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Abstract

Massselected infrared multiple photon spestopy(IRMPD), Fourier transform ion
cyclotron resonance(FT-ICR) kinetic experiments, RRKM and electronic structure
calculations have begperformedin order to propose a complex mechanism involving the
formation of the protoound dimer of water ($0,") from 1,1,3,3tetrafluorodimethyl
ether. It has been found that the reaction is facilitated by a sergexjoéntialexothermic
bimolecular ioAmmolecule reactionsEvidence for the dominant mechanistic pathway
involving the reaction of CJH-O=CHF, an im of m/z 99, with water is presented. The
primary channel occursia nucleophilic attack of water on the ion ai/z 99 (CkH-
O=CHF), to lose formyl fluoride and vyield protonated difluoromethanoi/z(69).
Association of a second water molecule wylotonated difluoromethanol generates a
reactive intermediate which decompos#s a 1,4elimination to release hydrogen fluoride
and yield the protoitound dimer of water and formyl fluoriden(z67). The 1,4elimination
of hydrogen fluoride is found toebstrongly supported by the results of both RRKM theory
and eéctronic structure calculationsastly, the elimination of formyl fluoride occurs by the
association of a third water molecule to produg®H (m/z37). The most probable isomeric
forms of theions withm/z99 and 69 were found using IRMPD spectroscopy and electronic
structure theory calculations. Thermochemical information for reactant, transition and

product species was obtained using MP2/exigVQZ//MP2(full)/6-31G(d) level of theory.

lonic hydrogen bond (IHB) interactions, resulting from the association of ammonia and

two of the protonated methylxanthine derivatives, caffeine and theophylline, have been



characterized using masslected IRMPD and electronic structure calculations at the
MP2augccpVTZ//IB3LYP/6-311+G(d,p)level of theory. It was found that the formation of

a protonbound dimer (PBD) otaffeine andammonia was elusive under the experimental
conditions. The low binding energy of the caffeine and ammonia PBD is responsitile for
perceived difficulty in obtaining an IRMPDpsectrum. The IRMPD spectrum of tiRBD of
theophylline and ammonia was obtained and revealed bidentate IHB formation within the
complex, which gredt increased the binding energslative to the most stabisomer of the

PBD of caffeine and ammonia. The IRMPD spectra of the protonated forms of caffeine and
theophylline have also obtained. The spectrum of protonated caffeine stienkmminant
existence ofa single isomerwhereas the spectrum of protonatedophylline showed a
mixture of isomers. The mixture of isomes of protonatedtheophylline resulted as a
consequence of protdaransport catalysis (PTQ)ccurring within the PBD of theophylline

and ammonia All calculated harmonic spectra have been preduat theB3LYP/6-
311+G(d,p) level of theorywith fundamental frequenciescaled by 0.967%9calculated
anharmonic spectra have also been provided at the same level of theory and were found to

greatly improve the match with the IRMPD spectra obtained iceaks.

lonic hydrogen bond (IHB) interactions, resulting from the association of caffeine and
theophylline with their protonated counterparfisrming protonbound homodimers, have
been characterized using mastected IRMPD and electronic structurecadédtions at the
MP2/6-311+G(2d,2p)B3LYP/6-311+G(d,p)level of theory. It is found that the IRMPD

spectra of the protehound homodimer of caffeine and theophyllineare complicated



resulting fromthe existence of severphirs ofenantiomes separated by narrow range of
relative Gibbs free energies (298 K) of 156d 18.2 kJ mdl, respectively. ThéRMPD
spectrum of the protehound homodimer of theophylline is dominated by a unique isomer
facilitated by formation of a bidentate IHB. Fortoa of this interaction lowers the relative
Gibbs free energy of the ion to 9.75 kJ thdlelow that of the most favourable pair of
enantiomersThe IRMPD spectrum of the PBD of caffeine is complicated by the existénce
at least two pairs of emtiomerswith the strong likelihood ofhe spectral contributions af
third pair existing The most favourable enantiomeric pair involves the formation of a
O H'E O IHB. However, ‘erification of a pair of enantiomeric PBDs containing a
N H* E OIHB is alsoobservedn the IRMPD spectrum of the PBD of caffeine due to the

presence of three free carbonyl stretching modes located at 1731, 1751 and 1785 cm

The massselected IRMPD spectra of the sodium caftmund dimers (SCBD) of
caffeine and theophyllinalso havebeen obtained. Both the massected IRMPD spectra
and electronic structure calculations predict the most likely structure of the SCBDs of
caffeine and theophylline tiorm by anefficient OE Na* E O interaction betweerC=0
functional groups possessed byleaconomerThe frequencies of th€=0-Na' stretch are
found to be nearly identical in the IRMPD spectra for both of the SCBDs of caffeine and
theophylline at 1644 and 1646 ¢mrespectively. However, the degenerate f&eO
symmetric and asymmetric stre&s for the SCBDs of caffeine and theophylline found at
1732 and 1758m 1, respectively, demonstrating a ksHift for caffeine possibly linked ta

steric interaction absent theophylline.Free rotation about th@E Na* E O bond is found



to greatlydecrease the complexity of the IRMPD spectra of the SCBDs of caffeine and
theophylline and demonstrates excellent agreement between the IRMPD and calculated
spectra. Electronic structure calculations have been dahe BtP2(full)/augcc-pCVTZ/6-
311+G(2d2p)/B3LYP/6-311+G(d,p)level of theory using the aug-pCVTZ basis set for

Na" and all Na'-interacting heterotatomsand the 6311+G(2d,2p) basis set for all non

interacting atomsvithin the SCBDs, in order to provide accurate electronic energies.

Currertly, installation and implementatioof a pulsed electrospray high pressure ion
source mated to an existing high pressure mass spectrometer (HPMS) is underway. The new
ion sourcewill greatly increase the range of possibilities for the study ofnmmhecuk
reactions in the McMahon laboratory. One of the unique features of the new deffign is
incorporaton of a gastight electrospray interface, allowing for more possibilities tbaly
the study of clusteion equilibria involving hydration (HO.E S"), whee S is an ion
produced by electrospray. Othamall prototypical biological moleules such as amines and
thiols can be usedavithout concern for theoxicity of these speciefinother unique design
feature allowslectrosprayeibns to associate with neutral solvent specieamnialectric field
free reaction chamber (RChhis ensurethat values of equilibrium constardeterminedare
truly representative of ions in statef thermochemical equilibriunmiThe existing HPMS in
the McMahon laboratory is limited to the study shallvolatile organic molecules. The new
ion source will permit the exploration of systems involving -nofatile species, doubly
charged ions and many biologically relevant molecules such as amino acitidegep

nucleobases and carbohydrates.

Vi
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12.7 mm, respectively. The thicknesses of the outside and platinum disk mount are 3.15 mm and 4.87
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temperature inside the RC directly. The TC is sealed to the SB by a-galgl @op left). Front of the SB
XXV



displaying the aperture mount and mounting plate for the skimmer conasd@;. The aperture mount
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atoms have been calculated at the MP2(fulB18.+(2d,2p¥B3LYP/6-311+G(d,p) level of theory. All
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Chapter 1
Introduction

1.1 lonic-Hydrogen Bond Interactionsin the Gas Phase

Knowledge of the intrinsic reactivity of gaseous ionic species is fundamental to the
understanding of larger chemical systems. Or@frinci@l intermoleculainteractionsn
chemistry is the hydrogen boffiWhen a hydrogen bond is formed during an-ieolecule
association reactiont, is referred toas a ionic hydrogen bond (IHB) anthere have been
numerous studies related to IHB formation over the past four deéé&bi&he typical range
of bond energies for IHBs is 20 to 150 kJ th6l with the high end of thisrange
charactering the IHB & a strong intermoleculanteractionequvalent to somecovalent
bonds such as £ which has a bond energy of 155 kJ Tl There are severaixamples of
chemistry involving IHB formationncluding acid-base chemistry, electrolytes, ionic cluster
formation and solvatiorselfassembly irmacranolecular chemistry and molecular crystals.
The appearance of IHBs in biologically relevant chemical systes prevalent and can
include protein folding, engme active sites, membrane formation and prdtansport
catalysis® The presence of IHB formatiofin a plethora of chemitaopics warrantsa

detailed studynd understandingf this important intermolecular force.

The energetic and structural consequences associated with IHB formation cannot be

intrinsically quantified in the condensed phagee to the complex nature of geht effects.



However, the study of intermolecular forces in the gas phase is an immediate solution to the

solvation problemA representative systemvolving IHB formationin the gas phass

M+ MH* MEH'EM 1.1

whereM is a neutral monomer species containing one or more Lewis basic heteroatoms. The
association product on the right sidekxf. 1.1 is referred to as a symmetric protbaund

dimer (PBD) The formation of symmetric PBDs involves the partial transfer ofotopr

from adonor to acceptdneteroatonwith the bond strength correlatealthe efficiency of the
transfer. As the proton is transferri partial positive chargen the protonincreases while

the partial negativeharges of the donor and acceptor atancreases. As the symmetric
PBD is formed théd H™ bond length of the proton donor increases and charge is partially
transferred to the acceptor atom. The symmetric PBDs share the proton efficiently due to the
donor and acceptor moleculeaving identichproton affiniies (PA). The PA is defined as

the negative value of the enthalpy chafgeEq. 1.2

M+ H* MH* 1.2

and therefore a more positive PA implies a more favourable protonation of the mdviomer

It has beershownexperimentallythatin symmetricPBDsthe strength of the IHB formed
between the dimers is nptoportional tothe magnitude of thd°A valuesof the monomer

units! & 1%f the association reaction given By. 1.1involves IHB formation between two
different heteroatoms(g.N H* E O) then the IHB bond strength decreasesaitgreater
difference in PA between the donor and acceptor heteroatoms, resulting in the proton being

shared disproportionately. For example, if the donor possesses a higher PA than the acceptor
2



heteroatomthenthe proton will tend to favour the donooat side of the IHB Asymmetric
PBDs can be formed under two circumstances: Thedastirs whera monomer possess
more than one heteroatom with similar PAesulting in the possibility of multiple isomers
being formed. The second is the formation diegerodimer between two different monomer
species €.g CH;OHE H* E HOGH,CH;). Both symmetric and asymmetric PBDare
always characterized by a large positive entropy of dissociation (80 to 130 JKiipl
relative to covalent species due to retentiomtsrnal rotations and low frequency vibrations
about the IHBof the PBD.The IHB bond strength is also affected by resonance stabilization.

For example, if the formation of an IHB involves a perturbation to resonance stabilization in

the monomer units, itan lower the overall exothermicity of the association reafion.

