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Abstract

The work presented in this thesis focuses on ashaiyy which type of non covalent
interactions (H-bond orz-bond) are present in phefdl.Ar, (n=2-6) and
phenof”...CH, clusters. The experimental investigation on thelssters has been
performed using resonance enhanced multiphotorsation (REMPI), zero electron
kinetic energy (ZEKE), photoionisation efficiencRlE) and mass analysed threshold
ionisation (MATI) spectroscopy.

A REMPI spectroscopy investigation on phenol. .. A=2-6) suggests a structure for
these clusters where the argon atoms are locatdtesame side of the aromatic ring.

Analysis of the MATI spectra of pheral.Ar, provides a value for the ionisation

energy (IE) (6828845 ci) and the long progression in the bmode indicates a strong

change of the geometry upon ionisation suggeshagthe Ar atoms are more attracted
toward the OH group of phenol.

The dissociation threshold for the loss of one argtom of phendl..Ar, has been
obtained using PIE/MATI spectroscopy. This valu@1® cm') is significantly lower
than the dissociation energy for the loss of om@mratom from phendl..Ar (535
cm?). This can explained if a—H isomerisation process occurs upon ionisation. A
similar value (~190 cff) has been found for the dissociation thresholdtlierloss of
one argon atom from phenal Ars. The entire dissociation process for this cluster
also be explained by taking into account-aH isomerisationAnalysis of the various
dissociation thresholds observed result in bindamgrgies of H-bound Ar ligand,
Do(H)=870 cm® andxn-bound Ar ligand,x)=535 cni* for phenol...Ar, which arein
good agreement with the best available theoretiglies BR(H)=946 cm' and
Do(m)=542 cni', respectively.

A very surprising value (~810 ¢hh has been obtained for the dissociation energy for
the loss of four argon atoms from phénolr,. This value is even lower than the
dissociation energy for the loss of two argon atdrsn phenol...Ar, (1115 cn).
This surprising measurement is explained by prowpsi structure for phenol.Ar,
where all argon atoms are located on the sameddidlee ring in a tetrahedron-like
structure.

Finally, the REMPI spectrum of phenol...¢kevealed that the origin transition<SS,

is red-shifted by 61 cthcompared to the origin of the phenol monomer. Taisie is
similar to the red-shift found for phenol...Ar (33 ¢nand confirms the geometrical
similarity between argon and methane in these akalusters. Additionally, a further
investigation on phenbl..CH,4 cation demonstrates that while this cluster adapts
bound geometry in the neutral and first excitetestaan—H isomerisation occurs upon
ionisation, similar to phenal..Ar, (n= 2-3) clusters.
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Chapter 1

Introduction

Non-covalent interactions play an important role nmany chemical and biological
phenomena. First, they are involved in solvatiorocpsses where an adequate
description of how the nature and the number of sblvent molecules affect the
interaction with the solute is still a challengimgoblem. Second, non-covalent
interactions govern the structure of biomacromdiexisuch as DNA, RNA, peptides
and proteins. For example, the double-helical stirecof DNA, which is fundamental
for the transfer of genetic information, is maimye to the interactions between the
nucleic acid bases. These bases are polar, arornaterocycles bonded by non-
covalent interactions: planar H-bonds and bonds, resulting in two structural motifs,
planar H-bonding and-stacking. In particular, very accurate calculasiamowed that
stacking stabilisation energies are comparablédse of strong H-bondin? Third,
non-covalent interactions are responsible for md&crecognition processes, where a
high accuracy and selectivity is crucial for thernfation of biomacromolecules.
Additionally, non-covalent interactions play a Vitale not only in the microscopic but
also in the macroscopic world. It was discovereat ttven a quite heavy and large
animal such as a gecko can support its body weighd vertical surface and is able to
move with surprising facility even on vertical flaglass, using the non covalent

interactions between the hairs located under thedied the surfack.
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The study of non-covalently bound complexes hasactd the attention of many
research groups because they represent a simplaetyp® for the more complicated
chemical and biological systems mentioned befohes& complexes are characterised
by large bond lengths and low bond energies. Thia m@sequence of the low bond

strength is the appearance of low intermolecularational frequencies.

Extensive cooling of the molecular cluster is ammaiquisite for spectroscopic studres.
The invention of molecular beams produced by skingma continuous or pulsed
supersonic jet enabled molecules and clusters tosuféciently cooled. Using
microwave spectroscopy, it was then possible tdyaaalusters such as Ne...HCN and
the HF dimef Rotationally resolved spectra of smaller clustarere subsequently
obtained employing IR laser spectrosc8he investigation of exited states was made
possible by using laser induced fluorescence spmmpy (LIFJ and resonance
enhanced multiphoton ionisation (REMPI(normally R2PI). However, it was only
with the development of high-resolution laser spstopic methods such as zero
kinetic photoelectron spectroscopy (ZEKEand mass analysed threshold ionisation
spectroscopy (MATIF that it was possible to achieve vibrationally teed spectra in

the cationic ground state of clustéfs.

Unlike traditional photoelectron spectroscopy, ¢heschniques offer sufficient spectral
resolution to allow the identification of the lowe§uency intermolecular modes that
characterise the van der Waals potential energgirWithin their original concept of
ZEKE photoelectron spectroscopythreshold electrons are created under field-free

conditions and then after a small delay extracteidguan electrical field. During the
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waiting time kinetic electrons move into all dinects while zero kinetic energy
electrons are localized in the ionisation regioA. pulsed field ionisation (PFj*®

variant of the original ZEKE technique is commonised for the studies of cationic
systems. A further improvement in the ZEKE speciopy resolution can be achieved

when the fractional Stark state selective fieldsation (FSSFI) scheméis used.

MATI spectroscopy offers the advantage of masscteity,'* however compared to
ZEKE, MATI spectra generally display consideraldyer resolution. To overcome to
this issue a more complicate detection scheme @agmed in the high resolution MATI

spectroscopy®

At the same time, the amelioration ab initio calculations can simplify the
assignment and the interpretation of spectroscomsults offering additional

information on the interactions and structures &efbn molecular clusters.

More recently, complexes studied in Helium nanobhtsprepresents a very novel
method which has been object of many stutflesdelium droplets provide a matrix
which is particularly suitable for the spectroseojmvestigation of van der Waals
clusters’?*The kinetic and internal energy of each moleculeatmm as well as the
binding energy released by complexation are digsipanto the helium droplét.
Consequently, the aggregates inside helium dropletsreach a temperature of 0.38
K24,25

contributing to the observation of free moleculatation and extremely narrow

ro-vibrational spectral line$®
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It is also worth to mention the significant incramh@f experiments of time-resolved
photoelectron spectroscopy (TRPES) which are giargignificant contribution to the
study of molecular clustefé.The first example of a particularly powerful apglion of
this technique on clusters can be found in Syageisles®®?° It was demonstrated that
picosecond TRPES could be employed to follow reactind salvation dynamic within
clusters. This experiment was applied to excitategproton transfer in phenol...(NH
clusters. It was found that a proton transfer ®gblvent molecules occurs, resulting in
a PhO...H"(NHxs), transient species in which the Blifholecules rearrange to better
solvate the proton. A picosecond TRPES experimexs employed to investigate the
dynamics of competition between H-bonding amdtacking in phendl..Ar,.3%3!
Furthermore, the recent development of high-poventésecond laser has largely

facilitated TRPES experiment obtaining new intengstdiscovers on dynamics in

clusters®?

Several groups have now investigated moleculateisi®f biological interest in the gas
phase using the infrared depletion technitjié:for example the guanine...cytosine
cluster has been investigated using IR depletiddjng new vibrational information

compared with previously electronic excitation gpet*°

Among non-covalently bound complexes, clusters lwvimg aromatic molecules have
attracted a very large interest. From a spectroscppint of view, they contain a
suitable chromophore since theixSS, and S, transitions are normally situated in
the near-UV region. In particular, the vibratioyalésolved spectra of aromatic noble
gas complexes provide important information for enstending intermolecular

forces®” 38
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Complexes constituting of benzene and a noble was &s argon were subjects of many
experimentaf and theoreticAf*! investigations. From rotationally resolved UV
spectroscopy”* it was possible to establish the structure inribatral $ state: the
noble gas atom is located above the aromatic riRgbm the analysis of ZEKE and
MATI** spectra it was found that the ionisation of beezeAr does not lead to a

significant increase in the binding energy of thgoa atom.

The analysis of non-covalent interactions becomesenmnteresting and challenging
when clusters containing substituted aromatic moéscare considered. The presence
of a substituent electron-donor (i.e. -j)HOH) or electron acceptor (i. e. -F, -Cl) is the
reason for the significant change in the interadibetween the aromatic ring and the
noble gas atom. In particular, aromatic systemgnigaa substituent such as -MNH@r -
OH can offer two principal binding sites: bonding the substituent and van der Waals
bonding with the aromatia-system f-bond). From the spectroscopic analysis of
clusters containing one argon atom and mono-substitaromatic molecules of the
type GHsX (X=F,**° CI,*” OH® NH,"®) and for di-substituted molecules of the type
CeHaX> (X=CI,*® F*% |, n-binding above-ring was also observed. However ctienge
from benzene to substituted benzene derivativesesaan increase in the intensity of
the intermolecular bending vibrations during exota to the $ state as well during
ionisation?’ In particular for all these systems a red-shiftws for the transition

energy into the first electronically excited st&eas well for the ionisation energy.

This phenomena seems to be not valid for N-Butytkee...Ar (BB..Ar)>>**While the

excitation energies for the first electronicallyce®d state Sare red-shifted compared



Chapter 1 20

to the monomer, for BB...Ar clusters with the BB ommhers anti-; blu-shifted
excitation energies were observed for BB...Ar clusteith the BB conformers

gauche-. This was explained considering that the enhancédhctive interaction
between the alkyl chain and the aromatic ring mghucheconformer in the Sstate
has been decreased by the argon atom. At the saradhis supported that the argon
atom is located in the same side of the aromatig where the alkyl chain bends

towards.

Aniline...Ar and phenol...Ar have been object of manypedroscopic and
computational studie’sA clear description of the structure of phenol..was obtained
from high-resolution laser induced fluorescenceFjldpectroscopy’ This is consistent
with recent high-levehb initio calculations at the CCSD(T)/CBS levélhich indicate
that ther-bound structure is indeed the global minimum & & state, whereas the H-
bound structure is only a transition state. Theatigtion processes of aniline...Ar and
phenol...Ar were investigated by using MATI spectagsg obtaining very accurate

values for the dissociation energetit:s®

If more than one argon atom is part of the aroonatister then the number of possible
additional configurations increases drasticallye Tise ofb initio calculations for these

clusters requires a very high computational cost te accuracy is largely reduced,
affecting the facilities of determining conclusiidormation regarding geometry and

stability of the systems under study.

A very datelined spectroscopic analysis of theiamil.Ar, ( n>1) clusters can be found

in many publicationg® In particular, recently Gu and Knee investigatesl dissociation
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process for aniline...Arobserving that upon ionisation one of the two argdéoms
moves to the hydrogen—-bonded Si&tructural knowledge has also been obtained for
the large size aniline...Ar(n=7-35) considering the local arrangement of theofrg

atoms>’

The investigation of the non-covalent interactioecdimes in equal way interesting
when clusters containing aromatic systems and simmallecules are considered. In this
case, the type of molecule has a relevant effethemeometries adopted in the cluster.
Spectroscopic investigation reveals that in conttas‘spherical molecules’ (e. g.
CH,>®*% which prefer an-bond interaction with the phenol in the groundcetenic
state g, molecules with dipole and /or quadrupole momeetsg. CO° and N

favour H-bonds to the acid proton of phenol.

In this thesis a spectroscopic analysis (perfornusthg R2PI, PIE and MATI
spectroscopy) is extended to the higher clusterspbénol...Ar (n=2-6) and
phenol...CH. The work presented in this thesis further condirthat the electronic
spectra of aromatic molecules such as benzene tanderivates are significantly
sensitive to the chemical environment. Mass sdlectasters, therefore, provide an

ideal testing ground for understanding size selecplvation.

In details, a description of the experimental gpelcsroscopic techniques used to obtain
the spectra in this thesis is reported in Chapten@ 3. In Chapter 4 the spectroscopic
results from the cation state are able to deternhiaesibrational modes frequencies and
ionisation energy for phenol.Ar,. The energetics for the dissociation processHer

loss of one and two argon atoms from phé&nghr, are explained in Chapter 5,
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focusing on the change of location of one Argormmatmoving from a site close the
aromatic ring to a site in proximity of the hydrogef the substituent O-Hr{-H
isomerisation) which occurs upon ionisation. Chafepresents an analysis of the
spectral shift of the origin transition;® for phenol...Ar (n=3-6) compared to the
phenol monomer origin, providing an initial estimaif possible geometries and stable
structures for phenol...Ar(n=3-6). The dissociation process for phénohrs is
considered in Chapter 7. The band contour analysithe high resolution R2PI
spectrum of phenol...Aris reported in Chapter 8 and supports the stractir
phenol...Ag hypothesised in Chapter 6. In Chapter 9, a passikplanation is given to
explain the surprising value found for the dissboraenergy for the loss of four argon
atoms from phendl..Ar,. Finally, in Chapter 10 the recent results obtaibg R2PI,
MATI spectroscopy combined with REMPI-IR dip spesttopy of phenol...ClHreveal

that ther—H site switching occurs upon ionisation.
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Chapter 2

Experimental techniques

2.1 Introduction

This chapter provides a general overview of the eerpental methods and
spectroscopic techniques used to record the datepted in this thesis. Most of the
descriptions are generalised; specific details @ntlitions relating to each molecular
system are provided in the experimental sectionlittonally a short description of the
experimental observables obtained from these exgeatal methods is also reported in

the last section of the chapter.

2.2 Supersonic free-jet expansion and molecular bea

Supersonidree-jet expansion is a convenient technique usgudpare a sample in the
gas phase for spectroscopic studies of isolateckeutds or molecular aggregates of

limited dimensions.

A supersonic jet consists of a mixture of the samgid rare gas which is expanded
through an orifice or nozzle of small diameter (@bd00-500um). The molecules are
accelerated in this expansion process due to ffexetice in pressures between the two

regions. The first stage of this process is chared by a high number of collisions
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and high velocity of the gas phase in the directiddnexpansion propagation. This
velocity is found to be inversely proportional teetmassesv(a m®). In the second
stage the molecules eventually gain a very narrsiilbution equal to the velocity of
the carrier gas (atoms such as He, Ne or Ar ohtlignolecules such Hare generally
used as a carrier gas) because of the high nunfbmollsions. The large number of
collisions in the gas expansion process has twaitapt consequences:
» After the initial stage of the expansion all thelevoles will move with the same
velocity distributed on a limited solid angle.
» A significant reduction of the population in theatonal and vibrational excited
levels with a consequent simplification of the mead spectrum.
There are no collisions after the first stage @& éxpansion as all molecules have the
same velocity. Therefore, the weakly-bound molacsfgecies formed during the first
moments of the supersonic expansion survive fang time because the collision rate
decreases rapidly with the distance from the sooftee expansion.
The free expanding gas can be better controllatgusiskimmer assembly placed close
to the nozzle. This device is used for selectinly ansmall part of the expanded gas
(molecular beam). In an ideal spectroscopic expamimthe two collimated beams
(molecular and laser) interact to significantly aese the Doppler effect which causes

inhomogeneous broad bands (the region of interactiavell-defined).

2.3 Time-of-flight mass spectrometry

Time-of-flight mass spectrometry (TOF MS) are baseda simple mass separation
principle. The ions are accelerated by a constanidgeneous electrostatic field and

therefore will move in the same direction. Theitoegties are related to their mass-to-
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charge /z) ratio; therefore the times of arrival at the deiedirectly indicate their

masses.

t= (2md/eB)+ L(m/2e\p) [2.1]

where m=mass of particle, e=electronic charge, écteldstatic field applied in source,
d=length of accelerating region, L=length of fidlgée region, and ) accelerating
potential.

The TOF instrumentation possesses a number of tatye@sover most other types of

mass analyser:

1. Theoretically unlimited mass range

2. No need to scan the ion beam

w

Complete mass spectrum for each ionisation

B

Only a small amounts of sample are necessary

Wiley and McLareh observed that ions of a particular mass-to-cheatje would reach
the detector with a spread in the arrival timesyédaer the effects of uncertainty in the
time of ion formation, location in the extractiaelfl and initial kinetic energy result in
reduced resolution. For this reason a pulsed twebign source was introduced in the
mass spectrometer to compensate for temporalaspati kinetic energy distributions.

In 1966, Mamyrin and co-workeérgnhanced the MS-TOF instrumentation to correct
for the temporal spread due to the initial velo@fythe ions by using a “reflectron”
(RE) which consists of a decelerating and reflecfiald (a schematic representation of

a RE-TOF is shown in Figure 2.1). In principlensoof the same mass but high kinetic
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energy will penetrate the decelerating field furttieen ions with lower kinetic energy,
therefore the faster ions will spend more time imittme reflecting field. Theoretically,

the resolution of the peaks in the mass spectruiinowly be dependent on the time-
width of ion formation. The single-stage is the glest type of reflectron; a single
electric field region is created between two pataflat grids. In a double—stage
reflectron® two separate homogeneous field regions of diftepenential gradient are

utilised. The resolution is greatly improved witldauble-stage reflectron, particularly

for ion beams with broad kinetic energy distribngo

LINEAR TOF

| || @c- @ —- |
e | g I

REFLECTRON TOF

- I
i . i
Desecior | IO = {dﬁ——%@
E | B
B———co— - . ©¢ ] }
[ fon source | I Hight Path Reflecman ___|

Figure 2.1 A schematic of linear time of flight and reflemtrtime of flight.

2.4 Resonance enhanced multi-photon ionisation

Resonance Enhanced Multi-Photon lonisation (RENP#&ctroscopy is an appropriate
technique to study the electronic levels of isalateolecules or clusters when it is

combined with a method to mass separate ions SUMBaTOF?
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The photoionisation of a molecular system can bbieaed via three principle
mechanisms (Figure 2.2). In the direct photoiomsaprocess a molecular system is
excited to an ionisation continuum by absorptionooke high energy photon. The
ionisation process can be accomplished in a mhbitgn ionisation (MPI) schemaa a
virtual intermediate state. However, the absorptiopss-section of such a process is
very small (~ 13° cn) and extremely high photon fluxes are requireé @hplication

of a strong laser field is suitable) to make theesoe work.

Considerable improvement in the ionisation probgbitan be obtained if the first
photon is in resonance with an excited state of rttedecule: the one-colour (1+1)
REMPI process is shown in Figure 2.2. This schemelves one-colour two-photon
ionisation and is sometime referred to R2PI. Furthgrovement can be achieved in
two-colour (1+1') REMPI as most of the fragmentatahannels otherwise present in
one-colour scheme are effectively suppressed. hén(1+1") scheme, the first laser
excites to the Sstate, while a second laser takes the systentlgligihove the ionisation
threshold. Any excess energy that could funnel anfagmentation channel is thus kept
to a minimum. Further and more complicated scheragg, (2+1) REMPI where the
initial excitation is achieved under simultaneobsaption of two photons are possible

but lead to a lower ionisation rate.

REMPI schemes probe the excited states which a#d as intermediates. With the
appropriate laser source they allow the study ef ¥ibronic and sometimes even
rovibronic structure of the excited state. The comrent is monitored as a function of
the frequencyvy). The ions are extracted by a pulsed or statid fsad mass selected

via TOF before reaching the detector, which is usualhyulti-channel plate (MCP).
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Figure 2.2 Schematic diagram of photoionisation mechanisms.

2.5 Photoionisation efficiency spectroscopy

Photoionization efficiency (PIE) spectra can besaful tool to estimate the ionisation
energy or dissociation energy prior to a ZEKE/MASKperiment.

In PIE spectroscopy the ion vield is determined as a function of tbealt photon
energy. For every (ro)vibronic ionisation threshtild cross-section for photoionisation
rises in the form of a step-like function with teeergy. However this technique is not
very accurate when large molecular complexes amiext. In this case, the steps are
often not pronouncéd, and it is only possible to give a value for theisation energy

of the molecular systems within a range of 30-50"cm



Chapter 2 33

The experimental process to acquire the PIE is semple: the excitation laser is fixed
onto an intermediate resonance state, whilst thesation laser is scanned over the

ionisation threshold (Figure 2.3) and the ion signaetected.

lonization

‘ Rydberg states
comtinuurr

converging to
ionisation
threshold

| L
]
(%
| | |
]
»

a) REMPI b)PIE/ZEKE-
PFI/MATI

> Scanning Laser

—_— Fixed Laser

Figure 2.3 Basic principle of REMPI and PIE/ ZEKE-PFI / MA$pectroscopy.

