.0) 84/a, 92 (28.8) 87/a,

197 (43.4) 188/a, 262 (21.8) 249/a, 331 (154.3) 315/a, 383 (0.4) 364/a, 390 (3.5) 372/a, 401 (128.9) 382/a, 456 (36.3) 434/3,
482 (0.5) 459/a, 496 (9.4) 472/a, 606 (0.0) 577/a, 607 (0.2) 578/a, 710 (118.7) 676/a, 754 (50.7) 718/a, 873 (0.6) 832/a,

887 (1.9) 845/a, 949 (0.1) 904/a, 958 (0.1) 913/a, 966 (0.2) 920/a, 997 (2.4) 949/a, 1007 (0.0) 959/a, 1053 (3.7) 1003/a,
1056 (3.5) 1006/a, 1181 (0.0) 1125/a, 1201 (0.1) 1143/, 1204 (0.0) 1146/a, 1326 (264.5) 1263/a, 1371 (0.0) 1306/a,

1435 (0.3) 1367/a, 1499 (12.5) 1428/a, 1500 (13.1) 1428/a, 1605 (10.2) 1528/a, 1619 (0.5) 1542/a, 1621 (0.2) 1544/a,

1671 (45.9) 1592/a, 1698 (41.5) 1617/a, 2369 (3085.0) 2256/a, 3195 (0.1) 3043/a, 3200 (0.1) 3048/a, 3211 (0.2) 3058/a,
3216 (0.4) 3063/a, 3225 (1.2) 3071/a, 3229 (1.7) 3075/, 3290 (1124.8) 3133/a, 3802 (166.9) 3621/a, 3821 (157.3) 3639/a,
3934 (261.5) 3746/a.
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BW-1, 3 isomer-a (bz-H;0;)" DFT

State: *A(Cy) Total Energy = -462.0750758 AE=0.0
B.E.? = E (complex)-E (HsO'+2*H,0+bz) = 72.7 D.E’(H,0,bz) = (21,11.4)
@ 108.0
1.520
1.021 V
o 1.512.03 {).989241 ®
@
1079 @

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

19 (0.2) 18/a, 21 (0.1) 21/a, 37 (5.0) 35/a, 54 (2.2) 51/a, 64 (0.4) 62/a, 83 (5.8) 80/a, 88 (14.0) 84/a, 131 (19.0) 126/a, 158 (11.6) 151/a,
161 (79.5) 154/a, 207 (464.1) 198/a, 317 (91.1) 304/a, 337 (96.9) 323/a, 368 (2.6) 352/a, 400 (60.5) 383/a, 411 (0.3) 393/a,

413 (0.1) 396/a, 596 (2.6) 571/a, 620 (0.1) 594/a, 621 (0.0) 595/a, 659 (89.5) 631/a, 704 (0.1) 674/a, 724 (81.5) 693/,

884 (0.1) 847/a, 893 (1.5) 855/a, 987 (41.8) 945/a, 1004 (2.8) 962/a, 1005 (8.5) 962/, 1007 (6.7) 964/a, 1017 (0.0) 974/a,

1030 (0.2) 986/a, 1056 (4.2) 1011/, 1057 (5.5) 1012/a, 1167 (265.6) 1117/a, 1179 (0.2) 1129/a, 1200 (0.5) 1149/a,

1200 (0.3) 1149/a, 1333 (0.3) 1276/, 1383 (0.0) 1324/a, 1507 (11.4) 1443/a, 1508 (11.2) 1444/a, 1611 (8.5) 1542/a,

1623 (1.0) 1554/a, 1627 (9.4) 1558/, 1639 (24.6) 1569/a, 1661 (71.5) 1590/a, 1685 (37.6) 1613/a, 2768 (2718.1) 2650/a,

2864 (1441.5) 2743/a, 3167 (0.0) 3032/a, 3176 (0.0) 3041/a, 3176 (0.1) 3041/a, 3188 (4.8) 3052/a, 3190 (7.7) 3055/a,

3198 (1.6) 3062/a, 3365 (1168.3) 3222/a, 3805 (98.8) 3643/a, 3806 (33.2) 3645/a, 3899 (57.2) 3733/a, 3900 (277.1) 3734/a.
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BW-1, 3 isomer-b (bzH-H¢O3)" DFT

State: *A(Cy) Total Energy = -462.0417494 AE =+21.0
B.E.? = E (complex)-E (bzH"+3*H,0) = 34.6 D.E°=-
0.962 107.3
1.951
“’105.6
1.961

0.971 ¢
1.903 107.2
0.962

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

28 (0.4) 26/a, 30 (2.1) 28/a, 31 (3.7) 30/a, 44 (17.3) 42/a, 75 (1.3) 72/a, 142 (48.0) 136/a, 146 (0.3) 140/a, 155 (43.7) 148/a,
161 (135.0) 154/a, 180 (11.8) 172/a, 203 (1.0) 194/a, 227 (95.5) 218/a, 261 (0.3) 250/a, 340 (1.5) 326/a, 348 (0.0) 333/a,

401 (0.1) 384/a, 476 (13.0) 456/a, 480 (311.1) 459/a, 580 (53.8) 555/a, 601 (4.2) 575/a, 605 (26.1) 579/a, 608 (0.2) 582/a,
672 (241.3) 643/a, 680 (89.2) 651/a, 834 (0.1) 798/a, 843 (13.8) 807/a, 938 (17.3) 898/a, 1005 (3.3) 962/a, 1011 (0.8) 968/a,
1017 (18.0) 974/a, 1024 (1.7) 981/a, 1035 (0.1) 991/a, 1059 (2.1) 1014/a, 1152 (2.5) 1103/a, 1165 (0.7) 1115/a,

1187 (484.0) 1137/a, 1203 (11.9) 1152/a, 1219 (137.7) 1167/a, 1370 (17.7) 1311/a, 1431 (37.4) 1370/a, 1476 (99.1) 1413/a,
1487 (34.2) 1424/a, 1581 (0.5) 1513/a, 1621 (19.3) 1552/a, 1627 (124.0) 1558/a, 1638 (51.3) 1568/a, 1659 (0.0) 1589/a,
2613 (531.3) 2502/a, 2728 (1345.0) 2612/a, 3180 (0.2) 3045/a, 3190 (0.2) 3054/a, 3191 (1.0) 3056/a, 3206 (0.2) 3070/,
3209 (0.0) 3073/a, 3670 (188.6) 3514/a, 3694 (618.7) 3537/a, 3788 (18.3) 3627/a, 3877 (126.1) 3712/a, 3880 (237.1) 3715/a,
3883 (27.2) 3718/a.
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BW-1, 4 isomer-a (bz-H,0,)" DFT