Experimentsinvolving the study of gaseous symmetricdaasymmetric PBDsre
perfectly suitedto studyusing mass spectrometrtechniques since one of the princab
criteria for performing mass spectromegéxperimentss theexistence ofonic species in the

gaseous state.

1.2 MassSelectedinfrared Multiple -Photon DissociationSpectroscopy

Mass spectrometrgan bea powerfulmethodfor the determination of the structure of
molecules Recently, theredvebeen extensive studiesuplingmass spectrometry with the
use oflaserinducedphotactivation in orderto providethe frequencyspecificdissociation
of isolateq gaseous ionic speci€s® **'% The productions of suchdissociationprocesses
are readily detected using variollsapped ioh massspectrometric techques, such as

[20]

Fourier transform iomyclotron resonance (FICR)?® and ion trap (ITfY mass
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spectrometry. Trapping of the ions is paramount to the succe$slagerinduced
photoactivationsince the ions must be confined to a space where aregxposed to the
electromagnetic radiation provided laylaser for sufficiently long perids of time that
multiple-photon activation can occu€onventionalforms of mass spectrometry, such as
electron impact (ElI) and chemical ionization (Chkely on the identification and
characterization of fragment ion intensitiasa function of mass t@harge ratio (/2.
Although the characterization of fragmentation patterns for small ionic species can be very
useful, it is rare that the structure of largemic species can be elucidated sol&lym the
information provided by a fragmentation masscspen In modernmassselectedRMPD
spectroscopythe princi@l mechanism for structural analysis, is the interpretation of an
infrared (IR) consequence spectrum, wherehis context, the mass spectrometer seag&a
detection device onlyin prototypcal spectroscopy, the spectrum obtaisadws thedirect
absorption or transmission of electromagnetic radiation as a function of photgy.emner
consequence spectroscofye spectrunshows theefficiency of dissociation induced by the
absorpton of electromagnetic radiatioras a function of photon energylherefore,
consequence spectrosca@nbe considered amdirect measure of th@olecularabsorption

of electromagnetic radiatioas a function of photon energk.common way to express the

verticd axis in a masselected IRMPD spectrum is as the IRMPD efficiertey. (1.3)
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where Qs g is the intensity of the isolated parent ion &g aq IS the sum of the
intensities of fragment ions produced following irradiatibhe important similarity between
conventional IR spectroscopy and IRMPD spectroscgpthatboth method will provide a

unique "chemical fingerprint" of the species of interest

1.2.1 ThelRMPDProcess

The mechanisnfor the unimoleculardissociation of ionsbased on the absorption of
photons is theoretically compleX??; however the following provides an essentially

gualitative viewin terms of anorephysicaldescription.

Consider a notlinear polyaomic moleculethat contains 3N6 modes of vibration,
where N is the number of nuclei, all of which are coupledelectron density distributed
throughout the molecul&lthough, for mathematical simplicity, the vibrations of molecules
are regulag treated as a collection of 3dlindependent harmonic oscillators, real molecular
vibrations are noharmoni¢ nor are theynecessarilyindependent otach otherlt is the
coupling of molecular vibrations that makes IRMPD a possibillty.IR spectroscopy the
excitation of a single oscillator within a molecule occurs byattorption ophotonsand is
oftenreferred to ashe "bright staté' The "bright state" carries the fi@l oscillatorstrength
for the selected spectroscopic transitaord this eergy will flow into the maifold of so
called "darkstaté oscillatorswhich were not excited direct§? Some of the "dark states"
are strongly coupled to the "bright state” oscillatord become excitedsubsequently
continuing tocouplewith oscillators that were not coupled directly with the "bright state.”

The energy is then effectively delocalized abth# collection of oscillators within the
5



moleculeandthis processs referred to as intramolecular vibrational redistribution (I¥R).

2 The lifetime of IVR istypically veryshort at approimately 10 psi.e. near the time scale

of molecular vibration§€> A consequence of IVRs thatby the absorption of multiple
guanta of photonsa molecule can rapidly have itetal vibrationalenergy increasedn
which case théissociaton threshold of the weakest bond within the spetiag bereached

and fragmentatioran ensue The IVR process is considered a slow heating method due to
the requirement of a molecule to alds tens to hundreds of photoims order to promote
dissociatior?® A mole of 1000 cnt infrared photorequalsapproximately 12 kJ mdl of
energy. Thissuggest that a typicalcovalentC-H bond with a binding enerd§’! of 414 kJ

mol ™, would require the absoiph of approximately 35 photors order to dissociate.

1.2.2 Applications of MassSelectedRMPD to Gaseous Chemical Systems

Recently, hysicalchemists have madeassselectedRMPD a popular technique for
the purpose ofharacterizinghe structure of gaseous ionic specibsweverthe gplication
of IRMPD to small chemical systentss existed for several decatfés®® Over the years,
the useof massselectedRMPD has produced many interesting studies. In 1985, Eyler and
coworker§” were able tadeduce differentisomeric forms of the ion s0," (m/z 89),
which was generatedfollowing the massselectedIRMPD of an assortment obxygen
containing hydrocarbongcluding 1,4dioxane and2-(2-ethoxyethoxy)ethanolln 1993,
Osterheld and coworké?¥ usedmassselectedRMPD in order tostudythe dissociation of
nitrobenzene radical catiowith the purpose ofcomparing the experimentalrates of

dissociation with the predictierof microcanonical ratéheory of Rice, Ramsperger, Kassel
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and Marcus (RRKM$?3 One of the first examplesf the use of masselectedRMPD in
the study of dipeptidesvas performed using &T-ICR mass spectrometean 1991 by
Zimmerman and coworkel&! This was a unique experiment at the time, sinfiesit useda
neodymiumdopel yttrium aluminium garnet (N¥AG) laser to desorb a solid sample of
dipeptide, followed by irradiation with an infrared gfaser, in order to induclRMPD of
the gaseous dipeptide species1994,large multiply charged bimolecules such as bovine
carbonic anhydrase (29 kDa), were partially sequenced using IRMADE Dy Little and
coworkers®! |t was found that thenassselectedRMPD could provide additional sequence
information previouslyunavailable by theise ofconventionalkollision-induced dissociation

(CID) methods.

A featurecommon to all of the studiefescribed above that thetype oflaser usedo
perform thelRMPD analyseswvaseithera continuous wave (CW) or pulsed g@ser. The
CO, laser is of relatively monochromatic wavelengthnormally centered between
approximately9.5 and 10.6mm in the infrared regionOne disadvantageof using a
monochromatic lasds that molecules must hasgefficientvibrational frequenciesoherent
with the irradiation wavelength in orday initiate IRMPD. Anothershortcomingof the use
of monochromatic astation, isin theinability to produce anassselectedRMPD spectrum
as a function ofa broad range ofphoton enmgies. This form of massselectedlRMPD
provides analternative totraditional CID methods, howevett should not be considered

spectroscopisince it does not provide vibrational signaturd=or monochromatic IRMPD



the information providedequires the interpretation bbhgmentation intensitiess a function

of m/zratios.

Many modern forms of massselectedIRMPD differ from the use of traditional
monochromatic lasetechniqus by incorporating the use of wavelengtmable laser
systems. The two most common tunable light soumesently used formassselected
IRMPD spectroscopyinclude the freelectron laser (FEEY*Y and optical parametric
oscillator (OPOJ*?“®! The OPO isa usefultool for massselected RMPD spectroscopy in
the approximateangd*” *® of 2000 to 4000 cm This thesisemploys a FEL fothe majority
of spectracovering the spectralinge of 1000 td 900 cni', encompassinghe "fingerprint
region” of vibrational frequencies. This region of the vibratics@ectrum is particularly
useful for studying the structural characteristics of ions containing carbonyl groupsathat
participae in IHB formation. For example in positive ions, free carbonyl stretches are found
between approximately 1700 and 1800"cand protonated carbonyl stretches and proton

bending modes are found between approximately 1600 and 1650 cm

In the present thesis, structural characterizations of the proton and sodiurrboatiah
homodimers of caffeine and theophylline, as welktlze PBD of ammonia and theophylline
have been made using masdected infrared multipiphoton dissociation (IRMPD)

spectroscopy1000 to 1900 ci) and electronic structure calculations.

A unique mechanism for the generation of the prdionnd homodner of water from
successive bimolecular reactions involving water and 1;ie®&fluorodimethyl ether at

very low pressure (~ 10Torr) is proposed. This work involved using massectedRMPD
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spectroscopy (600 to 1900 @n electronic structure anBRKM calculations as the

methodology for describing a complex and mstgép mechanism.



Chapter 2
Experimental Considerations

2.1 The Free Electron Lase(FEL)

Severalexperimental and computational techniques have been implemented in the work
presented in this thesisoweveronecommonfeature in each of the studiess theuse of a

FEL to perform masselected IRMPDspectroscopyThe FEL 4% s typically a linear
accelerator (LINAC) based light sourcénieh can provide coherent, higlower radiation

with the optical characteristics found in conventional laser systems. While a congkntion
laser uses the bound atomic or molecular states of solids and gases as its lasing medium, a
FEL uses a relativistic electron beam. In a FEL, the electron beam passes through an
undulator magnet assembly which results in the stimulated emission ofHighte 2.1).

The wavelength of the emitted light is determined by the electron beam energy and pulse
characteristics, as well as the periodic magnetic field properties of the undulator. The FEL is
excellent for providing higlaverage and higheak powerand is tunable over an extensive
range of wavelengths including:-pays, ultraviolet, visible, infrared and microwave. The
wavelength of emitted light is strongly dependent on tlegtivestic electron beam energy

and the ideal acceleration range for pdivg infrared photon emission is from 10 to 50
MeV. The details of the specific configuration of the FEL, as it was applied in the work

presented here, will follow.
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Figure 2.1: The periodic undulator magnassembly responsible for altering the wavelength
of light emitted by the inducing oscillation of a relativistic electron beam which is passed
through the assembi?!

2.2 Fourier Transform lon Cyclotron Resonance Mass Spectrometry

In 1949, Hipple and coworkers publeh the first ICR spectrum of a prot&f,
followed by the ICR spectrum of @*. This early instrument had m/z range of up to
approximately 100 amuhoweverit was reliable up to only 28 anfi}! Later, in 1974
Comisarow and Marshatiublished the firsET-ICR mass spectrum of GH Using a single
data &quisitionof 25.9 ms, a signdb-noise ratio of 8:1 and maascuracyof approximately

0.005 amwvasobtained®?
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Sincethe inceptionof FT-ICR, the technology hasvolved dramatically and modern
instruments are capable of extraordinary resoluiod mass rangéor example, theLTQ
FT Ultra Hybrid Mass Spectrometby Thermo Scientific is claimed to hapartperbillion
(ppb) resolution (x0.000001 amuat 1000 amu An impressive example of mass range
capabilities was demonstrated Gfien and coworkemshen theyisolatedcoliphage DNAT4
ions of mass1®® amul® It was estimated that the "stretcheat" length of the DNA
moleculewas approximatel0® pm, which is gigantig in terms ofa molecularframe of

reference

2.2.1 Theory of Fourier Transform lon Cyclotron ResonanceMS

The following is abrief description of how an FICR functions as a mass
spectrometerThe FTICR MSis equipped vth a powerful permanent magnet amarmally
it is superconducting in nature. The-KJR MS used irone of the studiepresented in this
thesis is equippé with a superconducting magngossessing field strength of 4.7 T
Currentinstruments have much stronger fields, such as the Bruker DaltonicsAjpax

seriesFT-ICR, which is equipped with a superconducting maghefield strength of 9.4 T.