2.6 Zero electron kinetic energy spectroscopy

The zero electron kinetic energy pulsed field iatien (ZEKE or ZEKE-PFI)
spectroscopy is a technique developed from trawitigphotoelectron spectroscopy
(PES). In conventional PES an atom or moleculerediated with light of a fixed

frequency,v. The ejected electrons possess different amouht&inetic energy
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depending on which orbital they come from. Thisekio energy is the measured
quantity in the PES and is related to the ionisatnergy (IE) of the molecule through

the equation:

hU:%m\FHE [2.2]

While this approach has been used extensivelyt&rmée ion structure, it suffers from

several disadvantages; the most important is adamesolution of ~5-10 meV.

An improvement to the resolution of PES by two osdef magnitude to 0.1 meV was
obtained in the 1984 with the introduction of ZEKRectroscopy.It has proven to be a
valuable and very sensitive tool in the study @& tbvibronic structure of cations. In
ZEKE, ionisation is achievedia photo-excitation to a resonant intermediate state,
where a second scanning, or probe laser, excieseldctrons to long-lived high-
Rydberg states which are resistant to stray fiatd$lie a few wavenumbers below each
rovibrational ionisation threshold of the molecusgstem. A pulsed field subsequently
ionises the Rydberg states producing electrons iand. The complete temporal
discrimination between kinetic and these pseudo-EZEkectrons is achieved simply by
introducing a delay between the excitation andphised field abstraction. ZEKE and
non-ZEKE electrons can be distinguished from eatiieroby the time difference
inherent between the two types of electrons in TR spectrum. The presence or
absence of the ZEKE electron TOF signal dependstwether or not the probe laser is

in resonance with a rovibronic state of the ion.né the resolution of ZEKE is
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theoretically only limited by the bandwidth of thaser and the distribution of the

resonant Rydberg staté&™

Several important consequences result from exaitatd highn Rydberg states just
below the threshold. Firstly, the high-Rydberg states have exceptionally long
lifetimes* which are attributed to state mixing by strayd&ln the ionisation volume.
Thus, a relatively long delay is used to ensurepeta separation between ZEKE and
non-ZEKE electrons. Secondly, there is a red shifhe ionisation energy as some of
the highn Rydberg states are field ionised. Additionallye tapplied electric field

causes a width of the ZEKE peak which is broadan the laser bandwidth.

According to a classical treatment of the ionisatgrocess the electric field; the
turning point on the Coulomb potential betweenitméc core and the high-Rydberg
electron lies 6.1FY? cm* below the ionisation threshotd.A guantum mechanical
treatment indicates that the shift is by 42 cm®.** However experiments show that
the red onset of the ZEKE peak appears around F4'6 below the ionisation

threshold'>®

An enhancement to the PFI scheme to reduce peakiémong from field ionisation has
been obtained with the fractional Stark state $ekedield ionisation (FSSFI) scheme
(Figure 2.4)" After laser excitation of a species to create Rydhexcited molecules,

the manifold of Stark states present can be destiibterms of two regions. The higher
energy “blue” states (orbital dipole anti-parallel the field) are more resilient to

ionisation than the “red” (parallel alignment) t&s.
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DELAY TIME

Figure 2.4 Pulse sequence for FSSFI.

On application of an offset pulse, the more fagied” Stark states are ionised, while
the more resilient “blue” Stark states survive. bmpplication of a second pulse of
opposite direction, the surviving blue states aaddferred into less resilient red ones
(Stark state inversion) with respect to the sedeld and can be ionised. The use of
this method can improve the spectral resolutiopeaks in the ZEKE spectrum by more

than a factor of eight

2.7 Mass analyzed threshold ionisation spectroscopy

One disadvantage of the ZEKE spectroscopy is thatnot a mass-selective method; it
is not possible to distinguish between ZEKE elawroriginating from different species

which may have similar ionisation energies.
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Mass selection is an essential requirement paatigulin studies of fragmentation
processes of molecular complexes where the sinadtan detection of fragment and
parent ion is strongly necessary. Mass analyzeashimid ionisation (MATI)
spectroscopy is essentially a variant of ZEKE spectroscopy;ithes generated by the
field ionisation are detected instead of the ZEKécteons, therefore MATI has the
added advantage of mass selectivity. A slightlifedent technique is needed to
separate spontaneous ions from the MATI ions coetpty ZEKE spectroscopy. The
spatial separation of the spontaneous ions frombBypstates is experimentally more
difficult and can only be achieved with a separafield (static or pulsed). The MATI
experiment can be schematically described as fatlow

After a delay of ~0.qus from the laser excitation an offset field of 4&m is applied
to spatially separate the neutral Rydberg molecafes prompt ions. This low voltage
also field ionises a small subset of the total pajan of Rydberg states. After a delay
time (~20 us) a high-voltage pulsed field ionises the neufgddberg states and
accelerates prompt and MATI ions into the TOF. tAe prompt ions have been
accelerated from a position of greater electrieptél they have a larger kinetic energy
than the MATI ions. Consequently, the prompt ion veach the MCP first. The

experimental procedure for MATI spectroscopy igsttated in Figure 2.5 (left side).

Compared to ZEKE, MATI spectra show a considerdilyer spectral resolution. As a
high-voltage extraction pulse is used to field-santhe neutral Rydberg molecules, a
very large Stark shift in the ionisation energywrsc This field ionises a very large slice
of high-n Rydberg states and consequently generates baadémimg. Similar to ZEKE
spectroscopy, fractional Stark state selectivedfi@nisation can be used in MATI

spectroscopy to achieve a better resolution (treshod is commonly known as high
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resolution MATI)?° The method used is shown in Figure 2.5 (right)sileschematic
of the sequence of pulses used in high-resolutiéx’Ms shown in Figure 2.6. The
complete procedure to obtain the high-resolutionTMA8pectra can be summarised as
follows: After a delay of 0.;us from the laser excitation, a pulse field of 0.54tm is
applied to separate the prompt ions from Rydertgpstaolecules. Then a short, low-
voltage pulse of inverted polarity is applied. SoRydberg molecules are field ionised
and the ions generated give rise to the high-résolUMATI signal. A third pulse is
applied to separate the ions created from theiquepulse from the remaining neutral
Rydberg molecules which are now also field-ionisgigling rise to the low-resolution
MATI signal. Thus, a high voltage pulse is appltedaccelerate prompt, high and low
resolution MATI ions into the TOF so three differgreaks are observed on the mass

spectrum.

The high-resolution MATI signal has been shownealivectly equivalent to the ZEKE
signal and is generally of better quality as thenesually minimal background noise. In
addition, the ion signal is more stable than tleetebn signal as it is less susceptible to

stray fields.
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Figure 2.6: Pulses sequence in the high-resolution MATI.

2.8 Intensity of the MATI signal: correlations with the
power intensity of the excitation laser
While the MATI resolution can be enhanced to reaelar-ZEKE resolution using a
sequence of different pulses as shown in the hegblution MATI, the reduced signal
and the signal-to-noise are still issues in the MAXperiment. These are particularly
significant when:

* MATI spectra are obtained via less intensive imiediate states.

e The systems under study are VdW or hydrogen boantplexes.
In previous MATI studies on p-xylerfé,it has been shown how the intensity of the
MATI signal can be improved by increasing the isignof the excitation laser (first
laser); in these conditions it has been possibleetmrd spectra via different, less

intensive intermediate states. The MATI intensitiesordedvia S;0° andvia one of the
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S, vibration level for p-xylene and the values of finst laser are reported in Table 2.1
and 2.2. These results clearly show how the MATénsity increases as the first laser
power increases. The resolution is not affectedthaedsignal shape is only marginally

affected.

When molecular clusters are studied using MATI sscopy other factors must be
considered. The recording of a REMPI spectrum is finst step preceding the
investigation of the ion ground state by ZEKE or MAspectroscopy and the
ZEKE/MATI spectra are recorded with the same fiaser intensity used in the REMPI
experiment. In the REMPI experiment, the intensityhe first laser is usually selected
to be as small as possible to reduce the probabilihigher cluster fragmentation. As a
consequence of how the experiment is carried dd, ttvo-colour signal is much

stronger than the one-colour signal.

Table 2.1 MATI signal strengths for various pump laser irgities for p-xylene when
the § (° transition is used as an intermediate state (Rafi21).

MAT | signal First laser
(relative intensity) power /uJ
4 4
30 18
54 35
90 52
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Table 2.2 MATI signal strengths for various pump laser irgities for p-xylene when
the S vibration at 553 cfhis used as an intermediate state (from Ref.21).

MATI signal First laser
(relative intensity) power /pJ.
4 4

15 18

55 35

65 52

115 70
170 120

Also for clusters, a change of intensity of thestfifaser can be responsible for an
increase of the MATI intensity, as was observethencase of molecular systems. The
results obtained for phenol...Ar are an example of tlle MATI signal changes as a

function of intensity of the first laser for compés.

The phenol...Ar complex was chosen for this experimé&r the reason that
investigations of the ion ground state of phenol..a#e reported in detail in Ref.20,
therefore the results concerning the ionisatiorrggn@nd the features present in the
spectrum can be compared. The apparatus and exgmeaihdetails used to record the

MATI spectrum of phenol...Ar cluster are describedha next chapters.

Figure 2.7 shows the intensities of the MATI sigmatordedvia the S0° origin

transition as a function of the different interestiof the excitation laser. The intensity of
the MATI signal increases almost linearly in a @30 range (the signal increases 50
times when the intensity of the first laser is eased from ~1 pJ to ~ 100 pJ). In the
range 100-200 pJ the intensity of the MATI signallyancreases by ~10 pJ. When the

intensity of the first laser is increased furthtee MATI signal decreases (at 400 uJ the
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signal is 1/3 smaller than the value obtained & @0). The most intense signal was

obtained at 200 pJ.

As already observed in the case of the isolateckoutds, a higher intensity of the first
laser does not have an enormous influence on dwuteon and the shape of the peaks
observed in the MATI spectrum. This can be easifgrred by a comparison of the two
MATI spectra of phenol...Ar recordeda the SO° origin transition at two different
intensities (Figure 2.8). The signal is biggerhe spectrum where a higher intensity of
the first laser is applied and an improvement ie tatio-signal-to-noise is also
observed. Only a small change in the width of thakg can be observed. In conclusion,
the increase of the excitation laser intensity $et@dan increase of the MATI signal and

an improvement of the signal-to-noise ratio witlgligeble influence on the resolution.

60 <
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> 40 4
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©
S 30
n
= X
<
S 20+

X
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X
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0 50 100 150 200

Intensity first laser / pJ

Figure 2.7 Dependence of the MATI signal relative to theemrgity of the first laser in
a MATI experiment on phenol...Ar recordeih the S 0° transition.
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Figure 2.8 MATI spectra of phendl..Ar at two different intensities of the first laser
Stronger first laser intensity leads to an enhamrgnof the MATI signal while the
spectral resolution is almost unchanged.

2.9 Experimental observables

The information which can be obtained from analydishe spectra recorded using the
spectroscopic methods described in this chaptieidirst step towards establishing the
properties and the possible structure of non-cowaleteractions in the molecular

clusters under study.

2.9.1 Vibrational modes frequencies

Only vibrations with favourable Frank Condon fastand allowed by the selection

rules (a change in electric dipole moment has twioduring vibration andv = £ 1)
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can be observed, with the result that not all gidessiibrations can be detected in the

spectrum.

The frequencies of the intermolecular vibrationsiclvharise upon formation of a
complex are present in the sub-100"cnegion (often below 50 ci). For a cluster
constituting of two molecules, six intermoleculabrations exist. For a cluster with a
molecule and an atom, the number of intermoleciiquencies is reduced to three.
However, the intermolecular frequencies cannot uglig identify a specific complex

because they are very similar for the various tyggasn-covalent complex.

2.9.2 Spectral shift

A comparison of origin transitions between monoed complex is a measure of the
relative differences between upper and lower statemnergetic perturbations induced
by clustering. A red-shift is a consequence offta that the complex has reduced the
energy difference between two states; a blue-st@firesents an increase in the
difference. The spectral shift is therefore angaton of the stability in each state and

whether there is a difference in stability betwéga states.

2.9.3 Dissociation energy

For molecular clusters the most useful applicaibMATI comes from the observation
of the dissociation of the Rydberg state ion cohéctv allows the determination of the
dissociation and binding eneréy?3 The simultaneously recorded MATI spectra at the
mass channel of the cluster and fragments can giwery accurate value for the

dissociation energy. The dissociation energy can doeurately determined by
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considering the difference between the disappearasfcthe cluster ion and the

appearance of the daughter fragment ion.

2.9.4 Rotational band contour analysis

A comparison of the high-resolution REMPI spectrwith the simulated spectra using
rotational constants of calculated geometriesHerdluster analysed can be an efficient

method for the direct determination of the struesunf a molecular cluster under study.
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Chapter 3

Experimental set-up

3.1 Apparatus overview

Figure 3.1 shows a representation of the appanasesl to obtain the experimental

results reported in this thesis.

The laser system consists of two dye lasers purapedNd:YAG laser. The frequency-
doubled output of the first dye laser is used tnmote the excitation to the intermediate
state $ of the molecular system under study; the outputhef second dye laser

promotes the ionisation or population of Rydbesjest.

Two chambers are separated by a conical skimmehelrirst chamber the molecular
systems are produced in a pulsed supersonic jetneign of the sample seeded in a
solvent/carrier gas mixture. In the second chan@eollimated molecular beam is
produced by skimming the jet expansion. The mobadokam is perfectly perpendicular
with the two collinear beams of the two dye lasensering the main chamber from
opposite sides through quartz windows. The ionslyced are accelerated by ion optics
separated by a reflectron time-of-flight (RE-TOPgstrometer and detected on micro-

channel plate (MCP) situated in the lower parthe thamber system. However, the
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electrons are detected on MCP localized above #ia ohamber. Control of the whole
system and data acquisition are handled by home= mafiwarée. This set-up can be

used to perform REMPI and ZEKE/MATI spectroscopy.

Figure 3.1 Experimental set-up, illustrating the laser systend vacuum chamber.
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3.2 Laser system

A Nd:YAG laser (continuum Surelite-1ll) is used aspump laser. It works at a
repetition rate of 10 Hz with 3-5 ns width outpiiis laser is operated in the Q-
switching mode by using a Pockels cell. A fundarakatitput of 1064 nm (maximum
energy 850 mJ) is produced, a second harmonic (S##GB32 nm (maximum energy
400 mJ) is obtained from the fundamental emissmahathird harmonic (THG) at 355
mJ (maximum energy 250 mJ) is produced via an gp@te beam separation set.

Figure 3.2 shows a schematic representation dbtinelite I11.>

|
|
|
! |
| 14
Q-switch box with 750V board [ : >
. _____________________________________________________________| | |532: 355 of
graphite bar : 1266nm
|
|
i 2 I ! ' |
myiv/ — 5 A " i " ‘Q‘D:
1 233 Ja Ja da H g 10 ! 3_:
graphite bar Optional Surelite
Separation Package
1. Rear mirror 7. Mirror
2. Pockels cell 8. Output beam compensator
3. M4 plate 9. Doupler
4. Dielectric polarizer 1Q.Tripler
5. Flashlamp 11. Dichroics 532 nm, dichroics 355 nm

6. Intra-cavity shutter 12. Dichroics 1.06

Figure 3.2 Cavity of the Surelite Il (from Ref. 2).
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Two commercial dye lasers (Radiant Dye, Narrowscard used in the experimental
set-up. Generally they can cover the emission spatthe range between 320-750 nm
using different solutions of organic substancesuf@arine or DCM in methanol are the
most common dyes used in our experiment). The aatigty incorporates: an output
coupler (OC), a first cell (C1), the double grati@®) and beam expander (BE) (Figure
3.3). The first cell where the dye circulates isdigor the oscillation and preamplifier
stage. The two telescopes (L5, L6) after the ggatotus the beam to the second cell
(C2) which is used for the amplifier stage. Theamnration of dye passing though the

second cell is three times less than the oneshdll.

The two lasers have different properties. One lassrthe resonator consisting of two
gratings (90 mm long, 3000 lines rifjnone is used in grazing incidence and the other
in Littrow order. Both gratings are illuminatedaligh the prism expander to achieve a
bandwidth of 0.04 cih This laser (first laser) is used to promote tReitation to the
intermediate state;®f the molecular system under study. The secoret lasly has

2400 lines mnt grating and is used for the ionisation stage.
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TP 180° Turning prism OC Output Coupler
C1 First Cell BE Beam expander
G Grating L5, L6 Telescope lenses

C1 Second Cell
Figure 3.3 Optic cavity of the dye laser (from Ref.3).

The visible output (fundamental) of the dye lasefsequency doubled using a
non-liner crystal (Second-Harmonic Generation, SHi@)achieve optimum conversion

efficiency the phase velocities of the fundameatal second harmonic have to be equal

(phase matching):

hu, = h2u, [3.1]

k, = ki+ ki = 277/ A,) I nu, 13.2]

n(2v;) =n(v,) [3.3]
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where Kk and k are the wave vectors; andv; are the refractive indexes. This occurs at
a certain wavelength-dependent angle to the opag# of the crystal. There are
therefore two possible approaches to connect thi@duangle of the non-linear crystal

with a certain wavelength of the resonator: thedrgcker method and look-up tables.

The auto-tracker system automatically adjusts tiese matching angle to optimize the
output energy. The principle used is the distortbbrihe beam shape once the optical
non-linear process is no longer in the optimal phastching condition. The distortion
can be measured (usually with detection by photteip and utilized to generate an
error signal which is fed forward to the steppertonalriver controlling the crystal.
Thus the crystal is rotated simultaneously andraatwally while the laser is scanning.
This method is particularly suitable for slow scandixed wavelength operation. Auto-
tracking can be applied in both dye lasers using tifferent softwares. One auto-
tracker controller is included in the Narrowscae dgser (second laser) software which
also controls the other laser functions. The offudtware is home madlit is used for

the first laser).

The look-up table is an alternative approach far ¢bntrol of the tuning angle of the
non-linear crystal. This method is particularly fusdor fast scans. The look-up table is
generated before any scan is performed. The stepp&r positions relative to certain
wavelengths are stored in the software and usedglthie scan. The software able to
apply this method is only installed in the secoaskl controller. The fundamental is
separated from the second harmonic with a UG5 {5clfitter or a pellin—broka

separation unit. Typical frequency doubled outmit®.5 mJ to 1 mJ are obtained for

BBO crystals and 5 to 10 mJ for KDP crystals.
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3.3 Vacuum chamber and molecular beam source

The vacuum consists of two stages pumped diffaptwith a system of two large
pumps and one small pump. The first chamber hdssgas inlet system and it is
connected to the main chamber via a skimmer (h&i§htim, diameter 1.5 mm) which
selects only a collimated and coolest part of tae gxpansion. The second chamber
consists of the analyser and the drift tubes fectebns and ions. The vacuum in the
first chamber is maintained by 1400 I/s turbo-molac pump (Pfeiffer Balzer, TPU
1500); a 1100 I/s turbo-molecular pump (PfeiffeMT 1600) is located in the main
chamber. A third small pump (330 I/s turbo molecydump Pfeiffer Balzer, TPU 380)
is used in the RE-TOF. The pre-vacuum necessargufport the turbo molecular
pumps is obtained with a 35°rh™ two-stage rotary-vane pump (Pfeiffer, DUO 35).
Normally a total pressure of 1x10nbar is achieved without the valve in operation,
under valve operation, this rises to ~5%If@ibar in the pre-chamber and ~5X1fbar

in the main chamber.

The sample under study is introduced into an iadesample holder located directly
behind the valve (General Valve mounted inside gteechamber on a XYZ rotation
manipulator) and expanded in a supersonic jet th@ugozzle aperture of 20-8Qdn.
The sample can be heated using a temperature bedttbermocouple to achieve a
significant vapour pressure. All the gas cylindeositaining the carrier gases (usually
neon or argon) are connected to a mixing bottlerevheditional mixtures of gas can be
made. A backing pressure between 1-8 bar can bestadj to obtain the best

experimental conditions for the various moleculasters.
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3.4 Analyser, reflectron and micro-channels plates

Figure 3.4 shows a schematic representation cdrtlaé/ser which is located in the main
vacuum chamber and is shielded by a mu-metal tyaénst external electric and
magnetic fields. It consists of two parts: the &twt and the ion optics. The two copper
meshes (70 lines in¢htransmission 90%) are separated by 30 mm anthitieies the
ionisation region where the laser beams are pérfperrpendicular to the collimated
molecular beam. The electrical pulses are appfiddpendently to the meshes to extract

ions or electrons.

The ions are repelled and accelerated perpendituldwe laser and molecular beam by
applying a positive voltage (~900 V) onto the i@peller. A voltage is applied to the
capacitor to compensate the velocity componenthef ibns perpendicular to the

extraction direction, which originates from the yetocity.