State: *A(Cy) Total Energy = -538.5595123 AE=0.0
B.E.* = E (complex)-E (H;0"+3*H,0+bz) = 89.0 D.E’(H,0, bz) = (16.3, 7.0)
0.96?‘
¢
1.578
@ 1154
114.1
‘,Fb"\v 0.973 2.377
1.576 1.470 d :

gP 0.964 ¢

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

8 (0.1) 7/a, 11 (0.2) 11/a, 24 (0.8) 23/a, 33 (0.2) 32/a, 41 (5.0) 40/a, 64 (0.9) 61/a, 69 (2.4) 66/a, 84 (4.0) 80/a, 102 (8.9) 98/a,
110 (17.7) 105/a, 122 (5.5) 116/a, 158 (5.6)151/a, 197 (152.1) 189/a, 232 (354.1) 223/, 268 (63.1) 256/a, 319 (76.4) 305/a,
351 (52.4) 337/a, 359 (74.4) 343/a, 377 (68.4) 361/a, 390 (192.8) 373/a, 411 (0.7) 394/a, 412 (1.2) 395/a, 457 (60.9) 438/a,
621 (0.0) 594/a, 621 (0.0) 595/a, 706 (37.2) 676/a, 710 (86.0) 680/a, 720 (0.8) 689/a, 879 (0.3) 842/a, 882 (0.6) 845/a,

953 (60.0) 912/a, 998 (0.2) 956/a, 1001 (0.1) 958/a, 1006 (4.0) 963/a, 1014 (130.1) 970/a, 1016 (0.2) 973/a, 1027 (0.0) 984/a,
1056 (5.5) 1011/a, 1058 (5.5) 1013/a, 1177 (1.6) 1127/a, 1179 (261.3) 1129/a, 1199 (0.0) 1148/a, 1200 (0.3) 1149/a,

1332 (0.2) 1275/a, 1382 (0.0) 1324/a, 1507 (10.0) 1443/a, 1508 (11.0) 1444/a, 1625 (0.2) 1556/, 1627 (1.4) 1558/a,

1633 (81.0) 1564/a, 1634 (63.8) 1565/a, 1645 (10.1) 1575/a, 1687 (13.6) 1616/a, 1701 (15.9) 1629/a, 2600 (3708.7) 2490/a,
3029 (2555.3) 2900/a, 3090 (703.5) 2958/, 3164 (0.5) 3030/a, 3173 (0.3) 3038/a, 3176 (0.3) 3041/, 3187 (11.6) 3051/a,
3190 (12.0) 3055/a, 3198 (0.3) 3062/a, 3669 (412.3) 3513/a, 3808 (77.4) 3646/a, 3809 (28.2) 3647/a, 3856 (79.2) 3692/a,
3902 (61.1) 3736/a, 3902 (257.9) 3736/a.
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BW-1, 4 isomer-b (bzH-HgO,)" DFT
State: *A(Cy) Total Energy = -538.5197066 AE =+25.0

B.E.2 = E (complex)-E (bzH"+4*H,0) =46.9 D.E” (H,0) = 12.2

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

17 (0.8) 16/a, 20 (5.7) 19/a, 29 (1.1) 28/a, 42 (2.8) 40/a, 44 (0.1) 43/a, 52 (11.1) 50/a, 79 (3.4) 76/a, 91 (0.4) 87/a, 156 (83.2) 149/a,
159 (17.1) 152/a, 160 (45.7) 153/a, 174 (17.5) 166/a, 194 (72.8) 186/a, 200 (102.4) 192/a, 204 (304.5) 196/a, 280 (12.5) 268/a,
296 (45.9) 284/a, 351 (0.0) 336/a, 356 (2.9) 341/a, 384 (17.0) 367/a, 400 (7.6) 383/a, 459 (93.2) 439/a, 513 (11.6) 491/a,

602 (3.6) 577/a, 604 (20.5) 578/a, 607 (34.7) 582/a, 662 (64.5) 634/a, 689 (107.7) 660/a, 757 (204.7) 725/a, 836 (0.1) 801/a,
844 (13.2) 808/a, 882 (127.2) 845/a, 943 (18.0) 903/a, 1005 (4.8) 963/a, 1010 (0.3) 967/a, 1020 (19.9) 976/a, 1025 (2.3) 982/a,
1033 (0.3) 989/a, 1056 (2.0) 1011/a, 1152 (4.0) 1103/a, 1163 (44.1) 1113/a, 1179 (587.1) 1129/a, 1203 (11.0) 1152/a,

1215 (84.8) 1163/a, 1370 (18.6) 1311/a, 1429 (42.1) 1368/a, 1477 (85.4) 1414/a, 1488 (35.9) 1425/a, 1582 (0.7) 1515/a,

1622 (14.8) 1553/a, 1637 (77.7) 1567/a, 1638 (75.4) 1568/a, 1642 (53.2) 1572/a, 1675 (14.5) 1604/a, 2543 (582.5) 2435/a,
2676 (1705.4) 2562/a, 3179 (0.2) 3044/a, 3190 (0.1) 3054/a, 3191 (0.6) 3056/a, 3206 (0.0) 3070/a, 3209 (0.0) 3072/a,

3491 (1277.0) 3342/a, 3573 (318.9) 3421/a, 3622 (546.5) 3468/a, 3816 (34.4) 3653/, 3853 (93.0) 3689/a, 3881 (180.8) 3716/a,
3884 (37.6) 3719/a, 3912 (124.5) 3746/a.
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BW-2, 1 isomer-a (bz,-H;O)" DFT

State: *A(C,) Total Energy = -541.4190482 AE =0.0
B.E.? = E (complex)-E (H;0*+2*bz) = 41.1 D.E® (bz) = 16.0
w
0.973“' .
1.019,&.013
1.926 @ _"@ .
‘ 113.5 @&
-

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

13 (1.7) 12/a, 16 (1.0) 15/a, 30 (2.6) 29/a, 39 (2.4) 38/a, 49 (1.0) 47/a, 51 (0.5) 49/a, 64 (1.1) 61/a, 178 (4.9) 170/a, 233 (126.0) 223/,
265 (36.4) 254/a, 356 (24.4) 340/a, 408 (0.8) 391/a, 410 (0.1) 393/a, 412 (4.5) 394/a, 413 (2.0) 395/a, 571 (43.9) 547/a,

618 (0.3) 592/a, 619 (0.3) 593/a, 619 (0.3) 593/a, 620 (0.3) 593/a, 696 (10.2) 666/a, 700 (20.0) 671/a, 723 (213.8) 693/a,

730 (44.8) 699/a, 884 (3.5) 847/a, 889 (2.5) 851/a, 892 (13.2) 854/a, 902 (1.4) 864/a, 977 (45.6) 936/a, 1000 (4.1) 957/a,

1001 (14.2) 959/a, 1003 (0.9) 960/a, 1006 (13.1) 963/a, 1011 (0.2) 968/a, 1018 (39.0) 974/a, 1020 (0.2) 977/a, 1024 (2.3) 980/,
1031 (1.4) 987/a, 1033 (2.0) 989/a, 1053 (5.6) 1009/a, 1054 (9.1) 1009/a, 1057 (3.7) 1012/a, 1058 (14.7) 1013/a, 1180 (0.0) 1130/a,
1181 (0.1) 1131/a, 1200 (0.1) 1149/a, 1201 (0.2) 1150/a, 1201 (0.2) 1150/a, 1201 (0.9) 1150/a, 1332 (0.9) 1275/a, 1336 (1.5) 1279/a,
1383 (0.0) 1324/a, 1383 (0.0) 1324/a, 1504 (6.8) 1440/a, 1505(10.1) 1441/a, 1506 (18.4) 1442/a, 1507 (20.8) 1443/a,

1595 (8.4) 1527/a, 1616 (2.5) 1547/, 1621 (1.0) 1552/a, 1621 (2.0) 1552/a, 1626 (5.2) 1557/, 1640 (45.1) 1570/a,