An ion in the presence of a spatially uniform magnetic fisldsubjected to a foec

demonstratetdy the Lorentz magnetic force equation

O 4= ¢ Do, 2.1
— 0 W= U0 — = NL WO
@
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wherem, g andv are the ion mass, charge and velocity, respectividlg cros product o
andé results in thenagnetic component of therentz forceto be perpendicular to the plane

determined by and6 and this is shown iRigure 2.2.

Figure 2.2: lon cyclotron motion exhibited by a positive ion moving in the plane of the paper
induced by the Lantz magnetic force directing it inward, perpendicular to the direction of

the applied magnetic field. A negative ion exhibits equal and opposite cyclotron motion.

The velocity of the ion in thex>plane is defined ag,; = 0Z + 02 and is perpendicular to

the @&-component of the magnetic field,. Since the angular acceleratisn

Qi V& 2.2
(o T
thenEq. 2.1becomes
a0& L. . 23
S = NU0q

[

The angular velocityw(rad §%), about the axis aby is
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Voo 24

and thereforé&q. 2.3becomes
a WAl = RO, Ml 25
Sincen = &) whereZ is the charge number aerds the elementary charge constant, the

characteristic "cyclotron™" equation is obtained.

o _ 6({9 2.6
a  we

The spectaculaimpilicity of Eq. 2.6demonstrates that all ions with the samf@ratio
exhibit the same cyclotron frequenty; and the independenoa the velocity of the ions.
The radius of the ion cyclotron motion demonstrateéiigure 2.2 can also be calculated.
Simply rearrangindeq. 2.3yields,

- A Uy 2.7
N0g

Themost probablexytranslational energy of aon at ambient temperature, T, is

N a 2.0 2.8
.QY Zom

SolvingEqg. 2.8for Uy, substituting intdEq. 2.7, and rearrangingjelds the equation for the

radiusof thermal ioncyclotron motion

. 2a QY 2.9
N0y
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The result shown bEq. 2.9demonstrates that @t= 25°C anddy = 4.7 T a singly charged
ion with m/z 100 has an orbiting radius of approximatély.0 nm. For a compreénsive
article containing thederivations shown aboyen addition to equations describing the
excitation and detection processes, the 1998 review article by Marstiafigeste®* With

the knowledge ofon behaviouiin the presence of a spatially uniform magnetic field, a brief

description of how an FTCR MS is obtainedollows.

2.2.2 Excitation and Detection in FFICR MS

In order to exploit théest propertiesf the supsconducting magnetic field, the FT
ICR cell is placed inthe bore of the magnet, where the magnetic fieldhis most
homogeneous. The HCR cell is where the ions are trapped, isolated and mass detected. A
schematic and actual image of an-FER cell are shown inFigure 2.3 and Figure 24,
respectivey. The diameter of the FICR cell shown inFigure 2.4is approximately 6 cm
and it was shown earlier that the radius of the ion packet trapped at the centre of the cell is on
the order of micrometres. In order to detect the ions, it is required thainttwebit radius
come within close proximity of the FICR cell walls. The first purpose of the axial trapping
plates is to prevent the drift of ions along the direction of the magnetic field, as well as to
confine the ion packet at the centre of the délis is accomplished with a small potential of
approximately 1 to 2 VA secondary function of the trapping plates is to empty the cell of all
ions following an experiment, a process that is called "quenching.” The "quenching" process
applies a dispropadnate potential across the trapping plates, effectively pushing the ions

out of the cell axially. The transmitter plates are used to apply afradjoency (RF) driven
15



electric field (approximately 1 V) onto the ions and increase their cyclotron radhieson
cyclotron radius will only increase if the frequency of the RF signal is coherent with the

characteristic cyclotron frequencyy) of the ions.

RECEIVER
TRAPPING TRAPPING
el PLA{E PLATE

FILAMENT

g \
RECEIVER
PLATE TRANSMITTER
GRID PLATE

2>

Figure 2.3: An FT-ICR cell demonstratinghe pairs of receiving, transmitting and axial
trapping platesonstitutingthe cylindrical shape. A rhenium filament can be placed within
close proximityof a gold grid found at the centre of trapping plates in order to permit

Electron lonization (EL)

The transmitter plates first serve to isolate individual types of ions by ejection of unwanted

ions from the cell, and second, permit a way to increase the cyclotron radius of the ions to a
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close proximity of the receiver plates such that a signal is getefor detectionAs the ion
packets orbit sufficiently close to the receiver plates, the charge of the ions (positive) will
attract electrons to the surface of the plates generating an alternating "image current,”
collected as a function of time. Appditon of a Fourier transform to this tirgd®main signal
generates a frequencpmain signal. Once the cyclotron frequenay,)(is calculated by the
Fourier transform from the time domain signal, th&ratio is obtained fronkEq. 2.6. A

typical pulse seqgnce used for an FICR experiment is shown iRigure 2.5

One final and important feature of the -FKJR is the very low pressure maintained
within the cell region. The FICR instrument used in the work presented here maintains a
base pressure of 1.5 01 Torr, which amounts to one collision occurring approximately
every 20 seconds. Due to the infrequency of collisions, th&CRTis perfectly suited for
slow kinetics experiments. The author has personally experienced this, when he was able to

detect ims which had been produced and trapped approximately one day earlier!
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Figure 2.4: An FT-ICR cell showing the pairs of receiver, transmitter and axial trapping
plates which constitute the cylindrical shape. The small plate mounted on top of the trapping
plate has a platinum grid at the centre, allowing for injection of ions from an dxi@mna

source, and a similar assembly exists on the underside to Egdrmit
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Trapping Plates El Transmitter Plates

Quench Ionize Eject Eject Excitation
10.0 ms 7.0 ms 600 ps 600 ps
Receiver Plates
Quench Ionization “Cooling“ Wriam Detection
Delay Delay Delay Delay
100.0 ms 70s 20s

Figure 2.5: A typical pulse sequence performed iFBICR MS experiment, demonstrating

which plates are operating during eachanse of the interval.

2.3 Quadrupole lon Trap Mass Spectrometry

Like the FFICR MS previously described, the quadrupole ion trap (QIT) M®ys
definition of the name ipossessesan ion trap.The applicationof trapping ions in electric
fields produced by a set diyperbolicelectrodesvasfirst patented byaul and Steinwedat
19605 |n 1983, the method for measuring tiézratio of ions confined within a QIT was
further developed by Stafford and coworkers and was known as the-Selessve axial

instability mode." It was this work th&d to thecommercialization of the QIMS.

19



2.3.1 Theory of Quadrupole lon Trap MS

The QIT consists of a set of thragegularly shaped electrodes shown in the
"exploded” and "cuaway" images provided byFigure 2.6. All three electrodes are of
hyperlolic geometry the two sauceshaped electrodeare referred to as the ermhp
electrodes and the third electrode is called the ring electrode. The geometry for préfeicing
optimum quadrupolelectricfield is given byié = 2¢¢ , and the dimensiani, andd,, are
defined in the "cuBway" imaggb) provided inFigure 2.6. The dimensioni, is theradius
of the ring electrode and isommonlya value of 0.707 or 1.00 cm in theajority of
commercial instrumenf&® The dimensiongy, is the perpendicular distance from the centre

of the ring electrode to the efdp electrode.

The motion of an ion within a QIBimarkedly different than the straight paths and arcs
that an ion will take in a sector instrument, or the ion cyclotron motion found in 4@RT
An ion in the presence of a quadrupole field feels a strong restoring force, which effectively
focuses it tothe centre of the QIT cell assembly. This restoring force increases as the ion
moves away from the centre of the cell. The correct expression for describing the effects of a
guadrupole field on the trajectory of an ion was derived from the work of a&matitian

who was investigating the regions of stability found on the surface of vibrating drum skins.
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Figure 2.6: (a) An "exploded" vieW® of a QIT cell relative to a US Penny demonstrating
the small size of the cell assembly. The -ead electrodes are on eitheresidf the ring
electrode. (b) A "cuway" view’® of a QIT cell showing the dimensions, and ¢&. The

light blue dashed lines show the theoretical asymptotes of the quadrupole fields generated.

The expression for describing this phenomenomefsrred to, by the name of the
inventor, as the Mathieu equatiBf. If it is applied to an iorin a quadrupole field, the

canonical fornof the Mathieu equation is

Fo , . 2.9
'Q_2+ W 2n,cos2, 0=0

where6 represents thdisplacemenbf the ionas a function ofts & wandd coordinates

The values ofy, andr), are Mathieu's dimensionless parameters and many of the important
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guantities forthe QIT includingfrequencies, trap geometry and potentigi be expressed
in terms of these parameteiBhe value of, is equal tolld/ 2, wherel]l is the angular
frequency of the RF potential applied to the ring electrtfde.= LI 2 it is easy to show

that

P _ Lo 2.10

@ 40?2
WhenEq. 2.10is substituted int&q. 2.9 multiplied by the massy and then rearranged, it

yields

PO alLe o y 2.11
a@— 7 W No COSLIt O

The fields of a quadrupole device are uncoupled and thus can be treated separately, allowing

for the forceexertedon an ionby a quadrupole fielth thecadirectionto be expresseas

0 T % 2.12
WTA%Tig T Hg

There are similar expressiondich can be obtained fd3 and"@. The quadrupole potential

is expressed as

%0
i¢ + 20§

2.13

%o= (L + , P+ &)

where the values,, , and[ areweighting constantsatisfyingthe Laplace conditiorof

electric fields suclthat
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12 = d2+d2+d2 -0 2.14
UToox2dy2  dz2 T

Therefore_+ , +[ = 0 and for a QIT the values of , and[ turn out to be 1, 1 an,

respectively. If th&knownvalues of_, , and/ are substituted back integ. 2.13then

)

2.15
%H),d),(’z e 2 2(0\?+ o 20(2)

which is readily transformed to a cylindrical coordinate systen¥ i cos—w= i sin—and

a=1)togive

%0
%p o = ;206(1 2c0s°—+ i 2sin>— 20°) 2.16

From trigonometrygcos’—+ sin>—= 1 so

% 2.17

The potential applied in the QIT is of the form,
% = Y+ o0 2.18

with LI = 2“"Q the angular frequency and f, the frequency in Hz . WHegn 2.18 is

substituted intdeq. 2.17,

Y+ acod o ,
%P,('.X = W(l 2 2(]2)

2.19

and differentiated with respectitayives
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'%Pc'x 2i - , . 2.20
a +
a7 e (Y dcostd

Substitutingeq. 2.20into Eq. 2.12yields

L, Qz 2Q i g " 2.21
Yz~ an 2(75( wcod 10)i

"0

which isthe expressiorfor the forceimposed on an ion ithei dimensionIf Eq. 2.11and

Eq. 2.21 are compared directly, it is found that for a QIT,

. 8ady 2.2
T EGE 28)LP

and
, 4Q 2.23
N =

a (i + 265) L2
For the ion trap,ay, = @, = @ and g, = 1N, = 1 . Similarly for the values oty andry,
sincel = 2thenEg. 2.22andEq. 2.23can be expressed as

~ 164y 2.24
- a(id + 205)L2

6’),
and

_ 8 2.25
S (i + 266 LR

Na
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For a typical commercial QITY= 0 so thatay, = 0. Thus the expression f@ is a function
of the m/zratio (m/e for a singly charge ion), the ion trap dimensiorig and ¢, the

intensity of the RField, ®, and the angularéquency of the RF field,.