Two different approaches can be used to apply tage onto the capacitor. The first
approach consists of applying a homogeneous anstardnvoltage (usually between 1-
5 V). In this case the voltage is proportional ke imass of the ions under study as
shown in Figure 3.5. Table 3.1 shows how the veltabanges in the case of the
phenol...Ay, clusters. In the second methbd, linearly increasing voltage triggered by
the extraction pulse is used. The compensatiorchgeaed for all masses by applying

0.4 Vlus.

The ions are focussed with a constant voltage 60\bapplied to the ion lens and then

reflected through a RE-TOF. It consists of a 2 @ngl breaking and 13 cm long
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reflecting region. By optimisation of the ratio bfeaking and reflecting voltages

(typically Uprea=450 V, Ue=990V), a TOF width of 80 ns can be achieved.
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Figure 3.4 Schematic of the analyser.
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Table 3.1 Static voltage applied onto the capacitor witk thcrease of the cluster
masses for phenol...Aclusters.

Number of Argon Voltage Capacitor /V
atoms in Phenol...Ar,
0 1.90
1 2.30
2 2.70
3 3.20
4 4.00
5 4.50
5.0 4
4.5 —+
4.0 +
2 3.5
Q
g <
S 3.0+
>
2.5 -
2.0 -
1.5 T T T v T T T ' | ' !
50 100 150 200 250 300 350

Molecular Mass / a.m.u

Figure 3.5 Voltage applied onto the capacitor as a functibthe molecular mass.

A pulse or a pulse sequence for ZEKE and MATI expents is produced by home-

built pulse pattern generafdthe schematic circuit and the blocks diagramreperted

in Figure 3.6 and 3.7 respectively). The pulsé¢herpulses sequence is applied to the
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electron repeller which consists of one gold mesth @vo additional rings set to the

appropriate voltages.

The electrons are post accelerated in a 40 mmdglwgder which has a gold mesh on
its entrance and 15 mm diameter pinhole at its @kié ions and electrons are detected
on micro-channel plates (40/15, Galileo Electroi@pCorp, active area diameter 41

mm diameter, channel diameter @i).
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Figure 3.6 Schematic circuit for the pulse pattern generator
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Figure 3.7: Blocks diagram for the pulse pattern generator.

3.5 Timing, system control and data acquisition

Experiments are usually run at a repetition ratd®@Hz. A digital delay generator is
used to produce delayed TTL pulses of a variabldthwwhich trigger individual
devices. The overall timing of the experimentshisven schematically in Figure 3.8

The valve is triggered first to allow enough tinoe the molecular beam to travel to the
ionisation region. After a delay of around 70§, a trigger is applied to the laser and
after a short delay extraction pulses for eithersimr electrons are applied to the
corresponding plates. The signal detected on thé MCaveraged and digitised in an
oscilloscope (LeCroy LT 354). The use of a home-ensaftware permits control of all
the data acquisitions and the whole process to theatwo dye lasers. Averaged signals

are stored together with the current laser waveteng
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Figure 3.8 Typical timing sequence for the experiment.
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Chapter 4

Phenol...Ar,: lonisation energy and
vibrational frequencies

4.1 Introduction

A variety of van der Waals complexes of mono-stibtgd benzene molecules with
argon have been investigated in their neutral elaat ground and excited states,(S
S,) state as well as the cation ground statg) iy REMPI spectroscopy and the two
equivalent spectroscopic methods for the investiganf threshold ionisation, (MATI
and ZEKE) spectroscopy. Previous examples &F.AAr, clusters with aromatic

molecules include A = benzonitritéfluorobenzen&* and aniline®®

Phenol is another fundamental mono-substituted drenzanolecule with an electron
donor group (OH) and two principle binding sites feutral ligands. One interaction
can be established with the substituent by the &ion of a hydrogen bond to the OH
group and the other binding motif corresponds t@a der Waals interaction with the

aromaticr-electron system.

A large numbers of spectroscopic investigationgpetied by computational methods

provide information on the phenol...Astructuresr{<?) in the §, S, and By electronic
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states. REMP, infrared (IR} and Ramah spectroscopy suggested thabonding
between Ar and phenol is the only possible intésacmotif in the neutral Sand S
states. Recent high-levab initio quantum chemical calculatiofisalso support a-
bonded global minimum, whereas the H-bound stredsionly a transition state in the
S state. Hole-burning spectroscopy of phenol.,.#ith n=1 and 2 demonstrated that
only one isomer is present in the molecular beamaesion' Subsequent high-
resolution rotationally resolved laser induced feszence spectra have confirmed that
phenol...Ar and phenol...Arhave n-bonded equilibrium structures, with Ar atoms

located at opposite sides of the aromatic ting.

MATI*® ZEKE! PIE® and IR® spectroscopy are consistent withebonded
phenol...Ar structure also in the cation ground state. lontcast, the IR
photodissociation spectrum of phehalAr generated in an electron impact (El) ion
sourcé’ shows that the most stable isomer in thesfate has a H-bound geometry, in
line with ab initio calculations>*®*°This has been interpreted by the fact that regonan
photoionisation of ther-bonded neutral phenol...Ar precursor complex canegse
only ther-bonded structure in the cation due to the Frankeda-Principle. Electron
impact ionisation does not have such a restriciiod can produce the most stable H-
bound structure in the cation. The fact that in¢hgon state, the H-bound structure is
more stable than the-bonded isomer implies that a-H switch in the preferred
binding motif could be induced by ionisatiGhThis ionisation-induced — H switching
reaction has recently been monitored in real time ghenol...Ar, by picosecond
pump-probe IR spectroscop¥.?* lonisation of phenol...A(2r) with two n-bonded
ligands triggers a dynamical process, in which 8neatom isomerises from the -

bound site toward the H-bound site on a time sohfew picosecond, with a barrier of
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less than 100 cih In this Chapter, the MATI spectra of phenol...A2r) recordedvia
different intermediate Sevels involving various degrees of intermolecuwldirational
excitation is reported discussing the intermolacuibrational assignment in the cation

ground state, which indicates a significant geoicatchange upon ionisation.

4.2 Results

4.2.1 REMPI spectrum

A (1+1") REMPI spectrum was recorded as the fitep preceding the investigation of
the ion ground state by MATI spectroscopy.

Phenol...Ap clusters were produced in a skimmed supersoniexeansion of phenol
seeded in argon gas at a backing pressure of Z'barsample was heated to 320-340
K. The excitation and ionisation steps of the dustwere performed using Coumarin
153 as a dye for the first laser (excitation) anchixture of Sulfurhodamine B and
DCM for the second laser (ionisation). The laseeqtrencies were calibrated
(+0.02 cm') against the simultaneously recorded iodine atisorspectrum. A two-
photon, two-color (1+1") REMPI spectrum was recdrdemploying a fixed frequency
of 32210 cri for the ionising laser in order to ensure softisation and reduce
fragmentation from higher clusters. The (1+1) REMPectrum of phenol...Aris
shown in Figure 4.1, which is in good agreemenhitevious studieS;**but with a
large improvement in the signal-to-noise ratio. Timest intense feature in the spectrum
at 36282.2+0.5 cthis assigned to the;®rigin. The additional bands are attributed to
vdW vibrational levels. A summary of the frequescadserved in the REMPI spectrum
and their assignment according with the hole bgrstudies of phenol...At" are

reported in Table 4.1. Figure 4.2 illustrates aescétic representation of the six
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possible intermolecular modes of phenol. y(&1t), which have been deduced through
comparison with the calculated intermolecular modésthe n-bound phenol...Ar
cluster*They are symmetric and antisymmetric linear comfibms of the

intermolecular stretch {sand s;), and bend along both the x and y directiog, (b,

bys, Bya)-

REMPI Signal/ Arb.Units

_

T T T T T T T T T T T T 1
36260 36280 36300 36320 36340 36360 36380

Excitation Energy / cm ™

Figure 4.1: (1+1) REMPI spectrum of phenol...ABn) of the first electronically
excited S state. The assignment of the van der Waals madasluded (Table 4.1).
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Table 4.1: Frequencies and assignment of the vibrational dabderved in the REMPI
spectrum of phenol...A(2r).

Frequency (ci)  Assignment

14 bys

27 2bys
36 Szs

39 3bys
46 Szstbys
47 $stbys
57 Sst2bys

Sas (f x X ("' Sza

- ¢

Figure 4.2: Intermolecular normal modes of pher8l..Arx(2r). The displacement
arrows are schematic and do not indicate displanemagnitudes.
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4.2.2MATI spectra

The MATI spectra were obtained by fixing the purapdr to a suitable intermediate S
vibronic state, while the second laser was scanthedugh successive ionisation
thresholds to populate long-lived highRydberg states. The prompt photoions
produced directly by the laser pulse were separfabed the Rydberg states by a .
delayed offset field of 1-3 V/cm. After a furtheeldy of 10-2Qus, a high-voltage pulse
~300 V/cm is applied to field-ionise the long-liv&ydberg states and to extract both

the spontaneous and MATI ions into the reflectrassispectrometer.

Figure 4.3 shows the MATI spectrum of phénoAr,(2r), which was obtainedia the
S:0° intermediate state. The weak feature at a totatguhenergy of 68288+5 chis
assigned to the field-free ionisation energy (IEpbenol...Ap(2r) and taken as zero
internal energy. In addition, an almost harmoniogpession with nearly equal spacing
of 10 cni' is observed (Table 4.2). The IE value is confirrbgdthe MATI spectrum
recorded via the 8,5 vibrational state (Figure 4.3). In this spectruma origin of the
state (IE) appears with much higher intensity timathe spectrum recorded via thed%
state. This spectrum also displays a progressidh spacing of 10 crh but with
different Franck-Condon intensities. This progresstan be divided in two parts with
rising and falling intensity of the observed modesthe first part at low energy the
peaks are clearly separated, while they are plgrtalerlapped in the second part,
probably due to enhanced spectral congestion. Asillitbe explained below, these
peaks are attributed to thgsbvan der Waals modes. The progression can be asberv

up ton=8 (Table 4.3).



Chapter 4 69

via S;0°

Intensity/ Arb. Units

]

]

]

1 T I T 1

0 50 100
lon Internal Energy/ cm

Figure 4.3 MATI spectra of phendl..Ar,(2r) via the S0° (bottom) and the By
(top) intermediate states.

Table 4.2: IE and vibrational frequencies observed in the MAdpectra of
phenof ... Ar,(2r) via the S0° and Sbys states (Figure 5.3).

frequency (¢th
Assignment via $,0° | via Sibys
bys 9 9
2bys 20 19
3bs 30 29
4bs 40
Sbs 50 50
6bys 61 61
7bys 71 71
8bys 81
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The assignment of thg'bvan der Waals progression in the MATI specfeathe S0°
and Sb* states are confirmed by fitting the experimentémsities to those obtained
using one-dimensional harmonic Franck-Condon sitimia. Figure 4.4 compares the
observed and calculated transition intensitiesh@é MATI spectravia the S0° (a) and
Sibs'(b) states. The transition intensities were obthiby Franck-Condon factors
based on harmonic vibrational wavefunctions. THeutated intensities were fit to the
observed intensities in the MATI spectruma the S0° state by adjusting a
displacement parameter to DL=0.84, which represimatshift of the potential minima
in going from $ to the [y state in the ion. With the same value of DL=0.8%
intensity distributionvia S;b,* is well reproduced by the calculated Franck-Condon
factors. In particular, the intensity maxima fer2 and 6 and the minimum at4 are
nicely recovered by the simulations. The consistegroduction of the intensity
distribution in the R progression confirms the vibrational assignmenke Galculated
intensities are slightly stronger for higher vilioaal levels, such as=5-7. This
observation may arise from a non-radiative charswah as dissociation, which opens
for the higher vibrational levels, or from limitatis to the one-dimensional harmonic

Franck-Condon approximation.

Figure 4.5 shows the MATI spectra recorded the ss and 3ks intermediate states
The IE origin of the ionic ground state cannot beseyved, and both spectra are
characterized by a broad unresolved structure witmaximum at around 75 €m
internal energy. Even broader structures are obdeirvthe MATI spectrum recorded

via s;¢tbys as shown in Figure 4.5.
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W Obs
W Calc

u} 1 2 3 4 5 =} T

Vibrational Quantum Number

Vibrational Quantum Number

Figure 4.4: Observed and calculated transition intensitietheflys" progression in the
MATI spectravia the S0° origin (a) and the B¢’ state (b).
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vias_+b
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via 3bXS
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) v ) v ) v ) v |
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Figure 4.5: MATI spectra of phendl..Ary(2n) via the s, 3bs, and S, +bys,
intermediate states.

4.3 Discussion

4.3.1 Vibrational modes assignment in the State

To support the vibrational modes assignment, calimris were performed for the S
state using the TURBOMOLE package version 5Dhe geometry optimization was
performed at the resolution-of-identiggcond—order Mgller-Plesset perturbation theory
(RI-MP2). To obtain reasonable geometries, the\€€zbasis set which offers a good
accuracy for geometries convergence was used. deiffunction (aug-) were added to
recover the long-range dispersion interactions betwthe phenol and Ar atoms

moieties. In particular, it has been found thafgrening the same level of calculations
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without diffuse function strongly underestimatese tHong range interactions
consequently affecting the length of the vdW bonbs.improve these calculations,
counterpoise corrections could be included to avoédis set superposition error
(BSSE). However, this requires additional very hggimputational cost (for the three
moiety system, each counterpoise correction procegdves seven individual energy
calculations). An analytical procedure of the dmteation of vibrational frequencies is
not implemented for the RI-MP2 method in the Turltenpackage; therefore the
numerical procedure for evaluation of the vibratiodrequencies was used. The
vibrational-frequency calculations were executedhgisthe NumForce part of the
Turbomole 5.10 package. The validity of the caltrdegeometries has been verified by
the fact that no imaginary vibrational mode freques have been found for each

structure.

The calculated frequencies listed in Table 4.3 iconthe assignment foryband s,

with experimental/theoretical values of 14/12 a6¢B8 cni', respectively.

Table 4.3 Intermolecular vibrational modes and frequenciesthe & state of
phenol...Ap(2r) calculated at the RI-MP2 level.

mode  frequency (ci)

bxs 12
bys 14
bxa 25
Ses 30
bya 44

Sa 45
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4.3.2 lonisation Energy

The IE value can conclusively be assigned as 68288+ by taking the first band in
the MATI spectra obtaineda S,0° andvia S;b,s. Although the intensity of the IE band
as the first member of thesh progression is weak, comparison with the very lsimi
ZEKE spectra of fluorobenzehe Ar,(2r) supports this assignmehtin the case of
fluorobenzenk..Ar,, a one-dimensional Franck-Condon simulation comdil the
intensity distribution of the ,d' progression and the assignment of thguantum

number to the individual vibrational transitionsc¢ludingn=0 for the IE band.

The IE of phendl...Arx(2n) is red-shifted by 340 cihfrom the IE of phendl?® This
shift is almost twice the red-shift for the phenolAr(n)) cluster (176 ci). This
observation indicates the similarity of the intetesmlar bonding type in
phenof”...Ar(x) and phendl...Ar,(2r). This relationship reflects the same trend as
was already observed in the case of arfillneAr(nz)® and fluorobenzen®...Ary(nm) ®
with n<2, where the additivity rule also holds almostcsiy{AIE= -111 =1) and -219

(n=2) cm" for aniline, andAIE=-223 f=1) and -422{=2) cm" for fluorobenzene).

4.3.3 Vibrational modes: interpretation in cationicstate

The structure of the progression with a spacindgl@fcnmi' observed in the MATI
spectrum via the S0° state of phenol...A(2r) is similar to those seen in
aniline’...Ary(2n),® benzonitrilé...Ary(2n),> and fluorobenzerie.Ary(2n).® The

vibrational spacing was found to be 9 tnfor the case of benzonitrile and
fluorobenzeng and 11 cit for aniline. In all these A..Ar,(2r) clusters the
fundamental mode of these progressions was asstgritbé symmetric bending mode,

bys. In analogy, the vibrational progressions in th&TW spectra of phendl..Arx(2nr)
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via S0° and Sbys are also assigned toeb This interpretation supports thesb
assignment in the ;Sstate, because the MATI spectruna Sbys displays also a

progression of the,p' mode but with different Franck-Condon intensities.

The MATI spectrum of phenbl..Ar(x) via the S0° state shows a harmonic progression
in b" (15, 31, 46 ci for n=1-3).The ratio of k/bys observed in phenal..Ar(nr) for
(n=1)/(n=2) of 15/10 is similar to the case of igatronic aniline (16/11). These ratios
are a bit larger than those observed for fluorobaazand benzonitrile (12/9)he Ky
and ks assignments for pheriol. Ar,(nm) with n=1 and 2 can be further confirmed by
considering the following simple modelThe reduced masgpx and ppxs for the

vibrational modes and ks are given by the equations 4.1 and 4.2,

= (1/MR*+1/MRy*+1/lyy) [4.1]

b=(L/MRZ+2/MR) [4.2]

where M and m are the masses of phenol and Ar casply, ly, is the moment of

inertia (y axis) of phenol, andoRs the equilibrium distance between phenol and Ar.

The frequenciesyx andvpys Of the i and Rs modes are then given by equation 4.3 and

4.4,

Vo= (1/21) (Ko™ j15) [4.3]

Voxs=(1/21) (Koo Tt [4.4]
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where ko™ and ko™ are the force constants for the and ks modes, respectively.
The angle® represents the angle between the y axis and ttterveonnecting Ar and
the ring centre (Figure 4.6). If the two force damss are equal, the ratio of the two

bending frequencies is given by the equation:

Voxd Vox= (be/ bes)llz [4-5]

For phenol...Ar(r) and phendl..Ar,(2r) equation 4.5 holds very well if we use the
values as listed in Table 4.4. For both sides agtgn 4.5 we obtain 0.7, which means
that the force constanks,e™ and ko> are essentially identical, supporting again the
vibrational mode assignments. The broad structoleserved in the MATI spectra
recordedvia s,, 3bs and sstbys, (Figure 4.4) do not give any further informatiom the

vibrational modes in the theyBtate of phendl..Ar,(2n).

Figure 4.6 The angle between the y axis and the vector adimgeAr and the ring
centre.
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Table 4.4 Structural parameters, the calculated reducedsesasand vibrational
frequencies of thedand s modes for phendl..Ar(n) and phendl...Ar,(2n).

M (u) 94
m (u) 40
RAY¥ 33

lyy** 193

MR¢® (UA?) 1024

mRy* (uA? 436
Hox (U) 125
Hoxs (U) 250

vx(cm?) 15

Vbxs (Cm-l) 10

4.4 Summary

The MATI spectra of phendl..Ar,(2n) recorded via the different, Sntermediate states
were analyzed and the ionisation energy could beréned to be 68288+5 ¢nThe

observed progression in the MATI spectruia the SO° intermediate state shows a
strong similarity with those of other mono-subgetl benzene clusters with Ar (e.g.,
fluorobenzene, benzonitrile, aniline). The fundatabmrmode was assigned to the
symmetric bending vibrational modeshwith a frequency of 10 cth The long

progression in theypmode indicates a large change of the geometry upusation

along this coordinate. The change in the vdW imtéza energy upon the ionisation
may be mainly due to the difference in the chatgarge induced—dipole interaction
energy between the neutral ground state and tihencaground state. Upon ionisation,
the Ar atoms are more attracted towards the OHmyodphenol due to the increase in

positive charge on the C atom bonded to the OHmTbtr
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Chapter 5

Dissociation energetics of phenol...Ar
cluster ion: The role ofr—H isomeration

5.1 Introduction

The intermolecular fragmentation energetics andatistion processes of van der
Waals clusters have been an intense area of stlldg. first investigation on
fragmentation process by using MATI spectroscopyewearried out by Krause and

Neusser for benzefie. Ar complex!?

The dissociation process of phehalAr(n) was also studied by means of MATI
spectroscopy obtaining an accurate value for tesodiation energy for the loss of one
Argon® atom of 535 crd which is in agreement with the value determinedréxent

high-levelab initio calculations ( =542 cm®).*

Very surprising results have been recently obseraedlysing the dissociation
energetics anilife..Ar,. Gu and Kne® found a value of 380 + 5 cinfor the
dissociation threshold for the loss of one Argasrafrom aniliné...Ar,. This value is

substantial smaller than the value obtained fordissociation energy of 495 hior
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Aniline”...Ar(n). The entire dissociation process was explainetsidering ar - H
isomerisation.

In the present Chapter, the energetics for the ésation and dissociation processes of
phenol...Ar; in the cationic ground state are investigatedeitaidi using PIE and MATI

spectroscopy.

5.2 Results

5.2.1 PIE spectra

The experimental conditions to produce the phenot,. @uster to record the PIE/

MATI spectra are identical to those reported ingh&vious chapter.