2819 (4224.4) 2700/a, 2977 (725.9) 2851/a, 3164 (0.6) 3029/a, 3169 (0.1) 3034/a, 3178 (0.9) 3043/a, 3179 (0.0) 3044/a,

3181 (0.2) 3046/a, 3181 (0.1) 3046/a, 3189 (3.1) 3053/a, 3190 (2.0) 3055/a, 3194 (1.6) 3058/a, 3195 (1.8) 3059/a,

3201 (0.7) 3065/a, 3203 (0.3) 3067/a, 3744 (114.8) 3585/a.
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BW-2, 1 isomer-b (bz,H-H,0)" DFT

State: *A(C;) Total Energy = -541.4084667 AE =+6.6

B.E.? = E (complex)-E (bzH"+H,0+bz) = 17.3 D.E° (bz) =5.8
0.964 Y
105.6;’)'
‘ 1Lz
V' 195
1113
-
2531

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

10 (0.0) 9/a, 23 (0.5) 22/a, 34 (4.0) 33/a, 37 (1.5) 36/a, 43 (3.5) 41/a, 58 (0.3) 56/a, 65(0.6) 62/a, 82 (0.4) 79/a, 90 (5.8) 86/a,
157 (19.5) 150/a, 234 (245.6) 224/a, 261 (24.6) 250/a, 344 (1.3) 329/a, 351 (47.5) 336/a, 409 (0.6) 392/a, 411 (0.0) 393/a,
476 (24.1) 456/a, 597 (4.0) 571/a, 599 (5.7) 574/a, 619 (0.0) 593/a, 620 (0.8) 593/a, 669 (60.6) 641/a, 707 (53.9) 677/a,

709 (83.6) 679/a, 818 (1.8) 783/a, 842 (10.6) 806/a, 878 (0.2) 840/a, 882 (0.6) 845/, 920 (9.3) 881/a, 1000 (1.0) 958/,
1002 (1.6) 960/a, 1004 (7.4) 962/a, 1005 (1.6) 962/a, 1006 (5.1) 963/a, 1008 (4.4) 966/a, 1016 (0.0) 972/a, 1021 (0.1) 977/a,
1029 (0.0) 986/a, 1035 (1.8) 991/a, 1055 (3.1) 1010/a, 1058 (1.7) 1013/a, 1059 (4.7) 1014/a, 1150 (1.5) 1101/a,

1163 (4.5) 1113/a, 1178 (0.0) 1128/a, 1198 (0.7) 1147/a, 1199 (4.2) 1148/a, 1203 (14.0) 1152/a, 1207 (30.6) 1156/a,

1270 (122.7) 1216/a, 1337 (0.3) 1280/a, 1369 (13.0) 1310/a, 1383 (0.0) 1324/a, 1425 (22.2) 1365/a, 1471 (130.7) 1409/,
1482 (28.8) 1419/a, 1507 (11.6) 1443/a, 1510 (9.7) 1446/, 1575 (0.5) 1508/a, 1622 (0.3) 1553/a, 1626 (11.3) 1557/a,

1634 (24.8) 1565/a, 1638 (101.1) 1568/a, 2712 (761.9) 2597/a, 2862 (471.0) 2741/a, 3164 (0.0) 3029/a, 3172 (0.1) 3037/a,
3173 (0.0) 3038/a, 3180 (0.2) 3045/a, 3186 (10.2) 3050/a, 3187 (10.7) 3052/a, 3190 (0.7) 3055/a, 3195 (0.8) 3059/a,

3200 (0.6) 3064/a, 3208 (0.8) 3072/a, 3212 (0.4) 3076/a, 3805 (44.3) 3643/a, 3900 (101.4) 3734/a.
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BW-2, 1-Ar isomer-a (bz,-H;O-Ar)" DFT

State: *A(C;) Total Energy = -1068.9744595 AE =0.0
B.E.? = E (complex)-E (H;0*+2*bz+Ar) = 42.0 D.E° (Ar)=1.0
1.403

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

12 (0.0) 12/a, 16 (0.1) 15/a, 19 (0.5) 19/a, 22 (0.3) 21/a, 29 (1.9) 28/a, 40 (0.2) 38/a, 43 (1.0) 41/a, 49 (0.5) 47/a, 63 (6.0) 60/a,

93 (5.0) 89/a, 179 (13.7) 171/a, 224 (110.9) 215/a, 332 (15.5) 318/a, 380 (46.5) 364/a, 409 (2.4) 392/a, 410 (2.3) 393/a,

411 (0.1) 394/a, 412 (2.5) 395/a, 603 (43.2) 577/a, 618 (0.2) 592/a, 619 (0.1) 593/a, 620 (0.3) 593/, 620 (3.8) 594/a,

697 (14.7) 667/a, 701 (15.7) 671/a, 721 (211.4) 690/a, 729 (48.4) 698/a, 883 (8.3) 845/a, 886 (2.9) 848/a, 888 (4.9) 850/a,

902 (2.7) 864/a, 966 (42.0) 925/, 1000 (0.7) 957/a, 1002 (13.2) 959/a, 1003 (0.3) 961/a, 1008 (7.2) 965/, 1010 (0.4) 967/a,

1017 (41.8) 974/a, 1021 (1.0) 977/a, 1023 (4.0) 980/a, 1031 (0.9) 987/a, 1033 (3.2) 989/a, 1054 (5.1) 1009/a, 1054 (12.8) 1010/a,
1057 (5.1) 1012/a, 1058 (7.9) 1013/a, 1180 (0.1) 1129/a, 1180 (0.2) 1130/a, 1200 (0.2) 1149/a, 1200 (0.4) 1149/a, 1201 (0.5) 1150/a,
1201 (0.3) 1150/a, 1332 (1.4) 1276/a, 1335 (1.3) 1279/a, 1383 (0.0) 1324/, 1383 (0.0) 1324/a, 1504 (11.1) 1441/a, 1505 (3.3) 1441/a,
1506 (24.1) 1442/a, 1507 (14.7) 1443/a, 1583 (4.7) 1515/a, 1615 (1.7) 1546/, 1621 (2.0) 1552/a, 1622 (2.1) 1553/a, 1624 (3.4)
1555/a, 1634 (13.4) 1565/a, 2862 (4105.0) 2740/a, 2994 (731.7) 2867/a, 3164 (0.4) 3030/a, 3167 (0.1) 3033/, 3178 (0.6) 3043/a,
3179 (0.1) 3044/a, 3180 (0.6) 3045/a, 3180 (0.2) 3045/, 3188 (4.4) 3053/a, 3190 (2.5) 3054/a, 3194 (2.4) 3058/a, 3195 (2.6) 3059/a,
3201 (0.8) 3065/a, 3202 (0.4) 3066/a, 3654 (409.4) 3499/a.
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BW-3, 1 isomer-a (bzs;-H;O)" DFT

State: *A(C;) Total Energy =-773.7472826 AE=0.0
B.E.? = E (complex)-E (H30"+3*bz) = 51.7 D.E® (bz) = 10.6
.
2.048
. & 1.003 2. <
oS

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

8 (0.1) 7/a, 11 (0.0) 11/a, 15 (0.1) 14/a, 22 (0.2) 21/a, 27 (0.1) 26/a, 31 (0.3) 30/a, 33 (0.7) 31/a, 41 (0.5) 39/a, 43 (0.3) 41/a,