The equationgzq. 2.2 andEq. 2.23 can be used to form a stability diagram, which is
obtained as a result of finding solutiotisthe Mathieu equation in cylindrical coordinates.
An example of astability diagram is shown ifrigure 2.6. The trajectory of an ion confined
in a QIT is "figureeight" like and composed of a secular frequency component in bo¢h the

andi dimensionsThe general form of the secular frequency is given by

.1 . 2.24
1oz = €+§To L, 0 €<

and

1 ' . 2.5

where ¢ = 0 for the fundamental of the secular frequen€ie value off 4 is found by

solving a substantial transcendental equation involving the valfigs @ andn,.

T&=0cy+ L )
To+22 @ L 2
4 *, [o]
To+4 Wy To+66 % E
. 2.6
+ Ns
To 22 % ﬂc2> n2
4 0
To 4 Wy Tc') 66 0% E
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When different values ofisof 4 and isg ; lines are plottedit generate lines which form
the stable region shown in tikégure 2.6. As the RF fieldw, is increasednd thevalue of
Ny = 0.908 is exceeded by an iorit will experience an unstable trajectory atigen be
ejected As the value ofw is increased, the QIT will eject ions in the orderlmfest to

highest mass.

a.A a.
z z g,>0.908
(@)
“\BECTED 10N
. . q.
{ rRaPPEDIONS UNSTAREE 4 TRAPPED 1ONS
0.5 0.5
b | P
as 08
4 UNSTABLE .
5.7 87
0.8 i 0.8
0.9 0.9
1.0 1 1.0
(a) (b)

Figure 2.7: (a) The regions of stable and unstable ion trajectories within a QIT. Sifre
0, the ions remain along thg, axis. (b) As the RF fieldv is increasedrom the original
conditions in (a)the QIT systmatically ejects ions from lowest to highest mass when

value of A, for each ion exceeds 0.908
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2.3.2 EXxcitation and Detection in QIT MS

The QIT cell is maintained under a pressure of approximatelyrdrmof He buffer
gas which serves td'cool' the ions andalso focus them to the centre of the cell. The
presence ofhe buffer gagreatly enhances the resolution of QIT M3lons are introduced
from an external ion source through a haleone of the endap electrodesr produced
directly by EI within the QIT cellBy applying a small RF potential@0 to200 mV)across
the endcap electrodehat iscoherentwith the seculafrequencyof the confinedions 1 ¢,
they can be translationally excited along thaxis and out of a hollcatedin one ofthe
endcap electrodefor detection. This can be acuoplished at a), value lower than 0.908,
which allowsfor the isolation of a single ionic species asdcommonly referred to as
applying a "tickle voltage." The "tickle voltageis also usedo induce strong collisions
between the isolated ions and the buffer fyasthe purpose operformingtandem mass

spectrometryNIS") studies by CID.

2.4 High Pressure Mass SpectrometffHPMS)

High Pressure Mass Spectrometry (HPNES& powerful techniquefor quantitatively
determining the thermodynamic propert@siHBs in the gas phasé descriptionof this
methodis warrantedbecause a newPMS ion sourceis currently underdevelopnent,
permitting entry into chemical systemsnsidered impossible to studyitiv the existing

instrumendl configuration The final chapter of this thesis wdescribedetailsof the new
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ion source and the exciting implications of its applicationin HPMS researchat the

University of Waterloo

lon-molecule reaction studies involving mass spectromesiing conventional low
pressure (~ IO Torr) ion sources hea been performed since the 19585 After World
War Il, radiation chemistry was considdran important area of research tbagjinated from
the developmerntf nuclear weapond he ionic speciegroducedn the chemistry induced by
ionizing radiation were detectable by mass spectronf8trgtudies usig conventional low
pressure ionsources werainableto explore g@s phase iomolecule equilibriaby mass
spectrometry for several reasgssich as thermalization tfeions ion dwelktime following
ionization, andfinally, ions possessing a nddoltzmann distribution of energies due to the
presence of electric fields. Uuting a series of radiolysis experimefit€¥! in which a
polonium210 a-particle source was used to ionize molecwestained in an ionasirceat
nearatmospheric pressurekebarle serendipitouslynventedHPMS. The observation of a
series ofHz0"(H,0), cluster ionsproduced from a sample of "laboratory aiet to the
realization that working at higin pressures hathcreased the dwetime of ionsand also
provideda sufficient number of stabilizingcollisions suchthat observable equilibrium was
obtained. HPMSs one of themost reliable and widely used techniques obtaining the

thermodynamic quantities associhteith IHB formationt®
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2.4.1 VG 7070 DoubleFocusing Instrument Modified for HPMS

Discussionhere will be based on the technical specifications of the HPMS instrument
currently under modification in the McMahon laborgtoas it will provide much othe

background information necessary toe topic presented ihe final chapter of this thesis.

One of the thre¢dPMS instrumerd foundin the McMahon laboratoris based on a
VG 7070, doublefocusing mass spectrometaiodified to accommodate a ho+bailt high
pressure (5 to 20orr) ion source capable of generating ions in thermal and chemical
equlibrium. This is achieved by forming ions under an electric et environmentand
then allowing for numerous collisions (L0° per second) between the ions and an inert bath
gas which serves dmwtha"cooling' and Cl agentfor studies involving 1B formation, the
bath gas used is normally GHA mixture of analyte and approximatel99% CH, are
preparedin a calibrated 5.0 L, heated, stainlsssel reservoir, where the gas tleen
introduced into the ion source gas inlet. There are two smalliexie ion source consisting
of 200 nm platinum aperture®One aperture is located at the top of the squeeanitting
entry of an electron beam, and the second is located at the front of the atlavaeg for
the effusion of ions into high vacuunregion(~ 10”7 Torr) where they are accelerated, mass
selected and detectetihe electron beam is accelerated?000 eV and focused inthe ion
source wheret initiates aseries of ioAmolecule reactions involving CHo yield "super
acidic" speciesuch as CHs" and GHs'. The proton affinities of CiHand GH,4 are always
lower than that of the analyte molecuéad thus protortransfer will occur from CH or

C,Hs' to yield a protonated monomer of the analyte. The 2000 eV electron beam may seem
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excessre; however it is required to hawehighenoughenergyin order to peatrate deep into
the ion sourceaincethe high pressure has a tendency to causev energy electron beain
build up charge at the entrance of the apertditee electron beam is pubseon for
approximately 500vs and then shut ofbtallow for the natural diffusion of iorte the walls
of the ion source (5 to 50 ms). It is in this diffusion period wimmenoleculeequilibriumis
established, and in the study IHB interactions(given by Eq. 2.27) it is typically the
equilibrium formed betweera protonated monomerMH* and its protorbound dimer

(PBD), MyH* that is of interest
MH* + Mz MyH* 2.2

During a singleexperiment, a series of 1000 to 10000 electron pulse events areantade
summed generatingan ionintensity profile as a function of time. This is normally repeated
ten timesfor onetemperaturethen reproducefbr a range of ~ 100°@ ~ 10°C increments

in order to yield 100 data points.

The ion source body sonstructed from nemagnetic stainless steel andated with a
band heatef(up to ~ 400°C) The gas temperature is measured direictlyhe ionsource
reaction regiomwith two chromelaluminelk-type thermocouples accurate to .5°C. During
the diffusian period, a small fraction of ions will exit the front apertbgeeffusionwhere
they are accelerated, messlected and detected bygl@anneltron electron multiplier (CEM).
The discriminated and amplified signal from the CEM is monitored by a multichscelar

(MCS) and timeintensity profiles are generated. An example of a set of protonated monomer
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and PBD timantensity profiles is shown inFigure 2.8 for protonatedglycine and

ammonid®”
4- i
3 - i
:
8 l : +
c 5 Gly(NH,)H
a ‘7 .
2 J :
[ ] 1 » i
O i
S T i
I i
o4 .
' i ' 1 x T T T T
0 2 4 6 8 10
Time {(ms)

Figure 2.8: Variation of ion intensities with time for protonated glycine and its ammonia
cluster, 0.66Torr NHz in 2.54 L reservoir with total pressure of 11B0rr. The temperature

of the ion source is 430 K and pressure T0f:.
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Although the ions have significantly different masses, itlesar thatin Figure 2.8, the
diffusion profiles are parallelt longer timeswhich implies that the monomer and dimer are
coupled through equilibriungq. 2.27), effectively switching their chemical identity and
resulting in an average diffusidgime experienced only by ions under equilibrium conditions.

At equilibrium, the rate of change of the number density of ions with respect to time is zero
and becausethe number density is proportional to intensitye monomer and dimer

intensties can be normalizedith respect to each other such that

Qo 261 a i ___ Yo 2.28
O ££i & (BN '@O* + @20

and

0 &0 229
2’0" ££1 G (gD Qo + "@2"0*

to yield a normalized timentensity profile. The region of time where the normalized
intensities become parallel is where equilibrium is attained. The normalized version of the

time-intensity profile displayed bigure 28 is shown inFigure 2.9.1%
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Figure 2.9: A normalized timentensity profile obtained by an HPMS experiment for
protonated glycine and its ammonia clustequilibrium is obtained with certainty after2

ms, where the rate of change of intensity of each ion is equal to zero.
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2.4.2 Theory of aDouble-Focusing SectoHPMS

A detailed diagranof the instrumentlescribed in the last subchapigrprovided by
Figure 2.10 andannotation of theumbered labels foundin Table 2-1. A brief description

of howthe VG 7070instrument serves as a mass spectronfiefiems.