Figure 5.1 shows the PIE spectra of phéndhr, (n=0-2) obtained for resonant
ionisationvia the S origin of phenol...As(2r) at 36282.2 cM.° The first step in the
PIE spectrum of the pheral.Ar, parent occurs at a total photon energy of 68380
cm® and is assigned to the ionisation threshold ohpHe.Ar,(2r). At approximately
400 cm® above the ionisation threshold the signal stastsignificantly rise in the
phenol...Ar fragment channel and provides a rough uppeit lfor the dissociation
threshold for the loss of one Ar atom from phénalry(2n). The threshold at around
1180 cm' above the ionisation observed in the phécbinnel yields an upper limit for
the dissociation energy for the loss of two Ar aofrom phendl...Ary(2n). The
observed threshold spectra are consistent withethggorted in the previous work for

n=1 and 2’
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Phenol *...Ar ,

Phenol *...Ar, —= Phenol TLA+ A

b)

lon Signal / Arbitrary Units

Phenol *...Ar2 — = Phenol "+2 Ar
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Figure 5.1: PIE spectra recorded in the phénoAr, parent (blue, a) and the
phenof...Ar (red, b) and phenbl(black, c) fragment channels obtaingd the S0
origin of phenol...As(2n).

5.2. 2 MATI spectra

For an accurate determination of the dissociatimasholds, MATI spectra have been
recorded in the mass channels of phéndir, (Figure. 5.2a) and the pheholAr
fragment channel (Figure 5.2b) obtained for resbmamsationvia the S origin of
phenol...Ap. The first feature in the MATI spectrum recordedtlae parent mass
(indicated by an arrow in Figure 5.2a) appearstata photon energy of 68288 cni*
(taken as zero internal energy) and is assignédeaadiabatic ionisation energy (IE) of
phenol...Ar,(2r). The band displays some vibrational fine strustwhich is attributed

to a progression of an intermolecular vibrationha0 cm* width. No intramolecular
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vibration of phendl...Ar,(2n) is detected in the MATI spectrum of the parentssna
channel, implying that dissociation occurs in tlegwlow energy range above the IE.
This is quite different from phenol.Ar(x), where the dissociation energy of the cation
occurs at 535 cthabove the IE, and various intramolecular vibraslomodes can be
observed in the MATI spectrum of the parent ionntie below this dissociation

threshold?

The spectrum recorded in the phénoAr daughter mass channel (Figure 5.2b)
displays a series of broad bands in the higherggneange, displaying a similar
intermolecular fine structure as the IE band inuFég5.2a. The first signal appears at
210 cm' and provides an upper limit for the dissociatibreshold for one Ar ligand
from phenol...Ar,(2r). The deviation from the threshold value of arowt@d cm'
derived from the PIE spectrum (Figure 5.1) and himding energy of 535 cihfor
phenol...Ar(m) will be discussed below. Signal in the phénoAr daughter mass
channel can be detected up to an excess enerdy08D-em' above the IE, which gives
a lower limit for the dissociation energy for thes$ of the two Ar atoms from

phenofl...Arx(2n).
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5.2 MATI spectra recorded in the pheholAr, parent (blue, a) and
...Ar fragment channels (red, b) obtaineid excitation of the ®° origin of
..Ap(2m).

5.3 Discussion

5.3.1 IE and van der Waals vibrational structure

As already explained, the adiabatic IE of phenola(21) of 682885 cni' is red-

shifted by 340 cr from the monomer value of 68628 ¢mwhich is almost twice the
red-shift observed for phenol...Ad( cluster (176 cr). This observation indicates the
in atol®...Ar(n)

phenof”)...Ar,(2r), and confirms once more the (1/1) structure afuth...Ar(21). As

similarity of the intermolecular bonding type and

mentioned above, the IE band displays vibrationake fstructure attributed to
intermolecular vibrations. The dominant features assigned to a relatively harmonic

progression of 6 quanta in the symmetric bendinglen(lys), with a fundamental
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frequency of ~10 cfh Such progressions are commonly observed in th& IAKE
spectra of A...Ary(2n) (where A= aniliné...Arx(2n),% benzonitrilé...Ar,(2n),° and
fluorobenzenk..Ar,(2n)).*° The fundamental frequency was found to be 9 éar the

case of benzonitrile and fluorobenzemad 11 crit for aniline.

6.3.2 Intramolecular vibrational modes

Intramolecular vibrations of pheriol. Arx(2r) are only observed in the MATI spectrum
recorded in the phenol.Ar fragment mass channel. Similar to the IE baal,
intramolecular vibrational transitions occur in domation with the intermolecular
vibrational structure, leading to a certain amoahtspectral congestion. Figure 5.3
compares the MATI spectrum of pheholAry(2n) recorded in the pheriol.Ar
channel with the MATI spectrum of bare phénak a function of the ion internal
energy. Table 5.1 lists the observed bands in gheam phendl..Ar,, along with
their assignment: As the frequencies of most intramolecular modeshardly affected
by Ar complexation (few cif), the peaks observed for phehate located at the red
edge of the intramolecular bands of phénohrx(2r). This is true for all observed
peaks except for the first one, which is closehdissociation thresholdf). For this
mode, the peak observed in phén@77 cm') appears around 33 &hbelow the
maximum of the peak in pherial.Ar, (210 cm'). This may in part be due to the low
intensity ofvj; itself, and the limited signal-to-noise ratio miag too low to detect
viithvp, with small n. Second, the frequency of the; fundamental may be
substantially increased upon Ar complexation duetht® additional retarding force

arising from repulsive forces of Ar and phenfalr this out-of-plane ring mode.
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Figure 5.3: MATI spectrum of phendl..Ar(2r) recorded at the pheriol. Ar mass
(black) compared to the MATI spectrum of phénokd).

Table 5.1: Frequencies and assignments of the intramolevibeations in phendland

phenol...Arx(2n).

Assignment Frequencies / tm
Mode Phendl Phenol...Arx(2r)
11 178 210+10
16a 349 320410
18b 411 400+10
6a 515 50010
ToH 608 605+10
12 808 795110
B 927 930410
1 978 97010
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5.3.3 Dissociation energetics

Figure 5.4 summarizes the energy diagram for phenat, (n<2) obtained from the

results of this work together with those from poas work >’

The lowest-energy signal observed in the MATI speut of phendl...Ar,(2n)
recorded in the pherol.Ar channel at 210 cih gives an upper limit for the
dissociation thresholdThis value is much smaller than the value obtaif@dthe
dissociation energy of 535 ¢hfor phenof...Ar(n).® The dissociation energies of
A*...Ar(n) dimers with aromatic ions *Aare typically of the order of 500 ¢h{Table
5.2). The strong deviation observed here for phiendir,(2r) can be explained, when
then — H isomeration is taken into account. As a consecgi@f this phendl..Ar,(2r)

~ phenol...Arx(H/ n ) isomerisation, the difference of the binding rgryeof the H-
bound andr-bound site is released into other degrees of tneedf the cluster and
becomes available for dissociation of the secotund Ar ligand. This implies that
the dissociation of the seconebound Ar ligand can be observed even when thessxce
energy used for ionisation of pheholAr,(2r) is smaller than the binding energy of the
n-bound Ar ligand in phendl..Ar(n). A similar isomerisation and dissociation process
has recently been observed for the isoelectroriimah..Ar, cluster?

For the dissociation energy for the loss of two aoms, the results obtained from
MATI and PIE spectroscopy are in good accordanbe. [dwer limit is ~1050 cih as
obtained from the MATI spectrum recorded at the snasannel of phenal.Ar, and
the upper limit is ~1180 ¢ as obtained from the PIE spectrum recorded atriizss
channel of phendl This gives a value of around 1115+65trfihis is nearly twice the

value of the binding energy of thebound Ar ligand in phenbl..Ar(x)® of 535 cm
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and can be explained by the fact, that any reaermegt has no effect on the total

binding energy.

1115 llll-IIIIlIIIIIIIIIIIIIIIIIIIIlnnl—
Phenol® + 2Ar
535

833 EEEEE NN NN EEE NN EEENENGNNNN NN

l.l--l-lIIIIIIIIIIIIIIIII_'

Phenol®...Ar (x) + Ar

E66f EEEREEEEEEEEEEEEEI S

21) EEEEEEEEEEEEEEEE N
F 9
Phenol®...Ar (H) + Ar

DO_

Phenol*...Arz(2x)

535

325

v
I

Phenol*...Ar; (H/x)

Figure 5.4: Energy diagram for phenol.Ar; in the cation ground electronic state,
illustrating the dissociation energetics. All eriesyare given in cth The levels
reported in the red colour correspond to the n6a ab2 vibrations, which were
previously used to probe the isomerisation dynarmigshenol...Ar,(2r).” The values
of the levels reported in black colour have beetaiokd in this work. The value 535
cm’ obtained in previous work represents the dissociatnergy for the loss of one
Argon atom from phenol...Ar. 3

This result is also in good accordance with thaseahiling...Ar,(2x).°> Under the
reasonable assumption of negligible interactionvbeh the twar-bonded Ar ligands in
phenol...Ar(2x), the dissociation energy for the loss of bothligands should be two

times the dissociation energy of phenolr(n) (2x(535+3)=1070+6 cff). In fact, the
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binding energy will be slightly less than this valdue to small non-additive three-body
forces arising from induction interactions.

The energy difference between the phénohr,(2rn) isomer, where both Ar atoms are
mebound, and the phenol.Ary(H/m) isomer, where one Ar atom isbound and the
other H-bound, can be estimated in the followingy \{ieigure 5.4). If we assume that a
H-bound Ar atom has nearly no effect on titbound Ar ligand, then the energy

difference can be estimated as 535-2825 cni.

Table15.2: Binding energies of aromatic van der Waals clustes (all values are given
incm™).

Cluster BE (Do)
Benzené...Ar*? 486
Fluorobenzene..Ar" 569

p-difluorobenzené..Ar'" | 576+4

Chlorobenzene.. Ar™ 522-714

p-fluorotoluené... Ar'® 510

o-dichlorobenzene..Ar'’ | 581+76

m-dichlorobenzene.. Ar'’ | 529+125

p-dichlorobenzerie..Ar*’ | 617+15

Pyrazing...Ar'’ 630+20

Phenol...Ar® 535
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Previous IR spectra demonstrated that ionisatigghefol ... Ar,(2n) at excess energies
below 566 crit (lower red level in figure 5.4) generate only Hibd phendl...Ar(H)

fragments, according to:

phenol...Arx(2n) — phenol...Ar(H) + Ar

At an excess energy of 833 ¢nthigher red level in figure 5.4) alszbound
phenol...Ar(n) fragments are observed because a higher-eneagynémt channel

opens up:

phenol...Arx(2r) — phenol...Ar(n) + Ar

This observation implies that the binding energylbénol...Ar(H) is higher than that
of phenol...Ar(r). From these values the binding energy of the HAdoAr can be
estimated to be around 890-1160tris the binding energy of phefalAr(x) is
accurately measured as 535+3 tfrom the dissociation energetic of phenol.. 8t

it can further estimated that the phenol.. Arfragment should be at an energy of
1115+65 — 535+3 = 580 c¢in( the difference between the dissociation enecgyttie
loss of two Ar atoms from phenrol.Arx(2r) and the dissociation energy of
phenofl ... Ar(1)).

If this value is added to the energy differencesMeen the phendl..Arx(2r) and the
phenof...Ary(H/x) isomers, this procedure yields a value of 580+3285 cni for the
dissociation energy of the H-bound Ar atom in phenhr,(H/x), which is consistent

with the results obtained from IR spectroscopy (8260 cnt). ’
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5.4 Summary and further discussion

The investigation of the pherol.Arx(2r) cluster ion with different spectroscopic
techniques such as PIE, MATI, and IR spectroscepgaled the dissociation dynamics
and energetics in great detail. In particular, itifeience of ther — H isomerisation on
the appearance energies for different fragment redlancould be explained. For
example, ionisation of pheriol.Ar,(2r) with a low excess energy of 210 ¢nis
already sufficient to induce fragmentation into pdié...Ar(H) + Ar, although the
binding energy of phentl.Ar(n) is as large as 535 émThe best values for the
binding energies for the Ar ligands areZ535+3 cn* for phenal...Ar(x) and 905 crif
for phenol...Ar(H), implying that the H-bond in pheriol.Ar is around 325 cif more
stable than ther-bond. These values are in accord with recent lagal ab initio
calculations at the CCSD(T)/CBS level, yieldinge=B42 and 946 cnt for
phenof...Ar(zr) and phendl..Ar(H), respectively As the n—H switch is now
recognized as a common phenomenon for ionisatiotlusters of rare gas atoms (or
other nonpolar hydrophobic ligand$and acidic aromatic molecules, similar effects of
the - H isomerisation process analysed here for phenol,.ald previously for

aniline...Ar, will be observed in the future for related clustgstems.



Chapter 5 92

5.5 References

! H. Krause and H. J. NeussérChem. Phy€.992,97, 5923.

2 H. Krause and H. J. NeussérChem. Phys1993,99, 6278.

3 C. E. H. Dessent, S. R. Haines and K. Mller-DefthiChem. Phys.Lett1999,315
103.

4 J. Cerny, X. Tong, P. Hobza and K. Miiller-Deth|&hys. Chem. Chem. Phy&008,
10, 2780.

® Q. Gu and J.L. Kned, Chem. Phys2008,128 064311.

® S. R. Haines, C. E. H. Dessent and K. Muller-DefthlJ. Electr. Spec. and Rel.
Phenom.2000,108 1.

"'S. Ishiuchi, M. Sakai, Y. Tsuchida, A. Takeda,Kawashima, O. Dopfer, K. Miille-
Dethlefs and M. FuijiiJ. Chem. Phys2007,127, 114307.

8 M. Takahashi, H. Ozeki and K. Kimurd, Chem. Phys1992,96, 6399

® M.Araki, S. Sato and K. Kimura, Phys. Chem1996,100,10542.

'9H. Shinohara, S Sato and K. KimudaPhys. Chem. A997,101,6736.

1 0. Dopfer, PhD Thesis, 1994, Technische UniverMiznchen, Miinchen.

12R. G. Satink, H. Piest, G. von Helden and G. MeilePhys. Chem1990,111,
10750.

T, L. Grebner, P. Unold and H. J. NeussePhys. ChemA, 1997,101, 158.

143, M. Bellm, J. R. Gascooke and W. D. Lawerer@eem. Phys. Left2003,33Q
103.

15T, Wright, S. Panov and T. Milled, Phys. Chem1995102, 4793.

163, Georgiev, T. Chakraborty and H. J. NeuskePhys. Chem2004,108 3304 .

" A. Gaber, M. Riese, F. Witte and J. Grotemepérys. Chem. Chem. Phy2009,11,

1628.



Chapter 5

93

80. Dopfer,z. Phys. Chem2005,219, 125.



Chapter 6 94

Chapter 6

Phenol...Ar, Clusters: Structures and
Spectral Shifts

6.1 Introduction

In this chapter a spectroscopic analysis (carrietl using REMPI, PIE and MATI
spectroscopy) is extended to the higher clustersploénol...Ar (n=3-6). Our
experimental results are compared with resultsioétdafrom other aromatic clusters to

propose initial structures of these complexes.

6.2 Results

6.2.1 REMPI Spectra

Two—colour (1+1') REMPI spectroscopy was used taiaolihe spectra of the State of
the different complexes. An appropriate second @h@&nergy (32210 c) has been
chosen to minimize fragmentations of higher magsigs. Coumarine 153 was used for
the excitation and a mixture of Sulfurhodamine BRI &CM for the ionisation. The
argon gas backing pressure was adjusted from i1ob@&rbar for the best formation of

clusters.
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The two—colour (1+1') REMPI spectra of phenol., fg1=2-6) are shown in Figure 6.1.
The spectral shifts of the, $rigins compared to the monomer origin are listed@able
6.1. The frequencies of the intermolecular vibradioobserved in the spectra are
reported in Table 6.2. The results for phenol.,.&=2-3) are in good accordance with
previous studi€sbut with a large improvement in the signal to eaiatio of the spectra.

A complete analysis of the REMPI spectrum of phenét, can be found in Chapter 4.

For phenol...Ag the origin of the §° transition is assigned to the most intense band at
36373.5 + 0.5 ci. The S origin is therefore blue-shifted by 25 ditom the origin of

the phenol monomer. Intermolecular modes can bereéd at 20 ci, 38 cni* and 43
cmt.
The REMPI spectrum of phenol...Adisplays a prominent feature at 36338.8%cn
0.5 cm’ that has been assigned to th8°Sransition. The spectral shift relative to the
monomer origin is -10 cth Three peaks corresponding to the vibrational
intermolecular modes can be clearly observed insfreetrum at 13 ¢ 20 cni* and

24 cm.

The broad background in the spectrarfieb and 6 is possibly due to fragmentation of
higher masses into the observed channels. Thendragisitions for those complexes are
both red-shifted relative to the origin of the pblemonomer by 20 cthand 44 crit

respectively. Intermolecular vibrational modes a#npe conclusively assigned due to

the broad background.
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T T T T 1
36250 36300 36350 36400 36450

Excitation Energy /cm

Figure 6.1 REMPI spectra of phenol...A{n=2-6). The dashed vertical line indicates
the value of the origin transition of the phenolnomer.
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Table 6.1 Shift of the Sorigin transition and the IE of phenol...An=1-6) compared
to those of the monomer.

Number of S Do
argons  Blue shift/ Red shift/ciit  Red shift / crit
cm*
1 33 176
2 67 340
3 25 551
4 10 867
5 20
6 44

Table 6.2 Frequencies and assignments of the van der Wahistional bands
observed in the REMPI spectra of phenol.,.fh=1-4) (all values given in ct).

Phenol...Ar Phenol...Ar; Phenol...Ar; Phenol...Ary
Frequency Mode | Frequency Mode | Frequency Mode | Frequency Mode
21 b 14 B 20 e} 13
37 2k 27 213 37 2k 19
47 S 36 S 43 S 23

39 3R

47 Se +hys

6.2.2 PIE and MATI spectra

PIE and MATI spectroscopy was used to record speofr the [ state of the
phenol...Ar, (n=3, 4) clusters. The pulse sequence timings and $eengths used to

obtain the MATI spectra are identical to those resly described.

The PIE and MATI spectra of phefiolArs, recorded by ionisingvia the S0°
intermediate state, are presented in Figure 6 @nRhe PIE spectrum the IE can be

determined to be 68055 + 50 ¢mThe MATI spectrum is characterized by a broad
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structure, however a first feature can be obseate#B077 + 15cim which is in good
accordance with the result obtained from the Plecspm. The IE is red-shifted by

about 551 cril from the phendlIE.

PIE Phenol...Ar 3

68055 + 50 cm ™

T v T v T
1
MATI Phenol...Ar 68077 = 115 em

Intensity / arb.units

67900 68000 68100 68200 68300 68400

Two-Photon Energy / cm ™

Figure 6.2 PIE and MATI spectra of pheriol. Ar; recorded by ionisingia the origin
S:0°transition at 36377.5 ¢ The arrows show the position of the IE in thecsze
Figure 6.3 shows the PIE and MATI spectra of phenoRr, recorded by ionisingia
the SO° intermediate state at 36388.5 tnWhile the PIE spectrum vields a value of
67761 + 50 cnf for the IE, no spectral features are observed énMATI spectrum in
this region. The first peak in the MATI spectrunbserved at 67948 chis about 187
cm® higher than the IE value determined by PIE spsctopy, and is followed by a
broad unresolved structure. It is not clear whether MATI spectrum identifies the
threshold or perhaps is just accessing the Franmid@oregion above the real ionisation

potential. We propose that the value obtained thi¢hPIE spectroscopy is a more likely



Chapter 6 99

candidate for the IE. The IE of phenol..,As red-shifted by 867 cihcompared to the

IE of the monomer. The peak at 187 t(assuming that the value of the IE determined
by PIE spectroscopy is right) corresponds to a mdelerved in the ZEKE spectrum of
the phenol monomer at 178 ¢rh This peak can be assigned as the 10b or 11 mode
following Wilson’s® or Versanyi'é nomenclature respectively. The broad structure may

be attributed to a progression of van der Waalsatidinal modes.

PIE spectrum

67761 +50 cm™

1
MATI spectrum 67948 £15cm

Intensity / arbitrary units

' I T I T I T I
67600 67800 68000 68200 68400

Two-Photon Energy / cm ™

Figure 6.3 PIE and MATI spectra of pheriol. Ar4 recorded by ionisingia the origin
S,0° transition at 36338.5cthThe arrows show the position of the ionisation ggeén
the spectra.
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6.3 Spectral shifts in the $and the D, states

6.3.1 The first electronically excited state

Figure 6.4 shows the spectral shifts for thg’Sransition as a function of the
number of argon atoms. It can be seen that theesalan be fitted by two linear curves
with different slopes. The shifts far=0-2 show a perfect linear dependence on the
number of argon atoms. Foe3 a jump of the shift is observed. While umte® a red-
shift is observed, fon=3 we observe a blue-shift however the valuemf8, 5 and 6
show also a perfect linear dependencenorlowevern=4 does not match this fitted
curve perfectly, suggesting that the interactiotwieen the argon atoms is ‘marginally’

different in comparison with all the other phenol r,£0=3, 5, 6)clusters.