46 (0.4) 44/a, 54 (0.6) 52/a, 64 (1.2) 62/a, 136 (1.1) 130/a, 198 (53.1) 189/a, 202 (60.8) 193/, 400 (20.2) 383/a, 408 (0.5) 391/a,
410 (0.2) 392/a, 411 (1.0) 393/a, 412 (3.8) 394/a, 414 (2.4) 397/a, 425 (19.2) 407/a, 481(38.9) 460/a, 548 (15.4) 525/,

619 (0.3) 593/a, 619 (0.0) 593/a, 620 (0.2) 593/a, 620 (0.1) 593/a, 620 (0.2) 594/a, 621 (0.1) 594/a, 701 (39.1) 671/a,

702 (29.9) 672/a, 703 (9.9) 673/a, 716 (187.8) 686/a, 718 (180.7) 687/, 722 (19.5) 692/a, 865 (24.0) 828/a, 880 (1.0) 843/a,
881 (0.2) 844/a, 888 (7.5) 850/a, 893 (11.1) 855/a, 896 (0.9) 858/a, 917 (30.3) 878/, 996 (9.4) 954/a, 997 (6.9) 955/a,

1003 (7.4) 961/a, 1004 (3.3) 961/a, 1004 (3.4) 961/a, 1005 (0.7) 963/a, 1007 (0.7) 964/a, 1007 (1.0) 965/a, 1009 (2.6) 966/a,
1020 (0.0) 976/a, 1021 (0.1) 978/a, 1022 (0.1) 978/a, 1030 (0.3) 986/a, 1031 (0.1) 987/a, 1032 (0.3) 988/a, 1054 (6.0) 1009/a,
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1054 (7.1) 1010/a, 1055 (6.1) 1011/a, 1057 (3.6) 1012/a, 1058 (0.7) 1013/a, 1059 (10.1) 1014/a, 1178 (0.4) 1128/a, 1179 (0.1) 1129/a,
1180 (0.1) 1129/a, 1199 (0.4) 1148/a, 1200 (0.4) 1149/a, 1200 (0.4) 1149/a, 1201 (0.6) 1150/, 1201 (0.1) 1150/a, 1201 (0.3) 1150/a,
1334 (1.6) 1277/a, 1335 (0.3) 1278/a, 1336 (1.1) 1279/a, 1382 (0.0) 1323/a, 1383 (0.0) 1324/a, 1383 (0.0) 1325/a, 1506 (10.7) 1442/a,
1506 (10.9) 1442/a, 1507 (3.8) 1443/a, 1508 (7.7) 1444/a, 1509 (2.7) 1445/a, 1509 (27.2) 1445/a, 1615 (6.7) 1547/a, 1622 (0.2)
1553/a, 1622 (0.8) 1553/a, 1624 (3.1) 1555/, 1626 (4.3) 1557/a, 1627 (1.3) 1557/, 1632 (4.1) 1562/a, 1659 (9.2) 1588/a,

3075 (2728.9) 2944/a, 3101 (2626.6) 2969/a, 3163 (5.5) 3029/a, 3164 (4.2) 3030/a, 3165 (2.9) 3031/a, 3172 (154.1) 3037/a, 3176 (0.3)
3041/a, 3176 (4.9) 3041/a, 3177 (1.3) 3042/a, 3179 (7.8) 3044/a, 3179 (1.1) 3044/a, 3180 (0.4) 3044/a, 3188 (12.8) 3053/a,

3188 (16.8) 3053/a, 3189 (10.6) 3054/a, 3193 (4.1) 3057/a, 3193 (6.1) 3057/a, 3193 (7.1) 3058/a, 3200 (8.3) 3064/a, 3200 (3.1)
3064/a, 3201 (1.6) 3065/a.
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BW-3, 1 isomer-b (bz;H-H,O)" DFT
State: *A(C;) Total Energy = -773.7272378 AE =+12.6

B.E.? = E (complex)-E (bzH"+H,0+2*bz) = 22.0 D.E° (bz) = 4.7

2.814

105.5{,} 1 979 &
©0.964 : -
Q [

2:623

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

9 (0.6) 9/a, 12 (0.5) 12/a, 14 (0.8) 14/a, 20 (0.3) 19/a, 22 (0.2) 21/a, 34 (3.9) 32/a, 38 (0.9) 36/a, 43 (0.4) 41/a, 52 (5.0) 49/a,

58 (0.2) 56/a, 60 (1.2) 58/a, 64 (0.2) 61/a, 65 (2.5) 62/a, 81 (0.2) 78/a, 90 (9.6) 86/a, 153 (19.8) 147/a, 231 (243.3) 221/a,

256 (23.2) 246/a, 342 (44.7) 328/a, 344 (0.6) 330/a, 409 (0.2) 392/a, 411 (0.0) 393/a, 412 (0.1) 394/a, 413 (0.0) 395/a,

468 (21.1) 448/a, 597 (3.1) 571/a, 598 (0.9) 573/a, 620 (0.7) 594/a, 620 (0.0) 594/a, 620 (0.1) 594/, 621 (0.3) 595/a, 665 (45.9) 637/a,
704 (198.5) 674/a, 706 (92.1) 676/a, 709 (3.1) 679/a, 712 (0.0) 682/a, 815 (1.3) 780/a, 846 (7.2) 810/a, 877 (0.2) 840/a,

877 (0.1) 840/a, 878 (0.1) 840/a, 880 (0.5) 843/a, 917 (17.1) 878/a, 999 (0.1) 957/a, 1000 (1.2) 957/a, 1001 (0.0) 958/a,

1001 (1.1) 958/a, 1004 (4.2) 961/a, 1005 (7.8) 962/a, 1007 (3.6) 964/a, 1007 (2.3) 964/a, 1010 (2.3) 967/a, 1016 (0.0) 973/a,

1017 (0.0) 974/a, 1019 (1.6) 976/a, 1028 (0.0) 984/a, 1029 (0.0) 985/a, 1035 (0.4) 991/a, 1055 (7.5) 1010/a, 1056 (3.6) 1011/a,

1057 (4.1) 1012/a, 1058 (0.9) 1013/a, 1059 (4.1) 1014/a, 1151 (1.5) 1102/a, 1167 (3.7) 1117/a, 1177 (0.0) 1127/a, 1178 (0.1) 1128/a,
1198 (1.3) 1147/a, 1198 (3.3) 1147/a, 1198 (1.2) 1147/, 1198 (2.5) 1147/a, 1199 (0.2) 1148/, 1205 (30.7) 1154/a,

1280 (160.1) 1225/a, 1334 (0.0) 1278/a, 1336 (0.2) 1279/a, 1368 (10.9) 1310/a, 1382 (0.0) 1323/a, 1383 (0.0) 1324/a,

160



1427 (8.6) 1366/a, 1477 (136.2) 1414/a, 1479 (42.9) 1416/a, 1508 (10.5) 1444/a, 1508 (10.0) 1444/a, 1509 (9.2) 1445/a,

1510 (9.2) 1446/a, 1572 (0.6) 1505/a, 1624 (6.3) 1555/a, 1626 (8.7) 1557/a, 1627 (1.4) 1558/a, 1627 (0.8) 1558/a, 1635 (43.8) 1565/a,
1638 (157.9) 1568/a, 2749 (692.2) 2632/a, 2887 (434.6) 2765/a, 3163 (0.1) 3028/a, 3163 (0.0) 3029/a, 3171 (0.0) 3036/a,