Figure 2.10. The VG 7070, doublefocusing mass spectrometer of reverse geometry,

modified b accommodate a high pressure ion source.
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Table 2-1: Annotation of the labels provided in Figure 2.7 describing the components of the

modified VG 7070 mass spectrometer

Component Number Description
1 Gaslnlet
2 Viewing Windowand Diffusion Pump
3 lon Sourcg~ 3000 V)
4 ElectronAperture (200mm)
5 First Cone £ 2800V)
6 Second Cone<{ 1700 V)
7 Top Hat ¢ 1100 V)
8 Teflon Support and Sealing Plug
9 First Einzel Lens+ 1700 V)
10 Second Einzellens ¢ 200 V)
11 Third Einzel Lens< 1300 V)
12 lon Flight Path
13 y-deflectors ¢ 40 V)
14 z-deflectors ¢ 6 V)
15 Tunnel & 600V)
16 Isolation Valve
17 Bellows
18 First Resolving Slit
19 Magnetic Sector (70° @ r = 12.7 cm)
20 Collision CellHousing
21 Laser Beam (optional photodissociatior
22 Electrostatic Analyzer (70° @ r = 20.0 cr
23 Diffusion Pump
24 Isolation Valve
25 Final Resolving Slit
26 Collector Housing and Diffusion Pump
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The term, "doubldocusing " refers t@ mass spectrometer focusing both thementaand
kinetic energiesof ions using a magnetic sector and electrostatic analyzer (ESA)
respectively. The term, "reverse geometyd O' refers to the ordering of the sectors, such

that in a reverse geometnstrumentthe magnetic sector precedes H&®A.

A schematic representation of the magnetic sector on the V& fshown irFigure

2.11.

Figure 2.11: Schematic of the magnetic sector in the VG7DOHRVIS. The magnetic field,
B is coming out of the page toward the reader.

After exitingthe ion source and acquiritige full acceleration potentiaty, the kinetic energy

of the ions is given by
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1
O 240 = i 2.30

whereQgis the kinetic energyy is the mass of the ion amd= o) with ¢ as the number of
charges andQ as the proton charge constant. Substituting floend rearranging for the

velocity of the ions gives

iy 2 231

It is intriguing toconsiderthe high speed achieved bye ions folbwing an acceleration of
3000 V. For example, a 108mu ion will travel through the 2 mpath of the mass
spectrometer at a velocity of 76 kni & mach 231)pavigatingthe distance in 2@s! In

order totraversehe curved path through the magnetic sector, the centripetal force of the ions
must balance the magnetic force applied by the magnetic fieldfofte experienced by an

ion in the presence of electric and magnetic fieddgven by the Lorentz force egfion
"O= N(0+ U x 0) 2.32
whereOis the electric field strengthhowever in this caseit is equal to zero since there is

no electric field present is the ion velocity and is the magnetic field strength. In the two

dimensional casé;q. 2.2 reduces to
"@iso = NUO 2.33

The centripetal forgé@®is given by
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L, 0 234
= -—
@ l

wherei, is the radius of the magnetic sector. For an ion to traverse the curved path and exit

the magnetic sectoEq. 2.3 is setequal toEq. 2.34 and solved fob to give

1006Q 235

D= —
a

The equation for a magnetic sector relating rtieratio to the magnetic field strengtf,
and the acceleration potential,is found by setting the velocities obtained Exy. 2.31 and

Eq. 2.3 equal and rearranging to yield

_126%Q 2.36
20

a
a

It is shown byEq. 2.3 that them/zratio of the ion permitted through the magnetic
sector can be changed by scanning the magnetic field strength or the acceleration potential. It
is most common to scan the magnetic field by increasing or decreasing the current applied to

the electromagnet.

TheradialESA is simply constructed of two parallel curved stainless steel péate®
a potential differencef approximately 50 V in order to transmit ions accelerated to 3000 V
for the VG 70-70 described heteThe two dimensional version of therentz equation for

the forc€'@y;, exerted on an ion bgn electric field with strength, is

Q@ = 1O 237
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Analogously to the magnetic sector, in order for ions to negotiate the curved path of the

radial ESAEqQ. 2.37 is s& equal toEq. 2.34 then

o 07 2.38
no= a T

If both sides oEq. 2.3 aremultiplied by 1/2, the kinetic energy of the ions will fall out of

the right side of the equation and the working form of the ESA equation is obtained as

~ _ 1O 239
%= 7

It is clear that theres no mass dependence in the radial EB@wever the kinetic energy of
an ion can be scanned by varying the electric field strength between the Plat@setic
energy filterig removes the spread in kinetic energy of the ions and increases the oasoluti
of the instrument. Irinstruments of reverse geometry the ESA can be used by physical

chemists to obtain metastable ion kinetic energy spectra (MIKiiESyever details of this

type of experiment will not be discussed in this thesis.

2.4.3 Thermodynamic Quanities Obtained by HPMS

The general scheme for an asation reaction between monom&rand its protonated

counterparAH" is

nA+ nAH* z ASH* + ASH* + E + AQH* 240
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whereAJH" is then™ PBD of n possible isomers. The observed equilibrium constagt
for the processhown byEq. 2.40 can be written as a product tbfe equilibrium constants

used to describe each individual PBD formation such that

Ui = U410, E U 241
Recall that
A 242
V=0 7YY
thus,
£ oyg, 243
08(:) = QVYY
a1

and taking the natural logarithm of both sides yields

. 1 5 .. 244
INVgg = Y Y@
a1l
Since
Y@= YQq, "¥Y 245

then substitutindeq. 2.4 into Eq. 2.4 gives
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In Uely = VY y'OQ+ —Y
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‘~<‘<

%

The sumsB% , YGn,and B, Y'Y, are the experimentally observeblanges in enthalpy and

entropyrespectively, therefore

YQg N Y'Y 247
Y

In l')s(:) = Y'Y

Eq. 2.47 is the van't Hoff equatignand plottingln ;g as a function of 1/T will yield a
straight line withi 8nNQ = YQg /'Y and '@ co = Y'Y /'Y. A series of van't Hoff
plots corresponding to clustering reactions involving the sequetdition of ammoniato

protonated glycinare given inFigure 2.9/64
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The temperature of the reaction is measured precisely by measuring the gas
temperature within the reaction chamhbandIn Uy is deducedrom the intensities of the
protonated monomer and PBabtained by theHPMS experimentsA mass spectrometer

cannot differentiate between thsomers of PBDs formed and therefore the measured
42
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intensites of the protonated monomer and distribution of PBDs &g+ and g;o* =
B-‘?Ql"@d, respectivelylf the most basic scenaris tonsidered, where only one isomer of
the PBD(A,H") exists therEq. 2.4 is

A+ AH" z AH* 248

It is not uncommon to have the PBD exist as one isofrtte monomer contains a single
heteroatom. Several examples of PBDs th&tes only one isomer ateose ofH,O, NH;,
CH3CN, aliphatic ethergyclic ethers and symmetric ketones, however there are many more.

The equilibrium constant for the reaction presente&dpy2.40 is

_ R0 249
@yor 6

. 7
EW

where@ o, Q-+ andcy are the activities of the PBD, protonated monomer and neutral
analyte respectively. The activitf a gas iy, = O 0°, wherel, is the partial pressure of

the species0’ = 1 @Xi, andEq. 249is expressed as

. _ Ugor0 2.50
Uei = = 7
Usor Uy

The partial pressures of the protonated monomer and dimer are directly proportional to the

respectivenumber densiesas well as their intensitiefgrming a set of equalities

5 3

V5,00 _ Vs,00 _ Bor 251

Vsor Vs Qo

Substituting theratio of the partial pressures of the ions with the ratio of their intensities

yields the working form of the equilibrium constant obtained by an HPMS experiment,
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Qo0 252
Qo Us

Uegi =

The value ofdsg is used inEq. 2.47 to obtain thehermodynamic quantitie¥ Qg , ¥ Ye:

andY'Qy; for the association reaction given By. 2.48.

For the case where multiple isomers of a PBD exist such that they are sufficiently close
in Gibbs free energy (< 10 kJ n9) a different appach must be taken. Referring back to

Eqg. 2.40, and using analogous reasoning in the derivatidigoR.53, Uzg; is

é 5 o é
' 3 0 253
Ugii = Vs, 00, 77
Q Ua Uz
a1 00 Yo
and then
£ 0 o ¢ 254
. _ “2"O+-Q U "
Ve = Do O
a1 0’0ot (o]

Taking the natural logarithm of both sideskaf. 2.54 yields

£ & )
. 520 | 0 255

INVgg = In = +&ln

gy V80 Us

ard using the result dEq. 2.51, then expandingq. 2.5 gives

' & Qo | e 2.56

InVgg = Inv+aln N

a1 o 0
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The indvidual PBD intensity component%) - are not measured directijowever the

observed intensityﬁgd = B-‘?Ql"q;)znogQ is and if a Boltzmann distribution of energies is

assumed then

. . v 257
U0, 8o, QVY | YQ@'Y,YYQQ

T i~ Y.

Vo, 00 A 34

G, v, 258

The important realization is that the values@; andY"@,must be obtained by electronic
structure methods, sinag g must already be known to find thexperimental value of

¥'Qg; . Therefore, the calculated values¥§g andY'Gwill now be referred to a¥' Gy

and S’Qb and substution of these new values inteq. 2.3, followed by substitution into

Eq. 2.5 yields
oYy Y% 259
INVgg = In — YY +¢&ln —
a1 Qo Us
€ a v o o -~
. VG- - . 0 2.60
InOgg = In .(,gj:o + @i L @ +&ln —
@O‘L Y'Y Uy
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£

VG« VG & 5 261
InOgg = i £ %, g In ?;U +&ln =
o1 Y'Y Qor Us

Recall thatB%,Y'Gy= ¥'Qg g Substitution of this relationship int€q. 261 and
rearranging yields the final form ahexpressiorof the observed equilibrium constamhere

a mixture ofPBD isomers of similar energy occurs

o . -'@u';&a" b1 £ s 262
nU,% = 8 n 5 — (:!.‘7
£ ®or Uy Y'Y a1

It is easily showrunder the condition wherenly one PBD isomerg(= 1) existsthat Eq.