40 -

20

-20 4

-40 4

Spectral Shift /cm ™

-60 -

-80

T T T T T T T
0 1 2 3 4 5 6

Number of argon atoms

Figure 6.4 Spectral shifts of the;8° electronic transition as a function m{n=0-6) for
phenol...Ap.
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6.3.2 The ionic ground state

Contrary to the Sorigin bands, a red-shift of the IE with comparidonthe IE of the
monomer is observed for all pheholAr, clusters, as shown in Figure 6.5. Re0-3
the measured values show a very good linear depeaden the number of argon
atoms. These values suggest an increasing staiohzaf the cluster upon ionisation
with increasing number of argon atoms. A similantt for the ionisation energies was
observed for fluorobenzehe. Ar, (223 cn', 422 cnit and 560 cni respectively for

n=1, 2 and 3)°

Only the value for the pheriol.Ar, cluster does not show the same linear dependence,

as it was also observed for the spectral shifhef30° transition.

-900
-800
-700

-600

-1

-500
-400
-300

-200

Spectral Shift /cm

-100

. , . , .
0 1 2 3 4
Number of argon atoms

Figure 6.5 Spectral shifts of the IE as a functionnofn=0-4) for phenadl...Ar,
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6.4 Discussion

6.4.1 Spectral shifts in benzene...Arand aniline...Ar, clusters

For a comparison of the results reported in thiapbér with those obtained for
benzene...Ar and aniline...Ax clusters, a brief summary of the observed spectra
shifts and the interpretations is described asngbyeSchmidet al® and Douinet al’
REMPI studies of benzene...Ashowed the existence of two different isomers.e Th
first group is characterized by a structure whdlrtha argon atoms are on the same side
of the ring @/0) for n=2-7. In this case the spectral shifts of the asgivere found in
the range from -21 cthto 0 cm* and a linear decrease of this red-shift was olesern

the second group the clusters have argon atom®thnsies of the ringng / m-r). Up

to n= 4 the red-shift decreases linearly in a rangevéen ~ -42 and ~ -35 ¢l The
linear curve fitting these values is parallel tattbbserved for thel0) isomers. Fon >

4 the spectral shift of then{m-r) no longer shows a linear dependence on the number
of argon atoms. This indicates that fo¥5 the isomers have a significantly different
structure from the isomers observed upntal. A comparison of the spectral shift
between those two groups clearly revealed thatrékdeshift is smaller for then(0)

clusters.

While only two isomers were observed for allfor benzene...Af, in the case of
aniline...Ar, all possiblen—bound isomers were found foe 2. In figure 6.6 a
reproduction of some of anilne...AM=2-6) structures is shown to better visualise the
most representative conformers of these clustensrelis a correlation between the
spectral shift of the band origin and the positadnthe argon atoms: an argon atom
located in the vicinity of the amino group is respible for a blue-shift (around 32-38

cm?), whereas an argon atom close to the centre airthreatic ring gives a red-shift of
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about 53 crit. The value for the contribution to a red-shift teneasily determined (-53
cm’ is the shift for aniline...Ar and exactly double,716m", is the spectral-shift for
the (1/1) isomer in aniline...A). The value for a contribution to the blue-shidincbe

deduced by considering the two conformers (3/0)(@hD) for aniline...Ag.

@) ( '

Figure 6.6 A representation of isomers structures for aailimAr, (n=2-3): the two
sides isomers (2/1) and (3/0) and the one-sidmas® (2/0) and (3/0). The other
structures are the one side isomers for aniline,.(& 4-6) which correspond to the
most stable structures.
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In the case of the (3/0) structure one argon atderacts with the ring (red-shift of -53
cm?) and two argon atoms are close to an amino grd@gnsidering that the shift for
this isomer is 23 ci it is possible to obtain the blue-shift: [+ 28-53)] /2= 38 cit.

In the case of the (2/1) conformer (red-shift= €f6%), one argon atom is close to the
substituent and the other two argon atoms are ¢tosige ring (contribution to the red-
shift of 107 cm?) revealing a similar value for the blue-shift aimition: (-75+107)
=32 cm'. Based on these considerations a spectral shifttfe (2/0) isomer of
aniline...Ar, can be immediately estimated to be around -28: 688 cm' + (-32<x<-

38 cm®) which corresponds to an observed feature in BRI spectrum.

These rules to determine the spectral shift orb#ses of only two kinds of binding sites
(the ring site and the —NHs$ite) seem to work very well up tes4. Forn>4 a new type
of site appears: one argon atom interacting prefeéy with a peripheral hydrogen

atom of the aromatic ring, which gives a contribatto the red-shift of -20 cm

Interesting information is obtained by analysingufe 6.7 where the electronic shift is
reported as a function of the number of argon atomaniline...Ar,. In particular, a
perfect linear correlation is found in the caseah& conformersn(0) for n=3-6.These

isomers correspond to the most stable structuessKgure 6.6)
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Figure 6.7 Spectral shifts of §° electronic transition as a function of(n=0-6) for
aniline...Ar,.

6.4.2 Phenol...Ag

Possible structures of phenol...Ar

Based on geometric and energetic considerations, possible configurations are
plausible. Two structures that are characterizedridy van der Waals interactions are
possible: the first configuration is a (2/1) sturet with a single argon atom on one side
and two argon atoms on the opposite side of thg. rithe second one is the (3/0)
structure, where all three argon atomsmat®und to the same side of the aromatic ring.
Additionally two structures with van der Waals aHebound are possible: the first
includes one H-bound argon and twebound argon atoms on the same side of the
aromatic ring. The next one has one H-bound ar¢gmm and tworebound argon atoms

on opposite sides of the aromatic ring.
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Intermolecular Vibrations

A very similar vibrational pattern in the REMPI sp@a between phenol...Aand
phenol...Arwas found by Hainest al ! Similar values were observed for (21 cm®

for phenol...Ar and 20 cihfor phenol...Ag), 2 b (37 cni* for phenol...Ar and 38 cth

for phenol...Ag) and they are in good accordance with the valoesad in our REMPI
spectrum. The value of 43 énfor phenol...Ag present in our spectrum was not
observed by Haine®t al and compared to the vibrational mode frequency of

phenol...Ar, it may be assigned to the vibrationabims.

Structure in the $ state
A possible structure of phenol...Acan be obtained by analysing the spectral shift of

the § band compared to the monomer origin.

In contrast to the red-shift observed in the casphenol...Ar and phenol...Ar the
S,0° is blue-shifted by 25 cihfor phenol...Ag. Analogous results have been observed
in the case of other aromatic system$.In A...Ar; (where A = fluorobenzeng
paraxylen& and aniliné) the REMPI spectra of these systems contain ait leae
prominent peak which is blue-shifted relative te &0° transition of the monomer (see
Table 6.3). For fluorobenzene.. Aa (2/1) structure was proposed, based on the
argument that a (2/1) structure can be more sthble a (3/0) structure if the gas atoms

attachment in the adiabatic expansion is sequential

The results obtained from PIE spectroscopy of bemzeAr; ° also pointed to a (2/1)
isomer instead of a (3/0) structure. However, iasth studies only one isomer was

observed.
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Table 6.3: Shift of the origin of the Sorigin transition compared to the monomer
origin for aniline...Ar, and fluorobenzene...A(all values given in cif)

N (Numbers of 1 2 3 4 5 6
argon atoms)
Fluorobenzene...Ar| -24  -47 7

aniline...Ar, -53 -108 23 -3 -26 -48
(2/0) (1/1) (3/0) (4/0) (5/0) (6/0)
para-xylene -30 -58 3 -29  -30 -4

The observed blue-shift was explained by the faat two argon atoms form a dimer
(binding energy of Aris around 100 cif) *° and the strong Ar...Ar interaction reduces
the red-shift compared to tme2 cluster. However, the blue-shift has to be dised in

a more detailed way to attribute it to the dimeeiaction. The spectral shift only gives
information about the difference in the stabilisatin the $ and the & state of one
cluster compared to the monomer cluster. Withorthér information it is not possible
to compare the binding energy in a specific statisveen two different clusters based

only on the observed shift.

The substituent plays a crucial role when the aasrgf the above mentioned systems
are considered. A common point in molecules sudtuasbenzene, aniline or phenol is
some degree of resonance (charge delocalizatianjeba substituent and the aromatic
ring. The bond of one argon atom with the substitigresponsible for a change of this
resonance effect. As mentioned above for anilines,.Arblue-shift was observed for
the (3/0) isomer and a red-shift for the (2/1) isomn the case of benzene..;Athe
two (3/0) and (2/1) isomers both have a spectahsteft, however the value for the red-
shift for the (2/1) isomer is almost three timegdar than the one for the (3/0) isomer.
Analogously, in phenol...Arthis points to a (3/0) structure with two argodgaent to

the O-H group and one atom argon interacting wigharomatic ring.
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Structure in the ) State

A broad structure characterizes the MATI spectrirprenol ... Ars. The first part of
this structure, of lower intensity, gives a resdhxand revealing a value for the IE. The
second part can be described as a congested miogresf structures due to the
presence of a significant number of intermolecutades (three argon atoms give a
total number of intermolecular modes equal to nifi@e low intensity of the origin and
the broad shape of the MATI peak due to the staomdymultiple appearances of van der

Waals modes indicate a structural change uponatais

6.4.3 Phenol...Ag

Structure in the S state

In contrast to phenol...Arthe phenol...Ar S origin is red-shifted compared to the
monomer origin. This value is only 10 énand substantially less than the red-shift
found for phenol...Ar(n=1-2). This reduced red-shift has been observatiansame
way in one of the conformers of aniline..,Ar Computational calculations have
suggested a structure for this isomer where fogoras build a rhombus-like structure
(see Figure 6.6) and are located in the same patieoring. A possible evaluation
regarding the structure of phenol..,Atan be obtained by analysis and comparison of
Figure 6.4 and 6.7. Figure 6.7 shows the shifthefarigin transition for aniline...Af

as a function of the number of argons. The confosn(@/1) and (2/2) in aniline...Ar
have a much bigger red-shift in common (-31'camd -42 crit respectively) than the
(4/0) conformer. However, contrary to phenol. 4Athe value of the spectral shift for

(4/0) in aniline... Aj can be linearly fitted with the othev/Q) isomers 1t=4-6).
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Combining the comparison between those two systerdghe similarity of the spectral
shifts, it suggests that also in phenol. 4, #&re four atoms argons may be located on the

same side of the aromatic ring.

Structure in the [ state

Unfortunately from the very broad structure obsdrire the MATI spectrum it is not
possible to determine features corresponding &rnmblecular modes. The broad shape
of this spectrum, as observed for phénolrs, can be interpreted as a significant
change of geometry in cation state. The absendkeofeature relative to the IE is an
additional confirmation of a strong change of te®metrical structure between &d

Do.

6.4.4 Phenol...Ag and phenol...Arg

A possible interpretation of the results found fiwenol...Ag and phenol...A§can be
determined by comparing Figure 6.4 and 6.7. A sirityf with our molecular clusters is
observed when we consider the isome&¥8)(in aniline...Ap (n=1, 3-6) and the (1/1)
isomer for aniline ...Ar. The same considerations reportedrfe8-4 can be extended
for n=5-6. A possible plausible structure for these telissis described by the argon

atoms located on the same side of the ring.

6.4.5 Observed conformers in phenol...Arand aniline...Ar,

The spectral shifts observed for phenol.,.Aand aniline...Af suggest a similarity

between the two systems, however a similarity adm¢seem to hold when the different
conformers are regarded. For aniline.,Aall possible T-bound conformers are

observed but for phenol...Aonly one conformer is found for each cluster. Thay be
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explained by the different thermodynamic conditiarsed in the experiments.As
example we consider aniline...AfThe REMPI spectrum recorded by Hermeteal*

using pure argon at a pressure of 1.6 bar showegrdsence of the conformer (3/0)
and by only changing the experimental conditior®@41Ar in He at the pressure of 3

bar), both (3/0) and (2/1) isomers were observed.

6.5 Summary and further discussion

In this chapter, the REMPI spectra revealed thatdhgins of the §0° transition of
phenol...Ar (n = 2-6) are red-shifted from the origin monomer dtirclusters with the
only exception of phenol...Ar where a blue shift of 25 ¢mwas observed. A
comparison with aniline...Ar demonstrated that the origin spectral shifts @D)(
conformers 1(=3-6) show the same trend of those of phenol,. (A=3-6). This points

to similar structures for phenol...A(h=3-6) where argon atoms are located on one side
of the aromatic ring. Furthermore, the recorded/ T | spectra of phendl..Arz and
phenol...Ar, allowed the determination of the IE for those aust The values for the

IE are red-shifted by about 551 ¢rand 867 crit compared to the IE of the phehol
respectively. The broad structures observed in tspeof phendl...Arz and
phenol...Ar, suggest that a strong geometrical change occura ignisation. The
spectral shift of the phenol.Ar, cluster does not match the trend observed for the
other phendl...Ar, clusters. It has to be mentioned that the valdethe IE of this
cluster determined by PIE and MATI spectroscopyrantethe same as usually expected.
This can be due to the fact that the strong sigonahoise ratio does not allow
establishing if the small sequences of peaks ptesehe lowest energy of the spectra

are indeed noise.
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Chapter 7

Fragmentation energetics phendl..Ar;

7.1 Introduction

In this chapter the dissociation process for phendlrs is considered, comparing the
results obtained for this molecular system with tHata earlier analysed for
phenol...Ar,. Also in this case the entire process is explais@oposing a possible

isomeration process upon ionisation.

7.2 Results

7.2.1 PIE spectra

The experimental conditions to produce the phenots.chuster to record the PIE/

MATI spectra are identical to those reported inghevious chapter.

Figure 7.1 shows the PIE spectra recordéd the S0° intermediate state of
phenof...Ars at 36373.5 cisimultaneously recorded at the mass of the phenats
parent ion channel (214 u), and phénolAr, (n=0-2) fragment ion channel masses.

A first clear step in the spectrum at the phé&noArz parent mass is observed at 68055
+ 50 cm' and assigned to the adiabatic ionisation threshottiin agreement with the

results reported in Chapter 6. The first signathe PIE spectrum monitored in the
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phenof...Ar, mass appears at ~68255tm30 cni* (~ 200 cni above the ionisation
threshold of phendl..Ars), providing an upper limit for the dissociatiorreshold for
the loss of one argon from pheholAra. The first threshold seen in the PIE spectrum
recorded at the pherol.Ar channel occurs 68875 ¢ht 30 cm' yielding an upper
limit value of 850 + 50 cm for the dissociation threshold for the loss of tergon
atoms. Finally the dissociation energy for the lo$sall three atom argon atoms is
observed at 1730 + 50 ¢hin the PIE spectrum recorded at the phémabnomer

channel.

7.2.2 MATI spectra

In order to obtain more accurate values for thaviddal threshold dissociation of
phenofl...Arz (3n), MATI spectra were recorded via the origin of first excited state
of phenol...Ar3(3r), monitored simultaneously in the phehalAr, mass channels with
n=1-3 (Figure 7.2).The pulse sequence, timing aettl fstrengths used in the MATI

experiment are identical to those reported in Gérapt

The MATI spectrum of th&=3 parent cluster is characterized by a single darad
nearly unresolved feature with a width of ~190che first signal appears at 68077 *+
15 cm?, which is assigned to the adiabatic IE. This vatum full agreement with that

previously obtained in the PIE spectrum.

The spectrum recorded for the=2 fragment channel displays a first broad peak
beginning to rise at 130 c¢habove the IE of phenal.Ars. A further even broader

feature can be seen at higher energy, coveringahge 350-700 cth The spectrum
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recorded at the=1 fragment channel shows two broad structureshénrange 780-

1115 cntand 1195-1340 cihabove the IE of phenal.Ars,

1730cm ™

Phenol”

Phenol +...Ar2

lon Signal / arb.units

200 cm ™

|
Phenol+...Ar3

T T
69500 70000

-1

T T T
68000 68500 69000

Wavenumber / cm

Figure 7.1 PIE spectra of phenol.Ars recorded at the cluster mass and the fragment
masses phenal.Ar, (n=0-2).
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Figure 7.2: MATI spectra recorded in the pheholArz parent and phenal.Ar, (n=
1,2) fragments channels obtaingd excitation of the £° origin of phend!...Ars.

7.3 Discussion

7.3.1 Spectral shift in ion ground state

As discussed in Chapter 6, the spectral red-shifplenof...Ar; compared to the
monomer in the cation state is 551 triThis value is almost three times the red-shift
for phenof...Ar (176 cm?)! and fits almost perfectly the linear trend chaggzing the
ionisation energies of pheral. Ar, (n=1-3). This result is consistent withm@ound Ar
atoms in phendl..Ar,. A similar trend was already observed in the cage
fluorobenzené..Ar, cluster (223 ¢, 422 cni and 560 cnt respectively fom=1, 2

and 3)?
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7.3.3 Intramolecular vibrations

The very broads peaks observed in the MATI speatrathe mass channel of
phenol...Ar (n=1, 2) do not allow a precise determination of th&#amolecular
vibrations frequencies of the pheholoiety associated with these transitions. Also for
phenol...Arx(2r), the intramolecular vibrational bands were brdadthe MATI
spectrahowever it was still possible to recognize that wWidth of these bands are a
consequence of combination bands of an intramaeaulode with a progression of
several quanta of the low-frequency van der Waalslerlys with a frequency of 10
cm™. The MATI peaks in phenbl..Ar;(3r) are even broader (>100 @jnthan those of
phenof...Ary(2n) (~50 cm'), as then=3 complex has three more van der Waals modes
than then=2 complex. Due to the lack of resolved structtine, frequencies of the van
der Waals vibrations of pheriol. Ar3(3r) cannot be determined. On the other hand, the
bare intramolecular frequencies can be associaitidive red edge of the MATI peaks.
To demonstrate this assignment, the MATI spectriiphenol is compared in Figure
7.3 and 7.4 to the MATI spectra recordeid the S origin of phenol...Ars(3n)

monitored in then=2 andn=1 fragment channels, respectively.

The derived intramolecular frequencies of ph&ndAr, (n =1, 2) are listed in Table
7.1, along with the frequencies determined for kalvenol and the assignment given

by Dopfer?

It is interesting to note that the intensity ef; in the MATI spectrum of
phenol...Ar(3r) recorded in then=2 channel is relatively high compared to, for
example, thess, intensity, §z111~2:1. For bare phenohnd also for phenbl.. Ar,(2n),

this ratio is much largergdli1~12:1. This enhancement in the intensity may be
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attributed to a reduction in symmetry. While phénahd phendl...Ar,(2r) have G
symmetry, for which thevi; out-of-plane mode is Franck-Condon forbidden,

phenol...Ar3(3r) has G symmetry, and1; becomes Franck-Condon allowed.

12
6a

164 18b

'?Mﬂ.lu N u WJ’ !

16b 6b 16a° 6a+l6a
' | ' | ' | ' | ' | ' |
0 200 400 600 800 1000 1200

IVIA LT D1ylldl [ dll. Ul

lon Internal Energy /cm ™

Figure 7.3 MATI spectra of phendl (red) and phendl..Ar, from dissociated
phenol...Ars. Assignments for the vibrational modes of phérask included, as given
by Ref. 3.



Chapter 7 118

12

MATI Signal / Arb. Units

‘ “M ‘ Lh-J’ v

6a+l16a

T T T T T T T T T T 1
600 800 1000 1200 1400 1600
lon Internal Energy / cm

Figure 7.4 MATI spectra of phendl (red) and phendl..Ar from dissociated
phenol...Ars. Assignments for the vibrational modes of phemeliacluded, as given
by Ref 3.