3171 (0.1) 3037/a, 3173 (0.0) 3038/a, 3173 (0.0) 3038/a, 3185 (12.0) 3050/a, 3185 (13.3) 3050/a, 3187 (13.5) 3051/a,

3187 (6.7) 3051/a, 3187 (8.4) 3052/, 3192 (21.7) 3057/a, 3195 (0.5) 3059/a, 3195 (0.7) 3060/a, 3200 (9.6) 3064/a,

3208 (2.3) 3072/a, 3212 (3.2) 3076/a, 3806 (41.8) 3644/a, 3902 (97.1) 3736/a.
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BW-2, 2 isomer-a (bz,-HsO,)" (benzenes are in “cis” position) DFT
State: *A(Cy) Total Energy =-617.9115719 AE=0.0

B.E.? = E (complex)-E (H30"+H,0+2*hz) = 62.4 D.E® (bz) = 10.7

w

0.965
2.059 1.453 @ )108.0
1.046 g ’

996
.
[\ 2.101

“
.

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

8 (0.8) 7/a, 21 (3.1) 20/a, 26 (5.6) 25/a, 27 (0.9) 26/a, 35 (1.8) 33/a, 45 (0.0) 43/a, 49 (0.7) 47/a, 58 (1.4) 56/a, 65 (0.0) 63/a,

141 (5.2) 135/a, 142 (29.2) 136/a, 184 (41.5) 176/a, 322 (145.1) 309/a, 380 (172.9) 364/a, 410 (0.4) 393/a, 411 (0.5) 393/a,

412 (0.5) 395/a, 415 (3.1) 397/a, 421 (16.5) 403/a, 477 (75.5) 456/a, 607 (55.4) 581/a, 619 (0.1) 593/a, 620 (0.3) 594/a,

620 (0.1) 594/a, 621 (8.3) 595/a, 700 (16.9) 670/, 702 (11.3) 672/a, 715 (66.7) 684/, 718 (183.2) 688/a, 748 (20.3) 716/a,

883 (0.4) 846/a, 884 (0.6) 847/a, 892 (6.2) 854/a, 895 (0.7) 857/a, 997 (3.4) 955/a, 999 (3.7) 957/a, 1004 (2.1) 961/a,

1004 (2.2) 962/a, 1007 (0.2) 964/a, 1007 (0.1) 965/a, 1017 (0.0) 974/a, 1019 (0.0) 976/a, 1030 (0.1) 986/a, 1031 (0.3) 987/a,

1054 (5.7) 1009/a, 1055 (4.3) 1010/a, 1057 (2.8) 1012/a, 1058 (3.8) 1013/a, 1154 (125.5) 1105/a, 1178 (0.6) 1128/a,

1179 (0.1) 1129/a, 1198 (0.0) 1147/a, 1200 (0.1) 1149/a, 1201 (0.9) 1150/a, 1201 (0.4) 1150/, 1332 (0.6) 1276/a, 1334 (0.6) 1277/a,
1383 (0.0) 1324/a, 1383 (0.0) 1324/, 1506 (7.1) 1442/, 1507 (11.2) 1442/a, 1507 (8.9) 1443/a, 1508 (18.3) 1444/a,

1607 (10.0) 1539/a, 1620 (13.5) 1551/a, 1622 (14.0) 1553/a, 1624 (22.4) 1555/a, 1626 (0.6) 1557/a, 1630 (7.9) 1560/a,

1749 (69.7) 1675/a, 2432 (2004.3) 2329/a, 3164 (0.4) 3030/a, 3164 (0.5) 3030/a, 3170 (0.2) 3035/a, 3175 (0.1) 3040/a,

3178 (0.1) 3043/a, 3179 (0.6) 3044/a, 3186 (4.2) 3050/a, 3187 (9.7) 3052/a, 3192 (4.8) 3056/a, 3193 (2.4) 3057/, 3199 (16.3) 3063/a,
3199 (1.1) 3063/a, 3245 (1893.2) 3107/a, 3326 (921.1) 3185/a, 3781 (47.8) 3620/a, 3873 (211.8) 3709/a.
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BW-2, 2 isomer-b (bz,-HsO,)" (benzenes are in “trans” position) DFT

State: *A(Cy) Total Energy = -617.9092657 AE=+14
B.E.? = E (complex)-E (H30"+H,0+2*bz) = 61.0 D.E” (bz) = 9.3
-
2.300
1.218 /108.3
. 0.9%) ‘1.182( o
& 0966

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

1(2.8) 1/a, 9 (3.7) 9/a, 19 (0.8) 18/a, 22 (2.0) 21/a, 27 (0.6) 26/a, 40 (5.9) 38/a, 46 (4.3) 44/a, 57 (4.7) 55/a, 61 (12.8) 59/,
121 (275.4) 116/a, 149 (2.3) 142/a, 197 (73.6) 188/a, 294 (42.7) 281/a, 401 (135.6) 384/a, 410 (0.6) 393/a, 411 (3.0) 394/a,

413 (0.4) 396/a, 420 (54.5) 402/a, 524 (87.8) 502/a, 565 (169.3) 541/a, 611 (52.7) 585/a, 619 (0.3) 593/a, 620 (0.1) 593/a,

620 (0.5) 593/a, 621 (0.0) 594/a, 657 (51.7) 629/a, 703 (4.4) 673/a, 705 (0.3) 675/a, 720 (368.3) 689/a, 721 (34.3) 690/a,

882 (400.8) 844/a, 885 (24.1) 847/, 889 (142.9) 851/a, 892 (0.7) 854/, 941 (2701.2) 901/, 1000 (1.8) 958/a, 1003 (0.3) 960/a,

1003 (1.8) 961/a, 1005 (39.7) 962/, 1006 (0.4) 964/a, 1008 (125.2) 965/a, 1017 (2.1) 974/a, 1020 (1.4) 976/a, 1029 (0.4) 986/a,

1030 (0.4) 986/a, 1054 (3.5) 1009/a, 1055 (12.7) 1010/a, 1056 (10.4) 1011/a, 1057 (4.3) 1012/a, 1179 (0.3) 1129/a, 1179 (0.2) 1129/a,
1199 (0.1) 1148/a, 1200 (0.2) 1149/a, 1200 (0.5) 1149/a, 1201 (0.2) 1150/a, 1329 (0.7) 1273/, 1330 (2.6) 1273/a, 1383 (0.0) 1324/a,
1383 (0.0) 1324/a, 1429 (97.4) 1368/a, 1505 (12.9) 1441/a, 1506 (10.8) 1442/, 1507 (16.5) 1443/a, 1507 (16.7) 1443/a,

1575 (570.2) 508/a, 1619 (0.2) 1551/a, 1620 (0.4) 1552/a, 1624 (3.7) 1555/a, 1624 (1.4) 1555/a, 1671 (17.9) 1600/a,

1729 (931.5) 1655/a, 3161 (0.0)3026/a, 3165 (0.0) 3031/a, 3170 (0.6) 3035/a, 3174 (0.9) 3039/a, 3174 (0.1) 3040/a, 3175 (0.2) 3040/a,
3184 (4.7) 3049/a, 3185 (6.0) 3050/a, 3186 (4.8) 3051/a, 3189 (4.9) 3053/a, 3196 (1.9) 3061/a, 3196 (0.8) 3061/a,