2.52 naturally arises fronkEq. 2.&. The accuracy of theorrection applied by theecond
term in Eq. 2.& is first, heavily weighted on the ability to elucidate and calculate -all
possibleminimum energy isomers within a range of Gibbs free energies of.0 kd mot*

and second, the reliability of calculat®of Gibbs free energies based on the level of theory

used.
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Chapter 3
Computational Considerations

When coupled with a powerful laser source such as the FEL, the mass spectrometric methods
described in th@revious chapter can provide detailed information about the nature of IHB
formation and other important structural features of gaseous ions, in the form of IRMPD
spectum. Although there is a wealth of information availaméthin a massselected
IRMPD ectra, it can be very difficult to interpreased solely on chemical intuition. The
tools one can use to greatly simplify the characterization of IRMPD spectra come in the form
of electronic structuréheorycalculations. With the extraordinary advanceing computing
power over the last several decades, \dEtailed andaccurate calculationsf the energptic

and spectrscopic properties of gaseous ions and molecules can be obtained. These
calculations come in the form of several typésinitio and desity functional theory (DFT)
methodswhich maybe coupled with a seemingly endletwiceof basis sets used to model

the wave functions of molecular systemsdescription of thespecific calculation methods
andbasis setshat were used ithe work preseted in this thesiwill be given All electronic
structure theory calculations werbtained using the GAUSSIAN03®® software and
visualization of structureyvibrational frequencies, charge distribution arttie three

dimensional'construction"of molecular species was provided BAUSSVIEW 4.1.%°
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3.1 QuantumMechanics

3.1.1 The SchrédingerEquation

Theobjectiveof predicting the electronipropertiesof ions and molecules facilitated
by solving eitherthe timedependent orindependent Schrddinger equation. For calculation
of the propertiespertainingto the work presentedin this thesis, theime-independent
Schrédinger equation is required, however it can be obtained directly from the time

dependent Schradinger equati$hThe timedependent Schrédinger equation is given by

a1 () 3.1
Q Tt

0t =

where (7I,t) is the molecular wave function that gives the specific quantum state of a
molecule as a function of the coordinatéf all particles in the system at any point in time,

t. The symbol)Q is the Hamiltonian operator for the system and has the form,

particles

2 3.2

0= 2024 \()
B 2mi i

wherem; is the mass of particleando is Planck's constant divided by 2The first term in
Eq. 3.2accounts for the kinetic energy of the electrons and nucleihengymboln ? is the

Laplacian operatoicommonly referred to d®el-squared' given by

L 33
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V("l) is the potential energgrising from the nucleamuclear, nucleaelectron and electren

electron interactions and is given by

electrons nuclei electrons electrons 5 nuclei nuclei
€

ZkeZ e Zkzme,Z 34

= — —  +
4N 3 3 3R
% i k k j 1<Q i kK m<®Q km

V7l

In Eq. 3.4 the first termrepresentshe electromuclear attraction, the second and third terms
are the electroelectron and nuclearuclear repulsions, respectiveljihe valuey,, is the
permittivity of avacuum,e is the proton charge consta#g, (or Z,,) is the atomic number of
nucleusk (or m), a1y is the displacement between electjoand nucleus, ar; is the
displacement between electrjoand electron, and finally 3R, is the displacement between

nucleusk and nucleusn.

In order toobtainthe timeindependent Schrédinger edioa, it must be assumed that
the wave function, ("l,t) can be written as a product of spatial and temporal functions such

that

Lto= Tl éf(t) 35
If Eq. 3.5is operated on by? and then separately %ﬁgit yields the two relationships
n2 ULt o= f(t) gn? Tl 36

and

! ‘|,t = I f(‘t) 3.7

To 10

Substituing Eq. 3.6andEq. 3.7into Eq. 3.1 then separating the variables yields
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particles
i 2 0 vy 2L L 38
7 i 2mi i -

Since the left side oEq. 3.8is independent of time and the right side is independent of
position, the overall function must be equal to a constant in order for the equality to hold

true!®® Let theright side ofEq. 3.8be equal tdD, then

F(t) 39
M - oo

and integratind=q. 3.9with respect td gives

O
Inft = —+C 3.10
2
whereCis an arbitrary constant of integration. Therefore
ft:ece"mo:Ae"mo 311

Since A is aonstant, it can be included as a factor inl that multipliest t in Eq. 3.1and

is omitted fromEq. 3.11to give the final form of t as
ft ze 2, 312
Finally, if the left side oEq. 3.8is set equal t®, the total energy of the moleculbetime-
independent Schroédinger equation is obtained.
particles 3.13

2 n2eve)  T=0
2m. | -
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3.1.2 The Born-Oppenheimer Approximation

The BorrOppenheimer approximation is the first of several approximations that are
required to perform electronic structure calculations basedimplified solutions to the
time-independent Schroédinger equatidime massof a nucleus ismany orders ofmagnitude
larger that of an electrgntherefore the Bor®©ppenheimer approximation states that the
motion of electrons are sufficiently fast such that the nuclei are stationary on the tinaf scale
electronic motion In this circumstance, the electron distition is dependent on only the
position of the nuclei and not their velocities. It is useful to show the effect of this
approximation on the form of the molecular Hamiltonian, as the result is dyiticgdortant
for the calculation ofhe vibrationalspectra of polyatomic molecul&4 The full molecular
Hamiltonian can be expressed imms of kinetic( Y and potential V) energy operatasrfor

the nuclei and electrons of the system
,,O:.,\-Q>+uY@=| +dJé'Q=|’>+dJé=| + Y » 3.15

Because the veloags of the nucleiare assumed to be zero relative to the velesibf the
electronmotion, the nuclearkinetic energy term’¥ =| , Is removed fronEg. 3.15and the

electronic Hamiltonian is simply
”d)="\'Q>+d)é=Q=|,>+d)é=| + O 3.16
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The electronic Hamiltonian is then applied to the wave function of electronic motion about a

fixed-field of nuclei,

P P e = Qund Hd.» 3.17

where,Qym =| is the effective nuclear potential, dependent only on the coordinates of the

nuclei. The significant result of the Be@ppenheimer approximation is tf@jqp 4 is used
as the effective potential for the nuclear Hamiltor{iag. 3.18), whichis applied to the
nuclear wave functionesponsible fovibrational, rotational and translational states of the
molecule. In order to compute thrationalspectrum of a polyatomimolecule, the

solutions of the nuclear Hamiltoniggg. 3.18 must be obtained.

,,d - .,Y@ =| + 'QXXZ=| 318

3.1.3 The Wave function

The choice of wave function, » is another factor which greatly determines the
accuracy of an electronic structure calculatibnere are fundamental requirements of»
in order for the function to be an appropriate solution of the Schrddinger equation. The first
requirement for  » is that it be normalized such that the probability be unity over all

space.

T 3.19
> dr=1
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A second requirement ithe antisymmety of  » under the exchange of two identical
fermions, and due to the classification of electrongeasions,this is a necessity The

mathematical definition of antisymmetagapplied to » is

e PoE PoE X = PLE P PE P 3.20
Careful consideratiois required fornow  » is formed since it mustconform with the
criteria described above. A typical way to yield a "wethaved" wave function is to

construct it in the form of &laterdeterminantas shown byEq. 3.21°" The closedshell

Hartree Fock wave function for a N electron system constructed of N/2 molecular pibitals

given by
N 1) N1 npiga() npigr() E n% i1 1(1) n% i; 1(1)
N 1(2) N2 N2ipd(2 nixr(2) E n%‘lz 1(2) n%‘lzr(Z)
é é é é ~E é é 321
(1 = % Mial@ Nier@ Mipi@ Misr@ E yisi@ Misr@
MN! .
Niigd(b) Nyigr(b) nyigi(b) nyigr(b) E ngi&)-l(b) n%ia,r(b)
é é é é ~E é é
Nyl L(N) Ny r(N) npig L(N) noig r(N) E

N ig L(N) nNnig 1(N)
2 2

where,n; iy 1 (N) anding iy (N) arean example of theairs of molecular spirorbitals
of the N" electronwhich comprise the matrix elements of the determinantal wave function,

(). The spinorbitals are orthonormal due to the fact that

Nangde=1 322

and
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Nanpd»=0 3.23
The purpose ofncluding both - and r -type spirorbitals is to account foan electron
existing as either spin up-1j 2 or spin down 1j 2 within the orbital. For spir1j 2,

J N =1andr N =0, and forspin 1j2,) N = 0andr N = 1. Finally, the constant,

mim ensures that ("l) is normalizedunder the condition provided iBqg. 3.19

3.1.4 Basis Set

The molecularspin-orbitals which comprise the matrix elements of the determinantal
wave function, » have the formpn i | orin i . When performing electronic structure
calculations, the spatial component of the spinital, N i is expressed as a linear

combination of atomic oitals (LCAO) shown byEq. 3.24

0 324

The set o) mathematical functions which approximate the atomic orbitals used to construct
N 1 is called the basis set and the functions are referred to as basis functions. In Hartree
Fock (HF) theory, thdowest energy approximation attainable is called the "HarEreek
limit,"®® howeverthis requires thah 1 be expressed as a linear combination of an infinite
sum of basis functions. In practice, this is obviously an impossible feat, however, the
existence of hundreds of predefined basis setaafus size and accuraagan permit a very

good approximationio the electronic energy of a molecule. A mathematically efficient way

54



to construct the basis functi®msed toform the wave functionis to expresthemas a
normalized Gaussian type orb#alGTOY®® in atomcentred Cartesian coordinates of the

generaform

3 T |
e 2 "4 8§ *RQOQ 2 . . 2e 22
. Gaadoo= — T SO | (PR +a?)
6 &G, "I - >0 70 70l ALAR.

3.25

whereg is an exponent governing the width of the GTO, §i@nd Qare nornegative
integers that determine the shape (angular momentum function) of the atomic Dhigital.
number of ways to form the sum@andQwill dictate the number of angular momentum
functions produced-or examplethere is one way to form trsaim of all three integeiss
equal tozero,yielding ani -type GTO of spherical symmetry, as should éagpectedThere

are three ways to produce a valdi®oeby thesummatiorof the integersandthus,three
axially symmetria)-type functions are generatedrgs n, andr),. ForQtype orbitals, there
are six different ways to combine the summation of the integdésdqualto a value of two,
andthus the six Cartesid@xtype orbitals Q;, Quy, Qg iz, Qi andQy2. The canonical>
type orbitals Q. Qs Qs Bg2 12 andQyz 2, are readily formed by linear combinations

of the Cartesiaifxtype GTOs!®®!

3.2 Electronic Structure Calculations

The previous ection gave a very brief background, in sekxttopics of quantum
mechanics, in order to demonstrate the approximations made to solve a simplified form of

the timeindependent Schrodinger equation. The discussion will now centre on the specific
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types of procedures used in the electronic structure lasitms performed, as well as the

justification of the choices of methodologies and basis sets.