7.3.4 Dissociation energetics

Figure 7.5 summarizes the energetics derived flmrdissociation thresholds observed

in the PIE and MATI spectra of phefiol Ars(3r) in Figures 7.1 and 7.2

Dissociation threshold for the loss of one argoroat

From the PIE spectrum recorded in tle2 channel, an upper limit for the dissociation
threshold for the loss of one Ar atom is estimaaed20@60 cm'. A more accurate
value is derived from the MATI spectrum observedhan=2 and 3 channels. MATI
signals are simultaneously detected in both charninghe ~130-190 cthrange due to

the coupling of Rydberg statés.
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Table 7.1 Assignment of the intramolecular vibration in pb& of the phenol
monomer and phenol.Ar/ phenof...Ar, / phenol...Ar; from dissociated

phenof...Ar3

Mode Vibrational frequency / cnt'

Phenol Phenol...Ars
recorded at the mass of

| Phenol'...Ar3 Phenol...Ar, Phenol...Ar
"""" o 0 Qo210
11 178 130-290
16a 349
18b 411
16b 429
6a 515 360-700
6b 557
ToH 608
16& 697
12 808 785-850
6a+16a 862
B 927
1 978 780 -1115
F 1002
6 1032
16& 1043
6a+6b 1071

Grebneret al® demonstrated for the case of fluorobenzene...Ar @lssthat the

measured value of the fragment ion appearance gegends on the strength of the
applied ionisation field. For low electric field$25 V/cm) the appearance of peaks in
the fragment channel was shifted towards highesrial energy (some few 10 &in

compared to high electric fields (975 V/cm). Tloisservation was explained by a
coupling of the originally excited high Rydberg é&w of series converging to a
vibrational state below the field-free dissociatibreshold to lower Rydberg states con-
verging to a vibrational state above the dissammthreshold of the ionic core. The
coupling is induced by the pulsed electrical ioisafield. The coupling results in a

transfer of electronic energy from the excited hiRydberg electron to the vibrational
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degrees of freedom of the cluster ion core, caudisgociation of the cluster, even
when the total energy is less than I*DHere it is assumed that the Rydberg states
survive the dissociation, as shown in Ref 5. Thesakiation can be detected if the
ionising field strength is sufficient to ionise th@wv Rydberg states of the fragment

Rydberg molecule.

The appearance of MATI signal in the fragment clehgiepends on the strength of the
lonising field, whereas the signal of the parentstdr is not affected by the field.
Therefore the disappearance of the signal in thenpaon channel, rather than the
appearance in the fragment channel, provides tleevialue for dissociation energy. As
the signal in then=3 channel disappears at ~190 trman accurate value for the
dissociation energy of one Ar atom from phénohrs(3n) is determined as

19020 cni!, which is compatible with the value obtained frime PIE spectrum. This
value is also very similar to that found for phénoAr, (210 cm'). Both values are,
however, much smaller than the dissociation enefgy a n-bound ligand of
phenof...Ar(r), D;=535+3 cnt-°® This apparent discrepancy for phénolAr,(nr) with
n=1-3 differs qualitatively from the case of rethteclusters such as
fluorobenzené..Arn(nt) (n=1-3)? for which almost equal Ar binding energies are
determined, namely 3567, 546, and 502 chfor n=1-3, respectively (Table 7.2). For
phenol...Ar,(2r), the rather low dissociation threshold for Ardagas rationalised by a
7 — H isomerisation process induced by ionisation, mclv one of ther-bound ligands
isomerises to the OH binding site yielding phénolry(H/x).”® A similar n—H
isomerisation process occurs also after ionisatidnthe n=3 complex, namely
phenol...Ar3(3r) — phenol...Ary(H/2r). As a consequence of the. H isomerisation,

the difference of the binding energy of the H-bowmdl z-bound site is released into
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other degrees of freedom of the cluster and becawasable for dissociation of a
further m-bound Ar ligand. This implies that the dissociatidhreshold for the
elimination of ther-bound Ar ligand can be observed even when thessxeeergy used
for ionisation of phendl..Ars(3r) is smaller than the binding energy of thbound Ar
ligand in phendl...Ar(x) (535 cni).® A similar isomerisation and dissociation process
has recently also been observed for the adilingr, cluster.’

Assuming a value of 535 c¢hfor an-bound Ar ligand (dissociation energy for the loss
of one argon atom from phefialAr(n)), the threshold of 190 c (dissociation
threshold for the loss of one argon atom from phendérs(3r)) implies that the
dissociation energy of an H-bound ligand is 345'darger than the binding energy of

then-bound ligand i.e. B{H)-Do(r) = (535-190)= 345 cih

1 t t  ph+3ar
1
1
1

1730 1

860
B R U — ¢ 5

- — o —— H, )

_t _1190 Ph{...Arz + Ar

Ll (37)
535
D omlke r (H, 2m)

hw

><h\'

S -

Ph ...Ar;

Figure 7.5 Diagram of dissociation process for phénoArs. All energies are given in
cm®. The energy values 190, 860 and 1730"drave been directly determined by the
MATI/PIE spectra reported in this chapter. The eal635 cril represents the
dissociation energy for the loss of one Argon afosm phenol... Ar(r) according to
Ref. 1.
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Table 7.2 Summary of the dissociation thresholds (in“yrfor the loss of one (),
two (Dy) and three (B) Ar atoms for phendl..Ar, and fluorobenzene.Ar, (n=1-3).

Cluster Do D1 D>
Phenol...Ar 535
Phenol...Ar; 210 1115
Phenol...Ag 180 860 1730
Fluorobenzene..Ar 567
Fluorobenzene..Ar 546 1164
Fluorobenzene..Ar; 502 1066 /

Dissociation threshold for the loss of two argoroats

The dissociation energy for the loss of two Ar asdnom phendl...Ars (3n) is derived
from the MATI spectra recorded in tme=2 andn=1 fragment channels (Figure 7.2).
Spectral overlap is observed in the 780-860" dnequency range, corresponding to
excitation ofvi, andveatviea With intermolecular modes. The dissociation thoddiof
860 cm' obtained from the MATI spectrum is consistent wita PIE threshold of ~850

cm® (Figure 7.1).

Dissociation energy for the loss of three argon ate

Further information on the dissociation energiephdnol...Ars(3n) is provided by the
first threshold observed in the PIE spectrum reedroh the phendlchannel at 1730
cm’. This energy is actually only an upper limit fbetelimination of all three-bound
ligands from phendl..Ars(3n) . However, as the density of states is quite igthe
frequency range, this upper limit is probably cldsethe true value. Indeed, this
threshold is only slightly higher than three tintles binding energy of pheriol.Ar(x)®,

(3 x 535 = 1605 cM), indicating that the incremental Ar binding enefgr n-bonding
does not depend much on the cluster sizesaf8r Some cooperative effects arise from

additional Ar...Ar interactions, while non-cooperaieffects are due to non-additive
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induction forces and steric hindrance. Any intratdn rearrangement during the
presumably sequential dissociation process, sudheas— H isomerisation described
above, does not affect this value, as the prosdsarely described by phehol Ar(3r)

. phenol + 3 Ar. As can be seen from Figure 7.5, the eérpantal binding energy for
the H-bound Ar ligand in phenol.Ar(H) can be derived as the difference between the
dissociation energy for the loss of three Ar Atond @ahe dissociation threshold for the
loss of two Ar atoms from pheriol.Ar3(3r) (Do(H)=1730-860=870 cif). This value

is also close to binding energy derived from a leimanalysis of the dissociation

processes in pheriol. Arx(2r), Do(H) =905 cni'.

7.4 Summary and further discussion

The Ar binding energies to the phehohltion have been determined for various ligand
binding sites by analysing the PIE and MATI specfahenol...Ars(3n) recorded in
the parent and fragment ion channels via resonacitaion of the $ origin. The
energy diagram is complicated byta H isomerisation process induced by ionisation
of neutral phenol...Ar(3n), yielding a relatively low appearance energy @ tm' for

the phendl...Arx(H/n) fragment. Analysis of the various dissociatiorresiolds
observed result in binding energies of(l®)=870 cm' and y(n)=535 cm" for
phenol...Ar, which arein good agreement with the best available theaktialues
Do(H)=946 cm' and Dy(n)=542 cm', respectively’® The dissociation energy for all
threen-bound ligands in phenbl.Ars(3r) of 1730 cnt is roughly three times the value
of Do(n)=535 cm' obtained for phendl..Ar(x). This observation suggests that
incremental bond energies farbonded ligands in phenol.Ar, (nm)) are roughly

independent of the cluster size n in the size ram@e Clearly, the ionisation-induced
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- H switch observed for phenol...4Br)) yielding phenol...A§(H/2n)) confirms that

prior to ionisation all Ar ligands must occupyinding sites.
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Chapter 8

Rotational band contour analysis in
REMPI: elucidating the structures of
phenol...Ar;

8.1 Introduction

An isolated analysis of experimental results oldifrom REMPI spectroscopy is not
generally sufficient to give conclusive informatioegarding the structure of molecular
systemsAD initio calculations can furnish a good idea of the pdsstructures for the
systems where multiple conformers exist. The génagproach of comparing
vibrational modes observed in REMPI and ZEKE spewtith ab initio calculation can
provide reliable structural information. Howeversitnot possible to determine a unique
geometry for the systems studied with absoluteacdst. The rotational band contour
analysis of the 8—; transition can be an efficient tool to suggestgbssible structure
of isolated molecules or clusters. In particulars tmethod of matching calculated and
experimental band contours represents a procedumretermining the band type (a, b,
c or hybrid) and the assignment of the symmetrithefmolecules or clusters analysed.
A large number of geometric structures of hydropended and vdW complexes of

aromatic moleculé$® have been determined using this method. In the s
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phenol...Ap (n=1-2), the simulation of the rotational band stauetof the $- S

transition was the final proof to establish thbond interactiorf:”

The phenol molecule behaves as a near-prolate asyriartop giving rise to a b-type
band contour. As a consequence the direction ofréimsition dipole is in the short axis
of the aromatic rin§.Complexation may cause rotation of the inertiahfe and/or the
transition dipole and consequently a change inrg@ion. As an example, the spectra
of aniline and the aniline...Ar cluster recorded gsimgh-resolution laser induced
fluorescence (LIF) is cosideréd/Vhile the spectrum of the bare molecule displaps a
type character, the rotational profile of the atusis c-type. The difference in the
contour shape can be explained by the change eftdin of the inertial axis which is
associated with the argon atom located on the dromiag. No effects can be observed
because of the transition moment. The transitioimmerd in the complex should be

polarized in the same direction as in the bareramil

In Chapter 6, an assumption for the structure ehph..Ar; in the intermediate statq S
was made on the basis of considerations on therapshift of the origin transition 8"
compared to the phenol monomer. In this chaptearalysis of the rotational band

contour will support the geometry deduced for pthenfar ; in chapter 6.

8.2 Results and discussion

8.2.1 Isomers

To determine possible structures of phenol.;.8lustersab initio calculations were
performed using the resolution of identity secondeo Mgller-Plesset perturbation

theory (RI-MP2). This method was used as implentemethe Turbomole package
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5.10/ The cc-pVDZ and cc-pVTZ basis sets were employed thie calculations.
Diffuse functions (aug-) for the argon atoms wedsleal to recover the long-range
dispersion interaction between the phenol and thenaatoms moieties. The validity of
the calculated geometries has been verified byfabethat no imaginary vibrational
mode frequencies have been found for each strudfilme vibrational-frequency

calculations were performed using the NumForcd, gfahe Turbomole 5.10 package).

The most stable structures for phenol. g Are presented in Figure 8.1. The structure in
Figure 8.1 labelled 1/1/1, has one argon with hgdrobonded interaction and the other
two argon atoms having &interaction located on the opposite side of thameatic
ring. The other two structures present ominteractions. The structure reported in
Figure 8.1 labelled 2/1 has two argon atoms on sde of the aromatic ring and the
other on the opposite side. The structure in Figutelabelled 3/0 has the three argon
atoms on the same side of the ring with two argoma located in the vicinity of the
O-H group. Finally the last structure (labelled2/Figure 9.1), is represented by two
argon atoms having &bond on one side of the ring and another argom dtaving
hydrogen interaction.

The rotational constants iny State for each of the possible conformers obtafnaa
theab initio calculations are listed in Table 8.1

Table 8.1:Rotational constants in the State of the phenol...Arcomplex for the four
different isomers obtained froab initio calculations using cc-pVTZ basis sets.

Isomer A B C

3/0 703.5 481.9 467.1
2/1 942.4 358.0 286.3
1/1/1 929.4 361.5 296.1
2/1H 692.2 447.2 369.5
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Figure 8.1: Schematic diagram of the geometric structures anph..Ar. All the
geometries are calculated using RMP2/aug-cc-pD2llamd RMP2 / aug-cc-pTZ for
the argon atoms.
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The energies for each isomer (Table 8.2) are caiedlrelative to the 1/1/1 isomers,
which represents the most stable isomer. Unexglgctehile the geometries 2/1 and
2/1H almost maintain the same relative energy usimgtwo different basis sets, a
significant change in relative energy is obsenvedtifie conformer 3/0 ( 3.4 kJ/ nol
and 0.4 kJ/ mo! for the geometries calculated using RI-MP2/aug¢®Z and RI-

MP2/aug-cc-pVTZ level, respectively ).

Table 8.2:Relative energies for the isomers of the neutrahph..Ar; complex.

Isomer | RI-MP2/aug-cc-pVDZ | RI-MP2/aug-cc-pVTZ
kJ mol™ kJ mol™

1-1-1 0 0

3-0 3.4 0.4

2-1 0.8 1

2-1H 35 3.4

8.2.2 High resolution REMPI spectrum

The high resolution two colour (1+1') REMPI spentraf the origin band of the; &S
transition (36373.5 + 0.5 ¢M shown in Figure 9.2 was obtained using the same
experimental set-up and conditions described bgfohapter 3 and 6) and recorded by
scanning the laser in increments of 0.005'cifhe spectrum has been normalised to
dye laser intensity and is smoothed by a threetpiarage. The laser was calibrated
with reference to simultaneously recorded iodingogltion spectra, corrected from air

to vacuum.

The high resolution REMPI spectrum of phenol. s Agported in Figure 8.2, differently

from the case of phenol...Ar and phenol.2AT where a strong Q-branch can be
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observed (c-type band profile) in the high resolutispectra gives a hybrid type

rotational contour.

1.0 1

0.8

0.6 H

0.4 5

Intensity / Arb. Units

0.2 A

0.0

T 17 T 1 v L L L T L
-80 -60 -40 -20 0 20 40 60 80

Frequency offset / GHz

Figure 8.2: High resolution two-colour (1JIREMPI spectrum of the;8° band origin
of phenol...Ag.

8.2.3 Analysis of the rotational profile of the omgin band measured in
the REMPI spectrum

The best-fit simulated rotational contour specaported in Figure 8.3 were generated
with in-house softwafe (see appendix). The origin band rotational profilas
determined assuming the transition moments of paemol (practically once we know
the orientation of the transition moment in theebphenol molecule, we can transfer
this information to the complex due to the facttttiee transition involved is located
inside the phenol molecule and it is only slighdiffected by solvation of the argon

atom).
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The ab initio simulations employ Sotational constants which are 2% smaller than the
S rotational constants. The transition dipole monmaamd the temperature used for the
simulation spectra are reported in Table 8.3. Tihulsted band contours presented in
Figure 8.3 were obtained using a laser line widti200 MHz and a Lorentzian line
shape function. Experimental and simulated speuapresented relative to the band

centre which occurs at 36373.5 + 0.5tm

The 3/0 structure of phenol...Agives a simulated spectrum which follows the shafpe
the experimental data and, for the most part, tbensity very well offering the most
reasonable hybrid rotational contour (see figuBh &ndu e’ =43:23:24). For the
2/1 and 1//1/1 (figure 8.3a and 8.3b), the speateavery similar shape each other and
the rotational contour is dominated by a c-typal§b confirmed by.*> p.? andp?).

The 2/1 H structure also gives a reasonable rataltioontour, however the rotational
constants obtained from the fit simulation areffam the computedb initio values ( a
change of 25 %, 15%, 10% is observed on A, B, @aetsv/ely while a changes < 8%
are observed for the rotational constants for thercstructures). The significant change
is a limit for the reliability of this last fit simlation. Additionally, according to thab
initio calculations employing the higher level of the@RI-MP2/aug-cc-pVTZ level),

this geometry represents the least stable structure

It seems conclusive that phenol..;Aadopts a structure 3/0 even if tld initio
calculations supported a 1/1/1 structure. The tfzat as the conformers of phenol..,Ar
(n=1-2) in the neutral and in the first excited stat¢he phenol...As cluster, the argon

atoms largely prefer to interact with the aromaing, instead of hydrogen bond with
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the O-H substituent, can be explained with a péssiechanism of formation of this

cluster, which involves the argon atoms creatigad before interact with phenol.

Table 8.3: Transitional dipole moment and temperatures usedltulate the fit
simulated spectra for each isomer.

Isomer A V3 ik | T/°K
3/0 1.6 1.4 1.23
2/1 0.5 1.4 1.93
1/1/1 0.4 1.2 2 3
2/1H 2.1 0.4 111 3

r T T T T T T T 1 ¢ r r r r r
-80 -60 -40 -20 0 20 40 60 80 g 60 40 20 o 20 40 60 80
Frequency offset /IGHz

— 7T T T — T T T T T T T T T 1
-80 -60 -40 -20 0 20 40 60 80-100 -80 -60 -40  -20 0 20 40 60 80
Frequency offset /IGHz Frequency offset /GHz

Figure 8.3: Comparison of the experimental (dotted line) amdutated (continuous
line) origin band rotational profiles using &b initio parameters from a) 2/1 structure,
b) 3/0 structrure, c¢) 1/1/1 structure and d) 2/tidcture.
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8.3 Summary and further discussion

The structure for phenol...Ar was determined by comparison between the
experimentally obtained rotational band contour dhe ones calculated with the
rotational constants which were determined from dhigerent isomers. From this
comparison, the structure with three argon atornatém on the same side of the ring
was assigned as the structure best describingcthser. This result supports the
assumption made from an analysis of the lower vtisol REMPI studies (chapter 6).
It has been demonstrate again that in a contegpettroscopic study, rotational band

contour analysis gives additional information oae #tructure of the cluster.
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Chapter 9

Dissociation pathways in the
Phenol...Ar, cation complex

9.1 Introduction

In this Chapter the dissociation process of phendir, is investigated using
PIE/MATI spectroscopy. An interpretation of the @mising values for the dissociation
thresholds is given, focusing on the possible genmrend interactions adopted by the

argon atoms in the cluster.

9.2 Results

9.2.1 PIE spectra

The experimental conditions employed to producenpheAr, cluster for recording

PIE and MATI spectra are identical to those degdtiim Chapter 6.

Figure 9.1 shows the PIE spectrm the origin of the § state of phendl..Ar, at
36338.8 crit simultaneously recorded at the mass channel optiemof...Ar, parent
ion (254 u), and phenal. Ar, (n=0-3) fragment ion channels. The first rise in HE
spectrum of phenbl..Ar, is observed at 67760 + 50 ¢nand is assigned to the IE in

very good agreement with the value obtained in @haf. The structures of the PIE
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spectra at the mass channel of phenoArs phenol... Ar,, phenadl... Ar and phendl
rise at 67980 + 50 ci) 68180 + 50 cil, 68380 + 50 cii and 68595 + 50 cif

respectively.

9.2.2 MATI spectra

To obtain more accurate values for the dissociatioasholds of phenal.Ary, the
MATI spectra at the phenol.Ars mass channel and at the phérfthgment channel

via the origin of $ state of phenol...Arwere simultaneously recorded.

The MATI spectrum recorded at the mass of phendlr, is shown in Figure 9.2 (a
similar spectrum has been already reported in @&)t The spectrum is characterized
by a very broad structure therefore it is diffictdt distinguish individual features
assignable to possible vibrational modes. As magatiopreviously, the IE value
obtained from this spectrum differs from the vaheguired from the PIE spectrum. The
first peak in the MATI spectrum recorded at the snelsannel of phenal..Ar, can be
seen at 67948 + 20 chwhich is about 187 cthhigher than the IE value determined by
PIE spectroscopy. It was explained that the moliable candidate for the IE is the
value obtained from the PIE spectrum (67760 + 58)ctior this reason the ion internal
energy of the MATI spectrum of phefialAr, is relative to the IE value taken from the
PIE spectrum. The pheridragment from dissociated pheholAr,is also displayed in
Figure 9.2. Two sharp peaks can be observed. Téepieak is at 856 + 3 chabove
the IE of phendl...Ar, and another peak is present in the spectrum at83mi*

above the IE of phenal.Ar,.
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Phenol 835 cm

Phenol "...Ar, 430 cm ™
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Phenol +...Ar3
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Figure 9.1 PIE spectra of phenol.Ar, recorded at the cluster mass and the fragment
masses of phenol.Ar, (n=0-3).
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Figure 9.2: MATI spectra of phendl..Ar, via the SO° state recorded at the cluster
mass and the fragment mass phérbe ion internal energy is considered relative to
the IE energy determined by PIE spectroscopy.

9.3 Discussion

9.3.2 Dissociation process

139

A summary of the energetics for the dissociatiomcpss of phendl..Ar, is shown in

detail in Figure 9.3.
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640 = 50 cr(590 £ 50 ci'?)  Ph*...Ar + 3Ar

Ph*...Ar, + 2 Ar
430 + 50cnT(390 +50 cn?)

Ph*...Ar; + Ar

220 + 50cnt (172 + 50 crt?)

Ph+...Ar4

Figure 9.3: Schematic of the dissociation process of the phenAr, cluster.