3371 (1490.8) 3228/, 3421 (757.8) 3276/a, 3804 (118.6) 3642/a, 3834 (122.7) 3671/a.
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BW-2, 2-Ar isomer-a (bz,-HsO,Ar)" (benzenes are in “cis” position, Argon on the other OH) DFT
State: *A(Cy) Total Energy = -1145.466415 AE =+0.0

B.E.? = E (complex)-E (H30"+H,0+2*bz+Ar) = 63.0 D.E° (Ar)=0.6

-

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

-12 (0.1) -12/a, 13 (0.3) 12/a, 19 (0.3) 18/a, 24 (2.5) 23/a, 27 (0.4) 25/a, 29 (0.5) 28/a, 34 (0.8) 32/a, 48 (0.5) 46/a, 50 (0.4) 48/a,
58 (2.1) 56/a, 72 (0.6) 69/a, 84 (13.0) 80/, 132 (8.8) 126/a, 175 (41.5) 167/a, 240 (32.7) 230/a, 366 (90.3) 351/a, 410 (3.7) 392/a,
410 (2.6) 393/a, 412 (0.2) 395/a, 415 (1.2) 398/a, 426 (205.9) 408/a, 439 (15.5) 420/a, 478 (78.3) 457/a, 616 (15.5) 590/a,

619 (0.1) 593/a, 620 (0.0) 593/a, 620 (0.0) 594/a, 628 (47.4) 602/a, 700 (11.4) 670/a, 702 (6.7) 672/a, 717 (70.3) 686/a,

718 (192.3) 687/a, 748 (25.2) 716/, 884 (0.2) 846/a, 885 (0.4) 847/a, 892 (4.5) 855/a, 894 (1.3) 856/a, 999 (3.9) 956/a,

1000 (4.3) 958/a, 1004 (0.9) 961/a, 1005 (2.3) 962/a, 1007 (0.1) 964/, 1008 (0.1) 965/a, 1015 (0.1) 972/a, 1018 (0.0) 975/a, 1030
(0.1) 986/, 1031 (0.1) 987/a, 1054 (4.9) 1009/a, 1055 (4.9) 1010/a, 1057 (3.3) 1012/a, 1057 (3.8) 1012/a, 1178 (7.3) 1128/a,
1179 (2.8) 1129/a, 1184 (109.6) 1133/a, 1197 (0.6) 1146/a, 1200 (0.4) 1149/a, 1201 (3.0) 1150/a, 1201 (1.7) 1150/a,
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1332 (0.7) 1275/a, 1333 (0.4) 1277/a, 1382 (0.0) 1324/a, 1383 (0.0) 1324/a, 1506 (8.1) 1442/a, 1506 (9.3) 1442/a,

1507 (9.4) 1443/a, 1508 (20.0) 1444/a, 1588 (39.1) 1521/a, 1619 (13.2) 1550/a, 1622 (4.1) 1553/a, 1623 (9.3) 1554/a,
1626 (1.0) 1557/a, 1628 (6.5) 1559/a, 1765 (108.6) 1690/a, 2220 (2194.0) 2125/a, 3162 (1.1) 3028/a, 3164 (0.3) 3030/a,
3166 (0.4) 3032/a, 3175 (0.0) 3040/a, 3179 (0.1) 3044/a, 3180 (0.1) 3045/a, 3185 (3.8) 3050/a, 3187 (6.1) 3052/a,

3192 (4.7) 3056/a, 3194 (3.0) 3058/a, 3198 (0.5) 3062/a, 3199 (5.1) 3063/a, 3271 (1597.1) 3132/a, 3412 (918.0) 3267/a,
3741 (72.6) 3582/a, 3829 (461.6) 3666/a.
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BW-2, 2-Ar (bz,-HsO,Ar)* (benzenes are in “trans” position, Argon on the other OH) DFT
State: *A(Cy) Total Energy = -1145.4649879 AE =+0.9

B.E.? = E (complex)-E (H30"+H,0+2*bz+Ar) = 62.1 D.E° (Ar)=1.2

& ‘
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Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

10 (0.3) 10/a, 11 (0.5) 10/a, 14 (1.4) 14/a, 19 (1.5) 18/a, 20 (0.4) 19/a, 26 (0.2) 25/a, 28 (3.4) 26/a, 46 (0.4) 44/a, 48 (4.0) 46/a,
62 (2.4) 59/a, 64 (7.4) 61/a, 78 (6.3) 74/a, 136 (109.9) 130/a, 153 (27.6) 146/, 260 (71.5) 249/a, 340 (75.8) 326/a,

410 (2.3) 393/a, 411 (1.0) 393/a, 413 (1.0) 395/a, 413 (0.2) 395/a, 491 (124.3) 470/a, 521 (63.4) 499/a, 562 (149.4) 538/a,

611 (91.5) 585/a, 620 (0.1) 593/a, 620 (0.1) 594/a, 620 (0.2) 594/a, 622 (9.8) 595/a, 672 (41.0) 644/a, 703 (0.1) 673/a,

703 (4.9) 673/a, 717 (244.9) 687/, 723 (107.5) 692/a, 884 (25.3) 846/a, 885 (1.3) 847/a, 888 (87.0) 850/a, 892 (3.2) 854/a,
995 (450.9) 953/a, 1001 (59.8) 959/a, 1003 (3.6) 960/a, 1004 (1.5) 962/a, 1005 (6.8) 962/a, 1006 (0.9) 963/a, 1017 (2.2) 974/,
1018 (2.0) 975/a, 1029 (0.3) 985/a, 1030 (24.3) 986/a, 1040 (1775.9) 995/a, 1056 (6.0) 1011/a, 1057 (1.0) 1012/a,

1057 (5.8) 1012/a, 1061 (584.6) 1015/a, 1179 (0.2) 1129/a, 1179 (0.1) 1129/a, 1199 (0.6) 1148/a, 1200 (1.3) 1149/a,

1200 (0.1) 1149/a, 1201 (0.5) 1150/a, 1332 (1.4) 1275/a, 1332 (0.3) 1276/a, 1383 (0.0) 1324/, 1383 (0.0) 1324/a,

1423 (334.5) 1362/a, 1507 (13.1) 1443/a, 1507 (10.0) 1443/a, 1507 (15.9) 1443/a, 1508 (14.1) 1444/a, 1571 (97.6) 1504/a,
1623 (0.4) 1554/a, 1623 (0.5) 1554/a, 1625 (1.8)1556/a, 1626 (0.8) 1557/a, 1684 (10.2) 1613/a, 1731 (879.3) 1658/a,
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3166 (0.0) 3032/a, 3167 (0.0) 3033/a, 3176 (0.3) 3041/a, 3176 (0.1) 3041/a, 3177 (0.2) 3042/a, 3177 (0.1) 3042/a,
3188 (3.9) 3053/a, 3189 (5.3) 3053/a, 3190 (6.4) 3054/a, 3191 (6.8) 3055/a, 3198 (0.8) 3062/a, 3199 (1.1) 3063/a,
3379 (1204.6) 3235/a, 3447 (861.4) 3300/, 3756 (363.1) 3596/, 3830 (104.7) 3667/a.
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BW-3, 2 (bz3-H502)+ DFT
State: *A(Cy) Total Energy = -850.2350923 AE=0.0