One of theprimary applicationsof electronic structure calculations to the work
presented in this thesis is for the calculation of vibrational spectra. Beosasy of the
arguments presented later will be based on the definition of spectral features obtained in a
massselected IRMPD spectrum, it is useful have the abilityto produce a theoretically
obtained IR spectrum of an ion in the gaseous state. THomdeaise of electronic structure
calculations is to provide accurate energies of the (sometimes many) emgiimers that
arise as a result of iemolecule interactions. For example, the msalected IRMPD
spectrum of protonated caffeine will be meted, and in considering only protonated
isomers, there are eight possible isomers of varying energies obtained. A mass spectrometer
will isolate all isomers of the samm/zratio, resulting in the complication of the IRMPD
spectrum obtained due to thendomined spectral characteristics of each isomer appearing in
the spectrum. This situation can arise when the difference in Gibbs free energy between the
isomers at 298 K3'Gyg is approximately 10 kJ molor less. At &"Ggg of 12 kJ mof', if a
Boltzmann distribution of Gibbs free energies is considered, then the lower energy isomer is
favoured by more than 100:1. The Boltzmann distribution describing a unimolecular
isomerism between two isomesandB, is simply equal to the equilibrium constant tbe

reaction given b¥qg. 3.26.

A(g) Z B(g) 3.26
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If 3°Ggg < 0, for the forward reaction, then under ideal conditions, the equilibrium constant,
Op is

3”:‘9098 3.27

wherelg and0; are the partial pressures of the molecules. Since the ratio of partial pressures
Usj U5 is equal to the ratio of the number densiiyj O; of moleculespg is directly

equal to the Boltzmann equation givenHxy. 3.28

Og

06

"Qogs,élY';?gs,a . 3"(9%8 = by 3.28
A Boltzmann distribution of the Gibbs free energy of isomers is normally,vatiéss a pair

of isomersis separated by a small energy barrier allowing for interconversion by
unimolecular isomerism, which is more appriately described bw kinetic, rather than
thermodynamic argumentAnother processwvhich causes deviation from a Boltzmann
distribution of isomers is the catalysis of isomer interconversica dgcondarion-molecule
interaction. If a Boltzmann distribtion of energiesexists for a mixture of isomers
experimentally, the calculated spectratloé mixedisomers are readily combined based on

ther relative abundancessdetermined byeq. 3.28

3.2.1 Methods: Definitions and Applications

It is necessary tonake two decisionsprior to performing an electronic structure
calculation First, is the choice of the method used to perform the calculation, referred to as a
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"model chemistry®” and second, the type of basis set used to construct the molecular wave
function. The methods usdad this work consistd exclusively of the ab initio method,
Mgller-Plesset second orderperturbation (MP2Y°*" theory and the hybrid density
functional theory (DFT) method, B3LYP*" The formulation of the methods introduced
above is rigorous, howev a brief description of the pertinent equations is gib&ginning

with adiscussiorabout HFtheory,asit is used as a starting point for Miealculations and

as a componermf B3LYP theory.

3.2.1.1 Hartree Fock Theory

In HFtheory, the molecular orbita{810s) used to make up the wave function, »,
are individually determined as eigenfunctions of a séfifeelectron operatof¥ called
the Fock operators given by

£ ,, 3.29

& G500

The third termaa© Qis equal to20, - Wheretgand U-qare operators used to form the
coulomb and exchange integragyand V-, respectivelyThe coulomb integral arises due to
the repulsion experienced between the pairs of electransandn;. The exchange integral

doesnot have a classically phgal analogughowever it arises due to the choice of a Slater
determinardl wave function, and is a consequence of the Pauli princijple.coulomb and

exchange integrald’ are
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G@: ny » Zni | ‘llzlnj > an » drd» 3.30

Up= @ » ity » “dedr

and
Om= N » 0 > i » 0y > dede 331
The Fock matrix elements are
1 o) 0.0} 1 332
1\%: :Q Enz ?’Q (I)§2 ugllT ?’Q+ 6(‘1'1 uflﬁﬁ z um'?’ﬁ
’i'Q Q w
where
5 ) 1, 333
Q -1-Q= n; » SN > dr»
and
1 . , 1 3.34
Q—Q= ny » —nj» d»
Ko} e}

Theterms @4 and '@®G@ area shorthand representation of the coulomb and exchange
integrals shown byEq. 3.30 and Eq. 3.31respectively. The elemenly belongs tothe
density matrixwhich establisheshe weighting of the individual basfsnctions in the wave

function and hashe form
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€ Gy 00 3.35
U = 2 XY Q

The factor of two in front of the summation appears as a result of only considering restricted
Hartree Fock (RHF) theory, where singlet wave functions are composed of doubly occupied
molecular orbitad. The HRenergy is determined by solving a secular equatiod @fasis
functions, in order to fintheO roots ofQ, and has the form
@ OY;
é
Q@ 0¥,

E g OYy 336
E & =0

E Qs OYs

where"Y; is anexample of averlap matrix element gén by

“Y]_: ﬂlz | 2 ﬂl | d> 3.37

The procedure Hiheory use to calculate theorbital energies is called the sealbnsistent
field (SCF) mehhod and is an iterative processn8ethe MO-coefficientsused to construct
the density matrix}, arerequired tdnitialize the calculationthey arenitially estimated and
a iteration procedure is employedntil the specified convergence criteria is mat
convenientway to describe th&lF-SCF optimization procedure is in the form of a flow

chart whichis shown inFigure 3.1
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Construct and solve

N Estimateinitial | HF secular
| density matrix, P(@ determinant
Calculate and store all overlap, T
| one-electron, and two-electron |
integrals Construct densi
Replace matrix, ™2 —— v
with new matrix, P® <
Select a molecular 3 occupied HF MOs
geometry g@ J_,
Select new molecular NO New density matrix, P
Select a basis set I geometry according to sufficiently equal to old

density matrix, P2 ?

optimization algorithm

Optimize molecular | YES
Qutput data for NO geometry?
optimized molecular I
geomelry Optimized molecular YES NO v
T geometry satisfactory  |_| Qutput data for
YES based on convergence unoptimized molecular
criteria? geomelry

Figure 3.1: The HFSCF procedure, beginning at the blue box labeled, "Select a basis set.
The red box labeled, "Output datar foptimized molecular geometiyis the result of a
geometry optimization and energy calculationbhe red box labeled, "Output data for
unoptimized molecular geometrys the result of an energy calculation only and is referred

to as a "single point calculatioff®!

One of the serious shortcomings of the-BEF method is the lack of inclusion of
electron correlation effectddF-theory uses the fundamental assumptilbat an electron
experienes the average fieldf all other electrons and does not include the individual

electronelectron ineractions (dynamic correlationhus where correlation effects are
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important it will fail to produce chemicallyaccurateenerges. The "HFlimit" was defned
earlier and it is common to refer to the correlation enagglectedy HF theory as

Qiiiawe: = Cae Ooo 3.38
where Qyyyp IS the exact electronic energy of the molecular systemGepgs the energy
obtainedat the HRlimit. It is especially importanto consider the lonrgange correlation and
dispersion interactions in hydrogeound system$® This is more relevant still, if the
system involves aromatic and or conjugated spesties agnany of the protonated and IHB
species presented in this thesidere the ionsra characterized by both factorfhe MP2
and B3LYP methods used in the work presefiecboth include some amount of electron
correlation, and will always provide more accurate electronic energy thanthiory, albeit

the fortuitous cancellation of rars may sometimes favour Hiffeory.
3.2.1.2 B3LYP Method

3.2.1.2.1 Optimization of Molecular Structure

In 1965 Kohn and Shaff’! cleverly considered the overall groustite density of a
fictitious systerm("uniform electron gas"pf nortinteracting electrons as a starting point for a
real system witlthe same density (», where electrons do interadt the densities are the
same, therthe position and atomic numbers tbk fictitious system match that of the real
system The formulation of the operators used in Kemam (KS) theory is strikirg
similar to that of HRtheory,asis the SCF method used to solve the equations and therefore
the following discussion will focus on the energy functional corresponding to DFT, and more
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specifically for the DFT method, B3LYHhe general form of the DFT ergy functional is
comprised of several terms dependamthe electron density( », some of which are rather
complex functionsand sincederivation of them i9eyond the scope of this thesis, only a

brief mention of each term is providéa‘he generaform of the DFT energy functional is

O"(» = Yanay " (» + Qop an” (M + Ghop aap " (» +37Y" (®) + 30aay oo " (M 3.39

wherethe terms on the right side &q. 3.39are, "Y-aqq, " (» , the kinetic energy of the
norrinteracting electronsp g go " (» , the electromuclear attractionoagn ga;, " (P
the electronelectron repulsiors"Y” (® , the correction to the kinetic energy for interacting
electrons, anBug, aap ” (® , the quantum mechanical correction to the eleetdentron

repulsion.

The B3LYP method has become the most popDEF method to daté® It proves to
serve more efficienthand accurately isomeapplications relative to other populkab initio
methods, for example, in the ability of B3LYP to reproduce vibrational spectrargiiaday
than the MP2 methodoupled with comparablsized basis set? In this thesis, kb of the
vibrational spectra have been produdeam the calculated frequenciesf ions optimized
with the B3LYP method, sinde the author's experiendéhas generally proved to meuch
more efficient andccurate at reproducing experimental spectra than that of the MP2 method.
However, all single point electronic energiddg(re 3.1) presented ére usal the MP2
method, as it is bettat predicting the energidsr systems containingydrogenbonds, long

range and weak dispersive interactifAisThe B3LYP energy functional has the form

AFor the exact form of the B3LYP energy density functional, please refer to referere®s 57
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G = (1 QD + G0+ i)+ (1 G + G 3.40
where @2® and @ are the local spin density functionals related to exchange and
correlation, respective§Q$°is the HF exchangeEf). 3.3 functional, 3’ is the Becke 88
generalized gradient approximation (GGA) correlation functi,Bﬁaehnd‘Q?,"‘fJ is the GGA
correlation function al of Lee, Yang and P4t The three parameter§ & and & are

optimized br the BABPW91 methgchoweverthey are also used in the B3LYP method and

have values of 0.20, 0.72 and 0.81, respectively.