Dissociation energy for the loss of one argon atom

From the PIE spectrum at the mass channel of pherl; we can determine that the
dissociation threshold for the loss of one argamais 220 + 50 ci. As deduced from
Table 9.1, this value differs by approximately 316" from the dissociation threshold
one argon from the pheralAr cluster (535 ci),' and is very similar to the
dissociation threshold for the loss of one argamator phenol...Af (n=2-3) (208 and
190 cm" are the values for pheral.Ar, and phendl...Ar; respectively). This small
dissociation threshold was explained for phénoAr, (n=2-3) by assumingt—H

isomerisation. The value for the dissociation thodd for the loss of one argon atom
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from phenol...Ar, is comparable to those of phenol..,Afn=2-3) so then—H

iIsomerisation process could be tentatively propegeEmh initial analysis.

Table 9.1 Summary of the dissociation thresholds for phend\r, (n=1-4).

Energy (crit) for the loss of

Cluster 1 Aratom | 2 Aratoms | 3 Aratoms | 4 Ar atoms
Phenol...Ar 535

Phenol...Ar, 210 1105

Phenol...Ar; 190 860 1730

Phenol...A; | 220 (72 | 43090 640690 + | 856 BOE?)
+50cm | 450 cm?) | 50 cm'?)
?)

Dissociation energy for the loss of two and thregan atoms

From the PIE spectrum at the mass channel of pherfal, fragmentthe dissociation
thresholds for the loss of two argon atoms has leend to be 430 + 50 cf This
value is approximately twice the dissociation thodd for the loss of one argon atom.
This trend is still valid if the dissociation thhedd for the loss of three argon atoms is
considered. Also in this case the value obtainednfrthe PIE spectrum at the
phenof...Ar mass channel is 640 + 50 ¢mwhich is almost three times bigger than
that for the loss of one argon atom. The dissamatireshold for the loss of two argon
atoms is around 400 ¢hsmaller than the corresponding value found fompHe..Ars.
This surprising result cannot be explained considela n=—H isomerisation as a
possible geometry rearrangement of this systens iBhadditionally supported by the
very low energy value obtained for the loss of éhmegon atoms which suggests that the
location of the argon atoms with respect to theratc ring may differ from the other

phenofl...Ar, (n=1-3) clusters.
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Dissociation energy for the loss of four argon atsnand a possible mechanism for
the fragmentation process

A very surprising value can be found when the disgmn energy for the loss of four
argon atoms is considered. The value obtained tr@mPIE spectrum recorded at the
mass channel of pheridiragment is 835 + 50 cthand is in full agreement with the
accurate value of 856 + 3 ¢hobtained from analysis of the MATI spectrum. This
value is two times smaller than the dissociatioergy for the loss of three argon atoms
in phenot...Ars (1730 cnt) and even smaller than the dissociation energyhfeross

of both argon atoms from phefiol Ar, (~1105 cnit).

This data additionally supports the fact that thgoa atoms indeed interact with the
phenol differently than the other phehalAr, (n=1-3) clusters. If we list all the

possible van der Waals structures the argon atcsns aclopt with respect to the

aromatic ring, there are three possible geometaed2 structure where the two argon
atoms are located on one side of the aromaticaimthe other two are on the opposite
side; a 3/1 structure where three argon atoms @ndda to one side of the phenol and
the other argon is on the opposite side; the lassiple structure 4/0 is represented by
the four argon atoms adopting a geometry wherdaineatoms are on the same side of

the aromatic ring.

The value observed for the dissociation energietude the 2/2 and 3/1 structures as
initial geometries. In fact, in these cases, thtuneaof the bonds between the argon
atoms and phenol would not differ much from phé&noAr, (n=2-3) and the magnitude

of the dissociation threshold should be similaittiose clusters. Furthermore, if it is
considered that the low energy values for the tif'ssne, two and three argon atoms

would be due to rearrangement of the structurenisf ¢dluster, it would be expected a
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much higher value for the dissociation energieamdigg the loss of the four argon
atoms. In particular, as it has been observed i@npl...Ar, and phendl..Ars, any
rearrangement does not affect the final fragmesriaginergy which is almost-times

the dissociation energy for the loss of one argoman phendl...Ar (1105 cnm' and
1730 cn® are the dissociation energies for the loss of tvgon atoms from
phenol...Ar, and three argon atoms from phénoAr; respectively, which are almost
two and three times bigger then the energetic vahtained for the loss of one argon
atom in phendl..Ar (535 cm?). ! The only geometry that may be able to explain the

experimental data is the 4/0 structure.

In aniline...An, one of the conformers was observed to have a §itlred shift of 3
cm* compared the aniline origin, which correspondthmost stable 4/0 structure and
computational calculations revealed that the foigoa atoms adopt a rhombus-like
arrangement in this structufé.A small S0° red shift of 10 crit was observed for
phenol...Ay (see Chapter 6) compared to th€°®f the phenol monomer therefore a
similar structure could be a reasonable candidatplienol...A¥.

As already mentioned in chapter 6, the preferemecesingle-sided or double-sided
solvation depends on the expansion conditions. Highacking pressure favors single-
side solvated species, i.e., the formationrd®) isomers, because first the,Arluster
are formed in the expansion and then phenol istadthto the surface of this cluster. In
the present work, the Ar backing pressure of > 2dearesponds to the high pressure

regime, leading to the preferential formation & {#/0) isomer.
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From the values observed for the dissociation Hulels of phendl..Ar, it can be
inferred that the argon atoms must be located wmvaépnt positions to maintain the

additivity for the dissociation thresholds.

This assumption is supported by considerationshengeometries adopted in Argon
atoms clusters. Free gases rare clusters havelaemly investigatetP® and it has
been found that cluster of 4-55 atoms assume stegwith high symmetry. Thus for
example, a cluster with 5 atoms prefers a trigdygliramidal, 6 an octahedral and in
particular, 4 a tetrahedral This is also confirmed by a simple calculationfgened on

an isolated system of four argon atoms. FiguresBas a schematic representation of
the Ar, cluster. Calculations on this system were perfar@@ploying the Gaussian 03
program. The geometry optimization of,/Avas calculated at the RI-MP2/aug-cc-pVTZ

level including counterpoise correction to avoidibaset superposition error (BSSE).

Figure 9.4: Schematic representation of the geometry afchuster. The geometry was
calculated using aug-cc-pVTZ level. The calculatarthe minimum energy includes
BSSE.
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It appears that the four argon atoms largely prédeadopt a structure such as a
tetrahedron instead of geometry where all the aejoms are located in the same plane

(such as rhombus-like structure).

The calculated distance between the argon atortieigeometry reported in Figure 9.4
is around 3.8 A, which is slightly bigger than tfistance between the argon atom and
the aromatic ring in phenol...Ar (3.3 A)If we consider this type of geometry in the
phenof”)...Ar, where only one argon atom is closer to the aranmitg; the other argon
atoms located twice as far from the ring would dmy slightly affect by a non
covalent interaction with phenol. Only the closaigjon atom would establish a strong
interaction with the aromatic ring, supporting #meall values found for the dissociation

energies.

Furthermore, considering that the bond energy imrgon dimer is around 100 &gt

the value for the dissociation energy for the losgour argon atoms is just slightly
different than 3 x 100 cth(bond energy bond of each argon atom with theeslos
argon atom to the aromatic ring) + 535 trfuissociation energy for the loss of one

argon atom from phenal.Ar).

9.3.3 Intramolecular vibrational modes

Further observations on the results obtained canmlade from Figure 9.5. The
spectrum in red in Figure 9.5 shows the MATI speutfor phenol monomer and the
spectrum in black is the MATI spectrum of the pHénfrom the fragmented
phenof...Ars. The intense feature at 808 ¢rim the MATI spectrum of the phenol

monomer is assigned to the in-plane mod¥ 2shifted by ~ 48 cthcompared to the



Chapter 9 146

most intense peak in the spectrum recorded at thes rfragment channel of phehol
from phenal...Ar4 (no shifts are expected for in-plane modes inracgire where all
the argon atoms are located on the top of the @&romag). This difference is within
the experimental error. In fact the |IE for phénolr, has been obtained from the PIE
(with an error range of + 50 ¢l So we can assume that the most intense petle in
MATI spectrum of the fragment phefial Ar,4 corresponds to the intramolecular mode
12 and as a consequence, the value for the digimncinergy can be given at 808tm
leaving unaltered the considerations made on thsodiation process of this cluster.
Additionally the peak observed at 17 tnabove the 12 mode can be reasonable
assigned to the in-plane mode £8(as expected, no shift is again observed indhse
observed if we compare this frequency with thé%8ode of phend). If a shift of the

IE energy for phenol...Arof ~ 50 cni' is assumed, the value for the dissociation
energy for the loss of one, two and three argomatwould be shifted by ~50 ¢h{172

+ 50 cni', 390 +50 crit, 590 + 50 crit would represent the possible values for the

dissociation thresholds of one, two and three aegoms).
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Figure 9.5 MATI spectra of phendl (red) and phendl (black) from dissociated
phenofl...Ary.

9.4 Further discussion

Analysis of the bands observed in the MATI spectafrphenol...Ar, recorded at the
phenol mass reveals a band width of about 20".cfthese sharp peaks were not
observed in the case of the MATI spectra of phendlr, (n = 2, 3) recorded at the
fragment masses. In this case, the structures aeamang the spectra were very broad
(~50 cm' for phenol...Ar, and ~150 cil for phenol...Ars). As already mentioned,
each peak corresponds to a fundamental vibratidlowied by the intermolecular
vibrations of the cation state. The observed MAEhks in phendl..Ar, should be
even broader. Pheriol. Ar4 has more low frequency van der Waals modes iakion
state as can be deduced by considering the fadt tttea MATI spectrum of

phenof...Ar, via the $0° intermediate state is characterized by a broadtstre.
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For these reasons, further spectroscopic invegiigas required to confirm that the
MATI signal observed at the mass channel of phensl indeed produced by

fragmentation of phenal..Ar,.

9.5 Summary

The difficulties in detecting a MATI signal at theasses of phenol.Ar, (n=1-3)
fragments of phendl..Ar, did not make it possible to obtain accurate valieesthe
dissociation thresholds for the loss of one, twal dhree argon atoms; however
approximate dissociation thresholds were found $ipguPIE spectroscopy. Surprising
energy values were obtained for the dissociatiatess. An accurate value (808 Hm
for the dissociation energy for the loss of therf@augon atoms was obtained by
analysing the MATI spectrum recorded at the masseél of phenol fragment of the
phenol...Ar,. These surprising measurements were explaineddpoping a structure
for phenol...Ar, where all argon atoms are located on the samedaditiee ring in a
tetrahedron-like structure. Further investigatian necessary to confirm the results

obtained from MATI spectroscopy.
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Chapter 10

Phenol...CH,

10.1 Introduction

Methane is a non-polar ‘spherical’ molecule andaansequence its interaction with
aromatic systems is expected to be similar to tHoserare gases such as argon.
However the larger polarizability of methane leddsstronger interactionsu(/4neo=
1.63 and 2.6 Afor L= Ar and CH).? Spectroscopic information regarding the .CH
complex with aromatic molecules such as toluidiceesol’ aniline* and phendl’ can

be found in previous works.

In particular, previous reports suggest that pher®H, has an-bound equilibrium
structure in the neutral ground statg’Sn the ionic state ) only the z-bound
phenofl... CH, will therefore be generated due to the restrigtionposed by the Frank-
Condon principle which strongly favours verticahnsitions. However, similar to
phenol...Ar, the global minimum of phenal.CH, is expected to have a H-bound
geometryas shown by IR spectroscopy of clusters generateitha electron impact
source’ Information regarding the spectral shift of thent origin of the transition
S of phenol...CHrelative to the phenol monomer were obtained ustimgulated

raman-UV double resonance spectroscdpy.
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In this chapter, a description of the recent rasolbtained by REMPI and MATI
spectroscopy is reported. To supplement these tseskljii and co-workefshave

performed REMPI-IR dip spectroscopy on this clusigstem. An analysis of the
spectra obtained by REMPI-IR dip. spectroscopyaise found in this chapter for a
complete description of the geometries adoptechanpf®...CH. with emphasis on the

photoionisation-induced site-swiching fravbonding to H-bonding.

10.2 Results

10.2.1 REMPI Spectrum

A two colour (1+1") R2PI spectrum was recordedirss$ $tep preceding investigation of

the ion ground state by MATI spectroscopy.

Phenol...CH clusters were produced in a skimmed supersoniexgansion of phenol

seeded in a 5% methane/argon mixture with presBet@een 1-2 bar. The sample
holder containing phenol was heated at a temperaifii320-340 K. An appropriate
value for the energy of the second laser (32200%)cmas chosen to reduce

fragmentation from higher clusters.

The two-colour (1+1") R2PI spectrum of phenol..{s$l shown in Figure 10.1. The
most intense feature occurs at 36288.3 + 0.3 and is assigned to the band origin (this
value is in fully agreement with the results obeéairin Ref. 6). The first sequence of
bands can be clearly identified in the low energyt @f the spectrum (in the range
between 22 cfh and 110 cni above the band origin) and arise due to the
intermolecular modes of methane with respect tqtienol molecule. The most intense

feature can be observed at around 53" @hove the band origin. The other bands
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observed in the spectrum at higher energies argnaskto the intramolecular modes of
phenof (see Table 10.1 for frequencies and assignmehes)nost intense band in this

region can be observed at 476 tand it corresponds to the mode 6a.

0
S,0
1<)
=
-
g
<
b *
2 6a
Q
=
11/10b
// A 18b
T T T T T T T T T T T
0 100 200 300 400 500

Internal Energy / cm ™

Figure 10.1 (1+1") REMPI spectrum of phenol...Gldf the first electronically excited
state including the assignment of the intramolecularational modes.

Table 10.X Frequencies and assignments of the vibrationad$€abserved in the
REMPI spectrum of phenol...GHnd phenol monomer.

Frequency / cm
REMPI spectrum REMPI spectrum Assignment
Phenol...CH Phenol monomer
214 208 Tomn®
333 324 ‘A
395 395 18b
476 476 6a

Rlomenclature of Varsanyf.
Nomenclature of Wilsoh
°The assignment is not certdfr->
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10.2.2 PIE and MATI Spectra

PIE and MATI spectroscopy were used to record speof the [ state of the
phenof...CH,. The pulse sequence timings and field strengthd ts obtain the MATI
spectrum are identical to those previously desdridenisation energies have been

corrected for fields effects using the formula= 4F"2 14

The PIE and MATI spectra of phefiolCH,, recorded by ionisingia the S0°
intermediate state at 36288.3 + 0.5tare shown in Figure 10. 2. The first clear step in
the PIE spectrum can be observed at 68331 + 3bmviding an approximate value

for the ionisation energy of phefial CHy.

A more accurate value for the ionisation energylmaobtained by analyzing the MATI
spectrum. The MATI spectrum is characterized byaath structure of about 100 ém
width; however six individual bands can be certaidentified with an equal spacing of
about 15 cnt as shown in Figure 11.3). The first feature at4883 5 cm' can be
assigned to the ionisation energy due to the faatt mo further bands are observed at
lower energy in the spectrum in agreement withuvilee found in the PIE spectrum.
This band does not represent the most prominetmirgean the spectrum as was also

observed in the MATI spectra of phenol..,An = 2-3) (see Chapters 4 and 6).
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Figure 10.2 PIE and MATI spectra of pheriol. CH, recorded by ionisingia the
S10° transition.
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Figure 10.3 MATI spectrum of phendl..CH,. The top scale shows the equal spacing
between the vibrational modes.
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10.3 Discussion

10.3.1 Spectral shift of the first electronic excéd state

The S0° transition of phenol...ClHocated at 36288.3 + 0.5 ¢hrepresents a red-shift
of 61 cm® compared to the;Srigin of the phenol monomer. It can inferred framble
11.2 that this value is between the correspondiiftfor the H-bound phenol...N(100

cm?) and thet-bound phenol...Ar (33 cif).

Table 10.2: Spectral shiftof origin transition of phenol...X cluster relative the S
origin of the phenol monomer.

Cluster Spectral Shiftin S /cm™”
Phenol...NH" -650

Phenol...H0" -353

Phenol...CO’ -190

Phenol...N*® -100

Phenol...Af* -33

Phenol...CH -61

10.3.2 Intramolecular Vibrations

Among the vibrational modes observed in the R2Ricspm of phenol...Ck our
attention is focused on the frequencies of ther@h X8b in-plane modes. The 6a and
18b modes have the same frequencies as the cantisganonomer phenol bands (see

Table 10.1) as expected for a cluster adoptingand geometry.

However, the 6a mode is blue-shifted in the cagh®phenol...X ( X = KO, N,, CO)
clusters adopting a structure with a hydrogen hiatetaction (a blue-shift of 2.5 ¢

was observed for phenol..;N°of 5 cm’ for phenol...HO' and phenol...CO)?
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10.3.3 lonisation Energy

The IE of phendl...CH, is red-shifted by 287 cihcompared to the IE of the monomer
phenol cation and lies in-between the corresponding alise phendl...Ar'® and
phenof...N,*®of 171 cniand 1205 cril. However the IE is only ~100 c¢hbigger than
the IE value for phendl..Ar suggesting that these clusters have similanggoy in the

ionic ground state.

10.3.4 Vibrational modes in cationic state

The nearly harmonic vibrational progression of i5'@bserved in the MATI spectrum
via the S0° transition of phendl..CH; has a structure very similar to that of
phenol...Ar, (see Chapter 4). The vibrational spacing in ttseaf phendl...Ar, was
found to be around 10 ¢hln this cluster the mode of this progression assigned to
the symmetric bending modegsbOn the basis of this spectral similarity, it reasbly
assumed that the vibrational progressions in phe@, can be assigned to the
symmetric bending mode. This assignment is alspaigd by a comparison with the
MATI spectrum of the isoelectronic cluster anilineCH, which shows analogous
vibrational progression (approximately 20 9° Additionally, the mode phas exactly

the same value in pheiial. Ar*® and phendl..CH, (15cm?).

10.3.5 Geometry of phenol...CHlin the neutral ground state 3

As mentioned before, previous works suggest thanph..CH, has ar-bound

equilibrium structure in the neutral ground st&ge 2’
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Recently, phenol... CHhas been investigated by Fujii and co-workersing REMPI-
IR dip. spectroscopy. A short description of then@ple of the IR spectroscopy is

reviewed prior to discussing the analysis of thresalts.

The principle of the REMPI-IR dip. spectroscopythe $ and [y states is illustrated in
Figure 10.4.a and 10.4.b, respectivét>?*A first UV laser {uv), excites the cluster
under study to the;Sorigin and a second UV lasev4) ionises the electronically
excited cluster. At the same time, a tunable IRM&sr) is fired and scanned. When the
vir IS resonant with a vibrational transition of thieister, the vibrationally excited
cluster dissociates and the ion current decredfseg. is fired prior to thevwyy, the IR
spectrum of the §Sstate can be measured (Figurel0.4.a) and i,this fired aftervion.

the IR spectrum of the {>tate can be recorded (Figure 10.4.b).

The IR spectrum of phenol...Ghvas measured in the State (Figure 10.4). They
band of phenol... CiHwas observed at 36656 ¢mvhich is only slightly red-shifted
(by 2 cm’) from the corresponding transition of phenol (36&81%). As thevoy band
of phenol...CH also occurs at the same frequency as that of phekd® and
phenol...Ap** it was concluded that phenol...GHadopts an-bound minimum

structure in the $state.
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Figure 10.4 Schematic diagram of the principle of a) IR dgpectroscopy for the
neutral ground statey ) for cationic ground statey,D
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Figure 10.5 IR dip spectrum of phenol...Chh S from Ref 8.

10.3.6 Geometry of phenol...CHin S

The spectral shift of the first electronically ereci state observed for phenol...Cld

only 28 cm bigger than the spectral shift relative to phenolr*°4 phenol...Ar adopts
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a m-bound structure). However the difference betwgenspectral shift of phenaol...
CH, and the other clusters adopting H-bond interastisrmuch bigger (589 ¢ 291
cm?, 129 cni, 49 cm" for phenol...NH, phenol...HO, phenol...CO and phenol..;N
respectively). This information combined with thect that the 6a and 18b in-plane
intramolecular vibrational modes have the sameukaqy as the 6a andl18b bands
observed in the REMPI spectrum of the phenol momaygeain supports the assignment

of an-bound geometry for phenol...GH

10.3.7 IR dip spectrum of phendl...CH, in the ionic Dy state

The information on the ionic Pstate of phenol...CHobtained from PIE/MATI
spectroscopy has also been expanded by an REMRIiR spectroscopy of
phenof...CH:® The IR dip spectrum of pherialCH, presented in Figure 10.6, displays
an intense and broad bangh band at 3390 cth( in the IR dip spectrum of the phenol
monomer in ionic [P state, the band relative to the freg; was observed at

3534 cmi* ). Its position is slightly shifted by 25 ¢hto von of H-boundphenof...CH,
obtained by IR spectroscopy of the cluster prepare@n El sourcé This result
suggests that the phefiol CH, cluster cation produced by photoionisation adopis a
bound geometry. The appearance of the H-boundtsteuand a complete absence of
the of ther-bound structure in the IR spectrum suggests—¢H site switching in the p

state as already observed in the case of phenfl,.
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Figure 10.6 IR dip spectrum of phenal.CH,in Dy from Ref 8.