B.E.? = E (complex)-E (H30"+H,0+3*bz) = 70.1 D.E® (bz) = 7.7

2179
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v .
Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

10 (0.2) 10/a, 13 (0.3) 12/a, 14 (0.2) 14/a, 17 (0.1) 17/a, 18 (0.1) 18/a, 24 (1.0) 23/a, 29 (0.6) 27/a, 31 (0.2) 30/a, 37 (0.8) 36/,
42 (0.3) 40/a, 44 (1.0) 42/a, 52 (2.5) 50/a, 61 (0.5) 58/a, 90 (4.1) 86/a, 105 (10.3) 100/a, 135 (18.9) 129/a, 178 (37.3) 170/a,
202 (34.2) 194/a, 366 (90.8) 350/a, 409 (0.9) 392/a, 410 (0.2) 393/a, 412 (11.1) 394/a, 412 (1.7) 394/a, 412 (0.7) 395/a,

412 (0.6) 395/a, 422 (114.0) 404/a, 461 (62.0) 441/a, 505 (20.9) 483/a, 593 (34.5) 568/a, 620 (0.1) 594/, 620 (0.2) 594/a,
620 (0.0) 594/a, 621 (0.1) 594/a, 621 (0.2) 594/a, 621 (0.1) 595/a, 694 (106.8) 665/a, 704 (4.2) 674/a, 705 (6.9) 675/a,

707 (25.8) 677/a, 711 (137.5) 681/a, 718 (52.5) 688/a, 729 (135.6) 698/a, 879 (0.2) 842/a, 881 (0.6) 844/, 882 (0.1) 844/a,
884 (1.2) 847/a, 890 (8.2) 852/a, 892 (5.0) 854/, 996 (1.7) 954/a, 1000 (0.5) 958/a, 1000 (1.6) 958/a, 1003 (0.1) 960/a,

1004 (0.1) 961/a, 1005 (4.5) 962/a, 1005 (0.3) 962/a, 1005 (4.8) 962/a, 1006 (0.1) 963/a, 1016 (0.0) 973/, 1018 (0.0) 975/a,
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1020 (0.0) 976/a, 1028 (0.0) 985/a, 1029 (0.1) 985/a, 1029 (0.0) 986/a, 1056 (5.5) 1011/a, 1056 (1.2) 1011/a, 1056 (8.7) 1011/a,

1057 (2.7) 1013/a, 1058 (3.8) 1013/a, 1058 (8.1) 1013/a, 1178 (0.1) 1127/a, 1178 (0.1) 1128/, 1179 (0.2) 1129/a, 1198 (0.4) 1148/a,
1199 (0.1) 1148/a, 1200 (0.0) 1149/a, 1200 (0.1) 1149/a, 1200 (0.1) 1149/a, 1201 (0.0) 1150/a, 1268 (103.3) 1214/a, 1332 (0.1) 275/a,
1333 (0.9) 1277/a, 1334 (0.5) 1278/, 1382 (0.0) 1324/a, 1383 (0.0) 1324/a, 1383 (0.0) 1324/, 1506 (8.1) 1442/a, 1507 (4.1) 1443/a,
1507 (9.9) 1443/a, 1508 (13.9) 1444/a, 1508 (1.6) 1444/a, 1509 (15.1) 1445/a, 1561 (146.0) 1495/a, 1620 (51.9) 1551/a,

1624 (1.2) 1555/a, 1624 (0.3) 1555/a, 1625 (0.3) 1556/a, 1626 (1.8) 1557/a, 1628 (0.6) 1558/a, 1634 (58.8) 1564/a,

1679 (27.1) 1608/a, 2140 (3384.2) 2049/a, 3164 (0.2) 3030/a, 3165 (0.2) 3031/a, 3166 (0.0) 3032/a, 3174 (0.1) 3039/a,

3176 (0.6) 3041/a, 3176 (0.4) 3041/a, 3176 (0.1) 3041/, 3177 (0.1) 3042/a, 3178 (0.8) 3043/a, 3187 (7.9) 3052/a, 3188 (7.5) 3052/a,
3188 (3.6) 3052/a, 3190 (8.3) 3055/a, 3191 (7.0) 3055/, 3192 (10.3) 3056/a, 3198 (0.1) 3062/a, 3199 (2.3) 3063/a, 3200 (2.0) 3064/a,
3356 (1432.4) 3214/a, 3367 (1168.7) 3224/a, 3645 (471.2) 3490/a, 3845 (74.6)3 682/a.
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BW-4, 2 isomer-a (bz,-HsO,)" DFT
State: *A(Cy) Total Energy = -1082.5554622 AE =0.0

B.E.? = E (complex)-E (Hs0*+H,0+4*bz) = 75.8 D.E® (bz) =5.7

Unscaled Frequency (Intensity) Scaled Frequency /Symmetry of vibration

-8 (0.5) -7/a, -3 (0.0) -3/a, 11 (0.2) 11/a, 18 (0.2) 17/a, 19 (0.0) 18/a, 20 (0.2) 19/a, 22 (0.3) 21/a, 25 (0.9) 24/a, 28 (1.2) 27/a,

31 (0.5) 30/a, 32 (0.1) 30/a, 32 (0.4) 31/a, 34 (0.1) 32/a, 36 (0.1) 35/a, 39 (0.1) 37/a, 43 (3.3) 41/a, 47 (0.2) 45/a, 53 (5.8) 51/a,

59 (0.4) 57/a, 98 (25.0) 94/a, 114 (45.1) 109/a, 149 (13.5) 143/a, 164 (26.5) 157/a, 385 (24.9) 369/a, 409 (3.4) 392/a, 410 (1.6) 392/a,
410 (0.2) 393/a, 411 (6.3) 394/a, 412 (9.6) 395/, 412 (1.4) 395/a, 414 (10.1) 396/a, 414 (1.3) 397/a, 425 (100.8) 407/a,

446 (110.6) 427/a, 516 (250.6) 495/a, 583 (79.6) 558/a, 607 (7.7) 581/a, 620 (0.3) 594/a, 621 (0.0) 594/a, 621 (0.2) 595/a,
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621 (0.1) 595/a, 622 (0.2) 595/, 622 (0.2) 595/, 622 (0.4) 595/a, 622 (0.1) 596/a, 647 (24.7) 620/a, 704 (112.1) 674/a,

704 (107.9) 674/a, 705 (122.3) 675/a, 707 (18.8) 677/a, 710 (96.0) 680/a, 711 (83.7) 680/a, 711 (74.8) 681/a, 715 (14.0) 685/,

875 (0.4) 838/a, 875 (0.7) 838/a, 877 (3.1) 840/a, 879 (0.1) 842/a, 882 (11.7) 845/a, 882 (6.0) 845/a, 885 (5.1) 848/a, 886 (6.9) 848/a,
995 (6.3) 952/a, 996 (13.9) 954/a, 996 (3.7) 954/, 998 (5.3) 955/a, 1001 (1.4) 958/a, 1001 (0.1) 959/a, 1002 (0.7) 959/,

1003 (0.3) 960/a, 1005 (37.6) 962/a, 1006 (2.4) 963/a, 1006 (2.6) 963/a, 1007 (0.1) 964/a, 1017 (0.2) 974/a, 1018 (0.0) 974/a,

1018 (0.0) 975/a, 1019 (0.1) 975/a, 1027 (0.2) 984/a, 1028 (0.2) 984/a, 1028 (0.1) 984/a, 1029 (0.1) 985/a, 1056 (36.4) 1011/a,

1056 (5.2) 1012/a, 1057 (2.4) 1012/a, 1057 (4.3) 1012/a, 1058 (4.6) 1013/a, 1058 (2.0) 1013/a, 1058 (5.2) 1013/a, 1059 (6.4) 1014/a,
1168 (2836.6) 1118/a, 1177 (8.7) 1127/a, 1177 (0.5) 1127/a, 1177 (0.2) 1127/a, 1178 (25.9) 1128/a, 1198 (4.8) 1147/a,

1198 (8.9) 1147/a, 1199 (0.5) 1148/a, 1199 (2.6) 1148/a, 1199 (3.5) 1148/a, 1199 (6.7) 1149/a, 1200 (2.1) 1149/, 1200 (14.0) 1149/a,
1334 (1.6) 1277/a, 1334 (0.9) 1278/, 1335 (1.8) 1278/a, 1335 (2.4) 1278/a, 1382 (0.0) 1323/, 1382 (0.0) 1323/a, 1382 (0.0) 1323/a,
1382 (0.0) 1324/a, 1415 (157.7) 1355/a, 1508 (8.2) 1444/a, 1508 (5.5) 1444/a, 1508 (14.6) 1444/a, 1508 (6.1) 1444/a,

1509 (13.8) 1445/a, 1509 (13.9) 1445/a, 1509 (10.7) 1445/a, 1510 (10.6) 1446/a, 1587 (158.1) 1519/, 1625 (0.2) 1556/,

1626 (0.3) 1556/a, 1626 (0.1) 1557/a, 1627 (0.1) 1558/a, 1627 (1.6) 1558/a, 1628 (0.4) 1559/a, 1629 (1.6) 1560/a,

1629 (0.6) 1560/a, 1675 (6.9) 1604/a, 1761 (910.6) 1686/a, 3161 (0.5) 3027/a, 3161 (0.5) 3027/a, 3162 (0.1) 3028/a,

3164 (0.2) 3030/a, 3171 (0.2) 3037/a, 3172 (0.4) 3037/a, 3173 (0.3) 3038/a, 3175 (0.4) 3040/a, 3175 (0.5) 3040/a,

3175 (0.5) 3040/a, 3176 (0.4) 3041/a, 3177 (0.8) 3042/a, 3185 (13.3) 3050/a, 3185 (7.1) 3050/a, 3186 (7.2) 3050/a,

3188 (7.8) 3052/a, 3188 (10.1) 3053/a, 3189 (11.3) 3054/a, 3190 (8.3) 3055/a, 3191 (12.2) 3055/a, 3197 (1.3) 3061/a,

3197 (0.5) 3061/a, 3198 (1.0) 3062/a, 3199 (1.1) 3063/a, 3457 (550.0) 3310/a, 3483 (1525.9) 3335/a, 3565 (330.0) 3414/a,

3610 (1169.8) 3457/a.
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Table S1: Computed binding energies and relative energies (with respect to the most stable isomer) of (benzene)H*(H,0)nAry
complexes in kcal/mol. Calculations are done with MP2 and/or B3LYP levels of theory with 6-311+G (d, p) basis set. Energies are
not ZPVE or BSSE corrected.

DFT MP2
Complex B.E. AE B.E. AE
BW-1, 1 isomer-a (bz-H30)" 25.0 +3.5 28.7 0.0
BW-1, 1 isomer-b (bzH-H,0)" 11.4 0.0 13.6 +6.2
BW-1, 1-Ar isomer-a (bz-HzO-Ar)" 27.0 +1.9 32.3 0.0
BW-1, 1-Ar isomer-b (bzH-H,O-Ar)" 11.8 0.0 155 +7.8
BW-1, 2 isomer-a (bz-Hs0,) * 51.7 0.0 56.5 0.0
BW-1, 2 isomer-b (bzH-H,04)" 20.8 +13.7 23.2 +24.3
BW-1, 2-Ar isomer-a (bz-Hs0,-Ar)” 52.8 0.0 59.2 0.0
(Argon is “cis” to benzene)
BW-1, 2-Ar isomer-b (bz-HsO»-Ar)* 52.5 +0.3 57.7 +1.5
(Argon is “trans” to benzene)
BW-1, 3 isomer-a (bz-H;03)" 72.7 0.0 -- --
BW-1, 3 isomer-b (bzH-HgO3)" 34.6 +21.0 -- --
BW-1, 4 isomer-a (bz-HyO4)" 89.0 0.0 -- --
BW-1, 4 isomer-b (bzH-HgO4)" 46.9 +25.0 -- -
BW-2, 1 isomer-a (bz,-Hz0)" 41.1 0.0 -- --
BW-2, 1 isomer-b (bz,H-H,0)" 17.3 +6.6 -- --
BW-2, 2 isomer-a (bz,-Hs0,)" bz-cis 62.4 0.0 -- --
BW-2, 2 isomer-a (bz,-Hs0,)* bz-trans 61.0 +1.4 -- --
BW-3, 1 isomer-a (bzz-H30)" 51.7 0.0 -- --
BW-3, 1 isomer-b (bzzH-H,0)" 22.0 +12.6 -- -
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Figure S1. B3LYP/6-311+G (d, p) predicted spectra for two isomers of (bz)H*(H,O)Ar. Top trace shows the experimental infrared
spectrum.
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Figure S2. DFT-B3LYP and MP2/6-311+G (d,p) predicted spectra corresponding to various isomers of (bz)H*(H,O)Ar. Upper trace
shows the experimental infrared spectrum.
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Figure S3. Comparison of predicted spectra of two different isomers of bzH"(H,0),Ar calculated in DFT with the observed
experimental spectrum.
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Figure S4. Comparison of predicted spectra of two different isomers of bzH"(H,O),Ar calculated in MP2 level of theory. Upper trace

shows the observed experimental spectrum.
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Figure S5. Comparison of predicted spectra of two different isomers of bz,H"(H,0),Ar calculated in DFT-B3LYP level of theory.
Upper trace shows the observed experimental spectrum.
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Figure S6. Comparison of observed and predicted spectra for the (bz)H*(H,0)s complex. Bottom two traces show DFT predicted
spectra for two isomers of (bz)H"(H,0)s comparing the observed infrared spectrum (second trace from the top). Upper trace shows
the infrared spectrum of H*(H,0)sAr complex to compare with the spectrum of (bz)H"(H,0)3 complex.
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Figure S7. Comparison of observed and predicted spectra for the (bz)H"(H,0), complex. Bottom two traces show DFT predicted
spectra for two isomers of (bz)H"(H,0), comparing the observed infrared spectrum (second trace from the top). Upper trace shows
the infrared spectrum of H*(H,0)4Ar complex to compare with the spectrum of (bz)H*(H,0)4 complex .
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Figure S8. Comparison of observed and predicted spectra for the (bz),(H30) * Ar complex with and without the argon atom. Bottom
trace shows predicted spectrum without the argon and middle one shows the spectra for the structure with the argon.
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Figure S9. Comparison of observed and predicted spectra for the (bz)s(H3z0) complex.
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Figure S9. Comparison of observed and predicted spectra for the (bz)3(H,0), complex.
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