10.4 Summary and further discussion

In this chapter the REMPI spectrum of phenol..,Gelealed that the origin transition
S1—S is redshifted by 61 cthcompared to the origin of the phenol monomer. This
value is close to the red-shift found for phenol...@®3 cm') and confirms the

geometrical similarity between argon and methartbése neutral clusters.

The recorded PIE/MATI spectra of phenol...Céllowed the determination of a value
of the IE which is red-shifted by 287 deompared to the IE of the phenol monomer. A
detailed view of the threshold region showed aatibnal progression of approximately

15 cmi* which was assigned to the symmetric bending mode.
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Additionally, the analysis of the IR dip spectrumthe $ state demonstrated that the
neutral cluster exhibits-bonding. Interesting results were obtained by mdiog the IR
dip. spectrum of this cluster in cation state. phenol...CHj, cluster prefers hydrogen
bonding. This observation implies that>H site switching occurs in phenol...GH

upon the photoionisation process.

Further investigations on this system would be a@bleonfirm the assumption of the
n—H isomerisation and produce more information reg@dhe energetic of this
dynamic. A study of the dissociation process by mseaf MATI spectroscopy, which
has been not possible to conduct to date due texberimental challenge of obtaining
significant intensity of the parent cluster forstlsystem, would give an accurate value
for the energy necessary for the loss of the metimaslecule. Consequently the binding

energy for the H-bond could be easily calculated.
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Chapter 11

Conclusions and future works

The spectroscopic investigations usihgyh-resolution spectroscopic methods such as
REMPI, ZEKE/MATI, PIE spectroscopy reported in this work of thesis ragrduted to
establish the geometries adopted by simple vai@als complexes which represents a
starting point to provide basic information on thteuctural, energetic, and dynamic
manifestations of intermolecular forces involvingueh larger chemical systems,
including the study of biomolecules. In particulirese studies on clusters containing
aromatic systems and gas rare have given furtifi@mmation which is essential to better
understand how the salvation processes work. Thavledge is also important for
further refinement o&b initio computational methods. The achievements of neultses
regarding the dissociation processes and a préeemination of the fragmentation

energies of such clusters have been possible gréyrploying MATI spectroscopy.

In more details, photoionisation of thebound neutral phenol...Arcluster was
expected to conserve thebound configuration due to the Frank—Condon ppieci
However, determination of the dissociation thregdhdbr the loss of one and two argon
atoms in phendl..Ar, revealed the surprising existence of a H-bounacsire of this

cluster upon ionisation, suggesting thataH site switching occurs.
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The R2PI spectra of phenol.. A(n=3-6) revealed that the origins of the transition
S+ transitionare red-shifted compared to the monomer originalorthe clusters
with the only exception of phenghrs, where a blue-shift was observed. A comparison
of the origin spectral shifts with the monomer origf one-side aniline...Ar(n=3-6)
conformers showed a similar trend to those of pheds, (n=3-6). This points to
similar structures for phenol...A(n=3-6) where argon atoms are located on one side of

the aromatic ring.

A similar scenario to the dissociation processeptwnol...Ar, has been found for
phenol...Ar;. The energy diagram drawn to explain the dissociagwocess in
phenol...Arz showed that a—H isomerisation occurs upon ionisation as obsefoed
phenol...Ar,. The binding energy of the hydrogen bond betwaerphenol cation and
argon atom was calculated (~ 870 trsimilar to the value found in pheral Ary).
This value, as expected, is between the much stracanventional hydrogen bond and
typical weaker vdW bond. A very surprising valuasanfound for the dissociation
energy for the loss of the four argon atoms (leas 900 crit) from phenal...Ar,. This
indicated a structure where the four argon atonoptad tetrahedral symmetry on one
side of the aromatic ring. Interesting results was® obtained by recording the IR dip
spectrum of phendl..CH, in cation state. Also in this case,ma>H isomerisation

occurs upon ionisation.

To obtain further confirmations and information aedjng the stability and the
structures of the clusters analysed, it would b&venient to carry out other

experimental and computational investigations.
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As an extension of previous theoretical study demgs calculations to obtain
structures and relative energies are already dtafso for the larger clustera=4-6).

The difficulty of guessing the possible argon agements in the larger clusters is
solved performing random relaxed scan of the geomerobing thus the potential
energy surface (PES) of the complexes. From theading geometries further
optimisation can provide the most stable geometidke different conformers for each

cluster.

Additionally, a further investigation on the phenodAr, (n=2-6) using the spectroscopic
methodologies used in these work of thesis, contbiméh hole burning spectroscopy
can be carried out changing the thermodynamic ¢iomdi ( in particular the pressure of

the Argon gas) to possibly prove the existencetloéroconformers for each cluster.

Finally the analysis of the dissociation procefsghenof...CH,; can be only completed
if the MATI spectravia the S0° state of phenol...CHare simultaneously recorded at

the mass channel of the cluster and the pfiéragment.
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Chapter 12

Appendix

12.1 Appendix A: Ab Initio calculation methodologies

12.1.1 Introduction

The use of computational methods can be a valig@tifor a complete analysis and
interpretation of the spectroscopic experiment.édalar mechanics and semi-empirical
methods can give an approximate evaluation of tbpgsties of molecular clusters but
only anab initio approach for the calculation of van der Walls odrogen bonded
complexes can offer the reasonable reflectionketrue structure.

A short description of the theoretical basisdbrinitio calculations is here reported.

12.1.2 Definition ofab initio quantum chemistry
The basis of electronic structure calculation & sblution of the non-relativistic, time-

independent Schrodinger equation. The Hamiltorﬁ%n(equation 12.1) expressed in
atomic units is a function of the nuclear and etedt coordinates of the molecule

(equation 12.2). The first two terms are the etattr and nuclear kinetic energy

operatorsf”e andl,,, the third the nuclear-nuclear potential energgramWN , the

fourth the nuclear-electronic potential energy ammVNe and the fifth the electronic
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potential energy operatof/ee (i,j are the indices for electronk,... indices for the

nuclei) (equation 12.3)

AY = EY [12.1]

__2ZD2 z_Dz ZZZI{Z]

I>] 1

z - Z— [12.2]

i~ 1
H=T +T, +V,y +V,, +V, [12.3]
The equation 12.1 cannot be solved analyticallgmitve consider any molecule with
more degrees of freedom than'Hind only the use of approximations can provide a
solution to this equation. The major approximatised in quantum chemistry is the
Born Oppenheimer approximatiomhis approximation separates the electronic and
nuclear components of the Hamiltonian. Within tligproximation, the electronic
Hamiltonian is written as:

Z,Z,

ZDZ 2t Z Z— [12.4]

1>J 1J i i>j u
H.W, = E(R)¥, [12.5]
The equation 12.4 can be rewritten as

H =T, ,+V,+V, = Zﬁ(i) +3. 2 0(i, ) [12.6]
22,000 j) = XA [1p.7
H. = Y. Ih() +9()] = 2 H'() [12.8]

Where ﬁ(i) is known as the core Hamiltonian, a hydrogenic Htmmian for the ¥
electron in the field of a bare nucleus of chargéhg Hamiltonian effectively becomes

an one-electron operator.
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12.1.3 The Hartree-Fock method

In the Hartree-Fock (HF) approximation, the electetectron repulsion is treated in
average way. Thus each electron has its own wavatieq and the other electrons are
treated as an average field.

The antisymmetric product ofi-electron wave function used in the Hartree-Fock

method can be expressed in the form of a Slaterm&tant shown in equation 12.9:

90 ¢,Q0 - 40

W@a2,...n) = ——de t[¢]_i ﬂ@ ¢2(2) ¢'j.(.2) [12.9]

Jn Jn
¢H(n) ¢2(n) o ¢n(n)

or using the standard shorthand notation:

v=[y1y2.. Wavp. .. il [12.10]
Therefore the energy can be evaluated as following:

N/2 N/2N/2

E[W]=(W|H |¥)= 23 +ZZ (2], -K,) [12]

where h; again represents the one-electron core Hamiltoniak is the electron

Hamiltonian for Coulomb interactions andj; is the Hamiltonian for the exchange

interaction.
(8.0 (i)g, () [12.12]
J; = (8,008,(1)|8,]8.0)8,(1) [12.13]
K, =(8,009,(7)| 5], ()8.0)) [12.14]

At this point two new operators, called the Coulomud exchange operators are

introduced (shown in equations 12.15 and 12.1@ews/ely). It can be easily seen that
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the operators in 12.15 and 12.16 give rise to thtegrals in 12.13 and 12.14,

respectively and a new one-electron Hamiltoniageftned (see equation 12.17).

T #,() = (8.)] 2,18,))| #,(1) [12.15]
Kiil#, (1)) = (8, 0|9 |, ()| 8, (1)) [12.16]
F=h+ ;(f/-lzj) [12.17]
Fo =€, [12.18]

For molecules, basis set expansions are almosyslwsed to describe the molecular

orbitals, g;:

6. = c.f, [12.19]

Variational optimisation of the orbital coefficients achieved through Hartree-Fock-
Roothan equations, shown below:

FC=SCe [12.20]
whereF is the Fock matrixC the matrix of the orbital coefficients ai®ithe overlap
matrix between different atomic orbitals, aedthe diagonal matrix of the orbital
energies.The equation 12.20 only has a non-tris@ltion if the following secular
determinant is satisfied:
det= |F-eS |=0 [12.21]
Since the Fock matrix is only known if moleculabitals are known, the procedure
starts off by some guess of the coefficients, fotihed= matrix, and diagonilises it. The
new set is used for calculating a new Fock matig, This process continues until the

set of coefficients used for constructing the Fowkrix is equal to those resulting from



Chapter 12 171

the diagonalisation. This iterative procedure iswn as the self consistent field (SCF)

method and the resulting wavefunction is calledSk# wave function (Figure 12.1).

Evaluate two-
electron integral

Guess starting
molecular orbital
coefficient

Form Fock
matrix

Diagonilise Fock Matrix

Converged?

Figure 12.1 Hartree-Fock self-consistent procedure.

12.1.4 Electron correlation methods

The HF method generates solutions to the Schrodemeation where the real electron
interaction is substituted by an average interactithe HF wave function is able to
consider the 996 of the total energy, but no the remainin§olwhich is important to
describe chemical phenomena. The difference betweeiF and the lowest possible
energy in the given basis set is callBctron correlationenergy? The HF method
determines the energetically best one-determinaailt wave function. It is therefore

clear that in order to improve the HF result tretgpoint has to be a trial wave function
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that contains more than one Slater determinan generic trial wave function can be

written as:

W= aO¢HF + Za1¢| [12'22]

Electron correlation methods differ in how the dimgfnts in front of the determinants

are calculated, withpdbeing determined by the normalization condition.

There are three main methods to calculate electrorrelation: Configuration

Interaction(Cl), Many-Body Perturbation TheofMBPT) andCoupled Cluste(CC).

Configuration interaction

In this method, the trial wave function is a lineambination of determinants with
expansion coefficients determined by requiring tihat energy should be a minimum.
Subscripts S, D, T, etc. indicate determinants #rat singly, doubly, triply, excited

relative to the HF configuration:

Weor =agfpe +zas¢s +zaD¢D +zaT¢T"'Zai¢i [12]23

Many-body perturbation theory

The perturbation method is based on the fact systaher study differs slightly from a
system which has been already solved. Mathematicdltlis can be described
introducing a HamiltoniarfH) operator consisting of two parts: a referehlzeand a
perturbation H’ Usually the perturbation is expressed as a pow#sseand so Han
be written as:

H=H,+AH' [12.24]

H=H,+AH, +2H, + PH, +.... [12.29]
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The total energy and the wave function of the pbed system can also be expressed as

a power series:

E=E, +/AE, + ’E, + ’E, +... [12.26]

W=, + AW, + X, + Py, +.. [12.27]
In order to apply perturbation theory to the catioin of correlation energy, the
unperturbed Hamiltonian operator must be seledibd.most common choice is based
on taking this as a sum over Fock operators, |ggidiMMaller-Plesset (MP) perturbation

theory’.

Coupled-cluster theory

The central tenet of the coupled cluster theorythiat the full-Cl (configuration
interaction) wave function can be describell as

W=e'y, [1228]
The cluster operator is defined as:

T=T,+T,+T,+..+T, [12.29]
where n is the total number of electrons and the variousoferators generate all

possible determinants havingxcitation from the reference.

12.1.4 Basis sets

One of the approximations inherent in essentially & initio methods is the
introduction of a basis set.
A finite number of functions are used as a badisseepresent an unknown molecular

orbital (MO) which is accurately represented onjyan infinite number of functions.
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The most efficient strategy is to represent the M®8near combinations of atomic

orbitals (LCAO):

6. = cufu [12.30]

There are two types of basis functions commonlyduge electronic structure
calculations:
 Slater-type Orbitals (ST®)

+ Gaussian Type Orbitals (GTD)

Slater-type orbital

Slater-type orbitals have the functional form shawthe equation 12.31:
fenim(®8,@ =NY, (8,9 e [12.31]

Where N is a normalization constant anfl, are spherical harmonic functions. The
exponential dependence on the distance betweenutleus and electron mirrors the
exact orbitals for the hydrogen atom. However thermo radial node in any single STO
function; nodes in the radial part are introducgdnaking linear combinations of
STOs. The evaluation of two-electron integrals gssiOs is very time consuming, for
this reason the STOs are primarily used for atoamd diatomic systems where high

accuracy is required.

Gaussian-type orbital
The use of Gaussian—-type orbitals (GTO) can beiderexi computationally more
practical and a preferred option. GTOs can be evrith terms of polar (equation 12.32)

or Cartesian coordinate (equation 12.33):
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fonin( 8,0 =NY, (3,91 e [12.32]

fom iyt (XY,2) = NXyY 22 e [12.33]

The sum ofly, Iy, I, determines the type of orbitals (for exampte I+ 1,=1) is a p-
orbital. Ther? dependence in the exponential makes the GTOsadnfier STOs in two
aspects.

1. Atthe nucleus a GTO has a zero slope, in contoaatSTO which has a “cusp”
(discontinuous derivative), and as a consequeneeGhOs do not properly
represent the behaviour near the nucleus.

2. The GTO falls off too rapidly far from the nuclecesmpared with an STO.
More GTOs are necessary to achiewertaio accuracy compared with STOs.
However, the increase in the numbe&s®0O basis functions is more than
compensated by the fact that thegiatis can be easily calculated. The GTOs
are therefore preferred and usedarsally as basis function in electronic

calculations.

12.1.5 Classification of basis sets

The smallest number of functions possible is a mim basis set. Only a sufficient
number of functions are employed to contain all #ectrons. For example, for
hydrogen and helium, this means a singfenction. For the first row in the periodic

system it means tws-functions (1s and 2s) and one setpdfinctions (2R, 2p,, and

2p,).

The next improvement of basis sets is a doublinglbbasis functions, producing a

double zeta (DZ) type basis. This means, for examghlat a DZ basis employs two



Chapter 12 176

s-functions for hydrogen (1s and JlSour s-functions (1s, 1s’, 2s and 2s’) and two sets
of p —functions for second row elements. However bez#us chemical bonding occurs
between valence orbitals, a variation of the DZetygasis only doubles the number of

valence orbitals, producing pl& valence basis.

The next step in basis set size iBriple Zeta (TZ) three times as many functions as the
minimum basis) Quadrupule Zeta (QZndQuintuple Zeta(PZ).

In most cases, higher angular momentum functione ba be introduced for a better
description of the system. These are denoted palasin functions due to the fact that
p-orbital introduces a polarization of the s-orbitand similarly d-orbitals are
responsible for polarizing p-orbital, f-orbital fopolarizing d-orbitals and etc.
Polarization functions are added to sp-basis. Agldmn single set of polarization
functions (p-functions on hydrogens and d-functionsheavy atoms) to the DZ basis
forms aDouble Zeta plus PolarizatioDZP) type basis. Multiple sets of polarization
functions are added to a TZ sp-basis, a triple gkts double polarization (TZ2P) type

basis is obtained.

12.1.6 Contracted basis sets
Combining the full set of basis functions, knownttaesprimitive GTOs (PGTOs), into a
smaller set of functions by forming fixed linearntoinations is known as basis set

contractionand the resulting functions are called contrabtsls set (equation 12.34).
k
f(CGTO =) a f,(PGTO [12.34]

There are two different ways of contracting a sketpomitive GTOs to a set of
contracted GTOssegmentedndgeneral contractionin the segmented contraction, a

given set of PGTOs is portioned into smaller sdtfunctions that are made into
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CGTOs by determining suitable coefficients.a general contraction all primitives (on
a given atom) enter all the contracted functionst twith different contraction

coefficients.

Pople style basis sets

STO-nG basis séts

These areSlater type orbitalsconsisting ofn PGTOs. This is a minimum type basis
where the exponents of the PGTO are determinedttaygfto the STO, rather than

optimizing them by a variational procedure.

k-mImG basis sets

These basis sets are split valence types, witkk thefront of the dash indicating how
many PGTOs are used for representing the coreatsbithenml after the dash indicate
both how many functions the valence orbitals at& spgo, and how PGTOs are used
for their representation. Two valuesl)(indicate a split valence, while three values
(nml) indicate a triple split valence. The values beftre G (for Gaussian) indicate the

s- and p-functions in the basis.

All the Pople style basis sets can be extendeddujng diffus& and / or polarization

functions.

Dunning-Huzinaga (DH) basis sets

An alternative to the Pople type basis sets isnalyaof basis set devised by Dunning
and co-workerd®'!? These basis sets have built up systematically fandising
successively larger basis sets in the series;tbgyees, geometries and other properties

converge to a complete basis set limit.
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Atomic natural orbitals basis sets

Pople style and DH basis sets are of the segmepotadaction type. Modern contracted
basis sets aimed at producing very accurate wanetifuns often employ a general
contraction scheme. Thatomic natural orbitals basis sets (ANO) and Catiehs
consistents basis sets (cc) are of the generataiioin type. The idea in the Atomic
Natural Orbital type basis sets is to contractrgdd?GTO set to a fairly small number

of CGTO by using natural orbitals from a correlatattulation on the free atom.

Correlation Consistent (cc) basis sets

The correlation consistent basis sets are geaveatdorecovering the correlation energy
of the valence electrons. The basis sets are dasigich that functions that contribute
similar amounts of correlation energy are includethe same stage, independent of the
function type. Several different sizes of cc basets are available in terms of final
number of contracted functions. These are knowrthieyyr acronyms: cc-pvDZ, cc-

pVTZ, cc-pVQZ, cc-pV5Z and cc-pV6Z.

12.1.7 Basis set superposition errors

When the energies are compared at different ge@sgetthe nuclear fixed basis
introduces an error. The quality of the basis setat the same at all geometries. This
effect is more evident when van der Waals complexds/drogen bonds are considered
and is known as thBasis Set Superposition Errf(BSSE). Many methods are used to
evaluate this error; the most common is @sunterpoise(CP) correctiort’ The CP
correction is defined by the equation 12.35.

AE, = E(A) re t E(B) AB E(A)A - E(B)B [12.39]
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Where E(A)as and E(B)as are the energies of the monomers calculated with t
combined basis seb andE(A),andE(B)s are the energies of the monomers calculated

with the basis set andb respectively.

12.2 Appendix B: Rotational band counter analysis

Rotational band counter analysis of the REMPI spettof phenol...As has been
carried out using the simulated spectra generaie ivwwihouse software employing the

rigid rotor approximatiort®

The simulated spectra are calculated using rotatioonstants (Srotational constants
are 2 % smaller than the &nstants) fronab initio calculated geometries (asymmetric
REMPI simulation (ARS)). After that, the softwarees to fit the simulated spectrum to

the experimental REMPI spectrum (asymmetric RENt&h§ (ARF)).

All fits in this thesis were carried out by optinmg the correlation coefficient between
experimental and simulated spectrum to unity, aichviidentity of the two spectra is
achieved. The two sets of rotational constants Sgrand $ are simultaneously
optimised using a Monte-Carlo procedure. Other patars are optimised
independently by directly maximising the correlatiooefficient. A Lorentzian was
used as the lineshape function with a line-widtiL200 MHz. The fitting was carried
out with a precision for the correlation coeffidieof 0.96 which was sufficiently

accurate for the determination of the best fitting.
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