The SCF procedure for solvirgf the KS MOs is very silar to that of HF theory

however the subtle differences are demonstrated in the flow chart shéwguia 3.2
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Construct and solve

. Estimate initial I KS secular
| density matrix, P(@ determinant
| Calculate and store all overlap T
and one-electron integrals |
Construct density
3 n-1)
R(_T}:ace matrtlrxi,XPl’ p matrix from
with new matrix, /* '
Select a molecular ) occupied KS MOs
geometry g@ J_,

Select new molecular NO New density matrix, P*®

; sufficiently equal to old

Select a basis set(s geometry according to " .
® | optimization algorithm density matrix, =27
Optimize molecular | YES
Qutput data for NO geometry?
optimized molecular I
geomelry Optimized molecular YES NO v
T geometry satisfactory  |_| Qutput data for
YES based on convergence unoptimized molecular
criteria? geomelry

Figure 3.2: A flow chart demonstrating the KSCF procedure, beginning at the blue box
labeled, "Select basis set(s).” The red box labeled, "Output data for optimized molecular
geomdry"”, is the result of a geometry optimization and energy calculafibe. red box
labeled, "Output data founoptimized molecular geometryis the result of arenergy

calculation only and is referred to as a "single point calculatitin".

3.2.1.2.2 Vibrational Frequencies

In chapter 5, alstructuresncluded inthe study ofttaffeine andheophyllinehave been
optimized using density functional theory (DFT), employing the B3LYP exchange
correlation functional and the-&L1+G(dp) basis setB3LYP is known to be a relatively

reliable and economical computational theel and is extensively employed in the
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investigation of small and medium size moleclt&s?> " Al harmonic frequencies
obtained at this level of theohave beerscaled by 0.9678 This is performed in order to
compensate for errors arising from the use of a harmonic oscillator approximation in
calculating the frequencies, as well as long range electron correlation eifielctsasis set

incompletenes¥®

The simple harmoni®scillatorapproximated Schrédinger equatiom massweighted
displacementoordinatest)s; » = N8 36y, N5 1 = VO 30y andrgy; = & 5 3¢ IS

3 ' 30 341

2 1 120
T2 Thon
) 2

1 . = . et
5 it € B =

0
Q
where the first term is the kinetic energy of nuclear motilba second term is the potential

energy function resulting from a Taylor expansion about the equilibrium displacement and

f 'l is the nuclear wave functiohe value! %@ 1 114 r']in,] = "@,is the harmonic force
constant and the matrix composed aftselements is called the Hessiai (

A simplified description of howGAUSSIAN calculates the harmonic vibrational
frequencies will be given. The matrix is diagonalized, producing a set of 3N eigenvectors
and eigenvaluesThe eigenvectors are the nal modes of nuclear motioQ, which are
temporarily discarded then recalculated once the translational and rotational modes are
recognized and separated odthe six normal modes (five for a linear molecule)
corresponding to translations and rotations are recognized as the frequencies with values that

are essentially zero and removed. The 3N lowest roots of the eigenvalues are the fundamental
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frequencies of t molecule and are then converted to'cand produced as an output file.
After the vibrational frequencies are obtained, it is important to check for the existence of
"imaginary" frequencies which are reported as one or more negative frequency value(s). |
there are zero imaginary frequencies, then the structure is a miromtime potential energy
surface (PES)If there is one imaginary frequency, then a foxder saddle point has been
obtained, also known as a critical configuration or transitior staticture. If there are more
than one imaginary frequeies present, then the calculated structure has no chemical

significance. In this work all structurésve beewerified as minima by frequency analysis.

It is well established that the harmonicnflamental frequencies determined dly
initio and DFT SCF methods ovestimate experimental fundamental frequencies for
typical, covalently bound molecules by 8 to 12Pke reasons for such deviations include: 1.
basis set incompleteness, 2. electronatation effects, and 3. anharmonicft§l.Continuing

the expansion dEq. 3.41 an anharmonicaligorrected Sarodinger equation of the form

13(3 T2+136 126 o 342
e T e
2 T 20 ThbMo g

y
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frdrdra® 77
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is obtained,where the third andourth order partial derivatigare the anharmonic force

constants. It is the calculation of these higher order partial derivatives that cause evaluation

of anharmonic frequencies to be substantially more costly tiaamonic frequenciedn

many cases,he cubic and quartipotentialsare treated as a perturbation to the harmonic
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oscillatorpotential®®! For example, the largest molecule in this thesisisisting of 13 heavy
atoms, required approximately 18 days to obthi@ anharmonic frequencied’he same
molecule, using the exact same computer hardware and level of theory, required only 45
minutes to produce the harmonic frequenci@sharmonicfrequencie$™ 8% #! have been
obtaned at theB3LYP/6-311+G(d,p)level of theory for several of the species considered,
however notomprehensivelgincethe calculation of anharmonic frequencies (at the current
computing capacity) is very costly and impractical for ions exceegppgoximatelyl5 non
hydrogen atoms. Due to thatural anharmonicitgf realvibrationsit is alwaysinstructiveto
calculateanharmonic frequenciest is especially useful her@nce the quartic potenti#the
anharmonic calculationncorporatesis more flexible at describing the shallowand
sometimedlattened potential energy wells associated with IHBsthe work presented in

this thesis,it will be shownthat the use of calculated anharmonic frequencies greatly
improves the fit between thenassseleted IRMPD spectra and the results of theory in all
cases. Although the anharmonic calculation is useful for reproducing the frequency range of
1000 to2000 cm?, it is important to notehat in species containing many low energy
vibrations, anharmonic caltations can grossly overestimate the values of such frequencies.
This is also true for more rigorous anharmonic treatments such as the vibrational self
consistent field (VSCF) methd®! The harmonic approximation also calatgs low energy
vibrations in eror, due to treatment of hindered internal rotations as vibratimvgeverthis

effect is less significant. The consequence of producing inaccurate low energy vibrations

(< 100 cnm') is thatthe strongnverse dependence tife vibrationakentropy orthe values of
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the frequencies resudt in the calculation of unrealistic thermodynamic valuedl
thermodynamic quantitigsresented herwill be based orthe calculated harmoni®¥gg, Gog

and"Ggg values.

3.2.1.2.3 Thermodynamic Quantities

Once theoptimization and frequency analysis of a molecule is performed, the three
principal moments of inertieand fundamental vibrational frequenciese obtained. These
microscopic values can be used to obtain the macroscopic thermodynamic quantijes of
"Oy and "Gy This is accomplished using the equations provided by the results of statistical
thermodynamic&® An overview ofhow these thermodynamic quantities are obtained will

now proceed. If enthalpy is considered first, at temperatdtien
Ov= Yyt 0 343

where™Vyis the internal energy of the molecule andis the pressurgolume work
associated with increasing or decreasing the moles of gas in a chemical r@dttion
0" = 1¢¥i). Recall thath "¢ = £'Y'Yandthus "Gy = "Yy+ £'Y'Y For one mole of moledes,
theexpression is furthesxpandeds,

Yv= Qi + Qeo + Qo+ s 344
and each of the four terms involving tinanslational, rotational, vibrationahd electronic

energy contributions are expanded to give,
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The vibrational temperature is defined &qo= "B @, where Uqis the "Fibrational
frequency,Qis Planck’s constant ari§ is the Boltzmann constant. The quantit@, is the
energyof theground electronic state, and is the only terrkin 3.45effected by performing
a single pointenergy calculation, whictwill be discussedn the next sukchapter.By
observingEq. 3.45 it is clear thatonly the quantities Ugand ‘G, obtained by the
optimization and frequency calculat®mrerequiredto calculat€é Gy The absolute entropy,

"Y, for one mole of molecules

Vo= i + Yeot Yo+ 346
and each of the four terms involving ttranslational, rotational, vibrational and electronic

entropy contributions are expanded to give,

v, [ e . Y 1
Yy . 2°0Q Y3 20095 2 L ol 2§f 2 ¥ 2 347
—<—- — — cE —
vy @ 0o . QQ0
56 iy ‘
+ —'Q)..de € 1 Q Q’Q"Y & o
1 Q Y 1

The rotational tempetare is defined asOy= "(j 8* 2'@Q, where'@is one of the three
principal moments of inertiaf a symmetrictop (where'(x 0, 6 or d), 0 is the massp is
the volume of thesystem 0z is Avogadro’s constant, is the symmetry number of the

molecule and  is the degeneracy of the ground electronic state. The degenerttey of
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ground electronic state rormallyequal to one and thu8gg;, = 0. Observation oEq. 3.47
shows that only the quantities), ‘@and]  obtained by the optimization and frequency

calculations, are required to calcula¥e With "Oyand"Y, calculated;G, easilyfollows since
Gy= Gy T, 348

Therefore, if the general form of an tomolecule associatioreaction is considered,

A(g) + BH* ) zZ AB H+(g) 349
thenthe change in enthalpy for the reaction (298 K) showBkdpy3.49is

3 Qi 208 = Ops 0t 208  R208 ¥ Qror 208 3.50

3G 208 = Yoo ooost YY  ¥aogt YY+ g aggt Y'Y
3'Q¢i 208 = 3‘~Ym: 208 YY

The change in entropy (298 K) for the reaction showkdpy3.49is simply

(Y

3Vei 208 = Vo5 0 208 ¥208 + “Yor 208 351
and finally, the change in Gibbs free energy (298 K) is

3q3u£ 208 = 3‘@&; 298 \é‘Yuz 298 3.52

3.2.1.2.4 Choice of Basis Sefor Optimization and Frequency Calculations

The majority of B3LYP optimizations and frequency calculatioage beemperformed

using the 8311+G(d,p) basis s8¢, as it wasoptimizedwith methods that include electron
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correlation.The reasonable size of thigsis seimade it well suited fothe optimization o#ll

of the largest molecules presented in this thégisexplanation of the nation and the basis
setfunctionsis as follows:the 6311+G(d,p) basis set is a triggeta, splitvalence basis set,
meaning that the valence orbitals of the electronseparated intthreeregions defined by

a specific number off-type orbitals dscribing the inner, central and outer regions of the
valence electron orbitals. Each orbital has a "zeta" expaespbnsible for governings
size and hencevherethe term, "triplezeta"is derived.The "6" represents that sik-type
Gaussiarfunctions are used to describe theavy atontore electrororbitals The " defines

the basis set as spliilence, and the "311" represents that three, one and rphgpe
functionsare used to define the inner, central and outer regions of heavy atom valence
electron orbitals, respectively. The "e8rresponds tthe placement of one set of diffusg
type functionson heavy atoms, adding flexibility to tloebital size andnore gpropriately
describing long-range interactions, such as hydrogemding. The "(d,p)" represents
placement of onsetof Qtype polarization functions on heavy atoms and one sgitgbe
functions on hydrogen atoms. The addition of polarization funst@an be thought of as a
form of "hybridization’ since it allows for an increase in the spatial flexibility of forming
MOs by adding contributiafrom higher order angular momentum functions. Calculation of
the system energy determinése weighting ofsuch contributions tdhe overall wave
function. For hydrogen atoms, there are a set of three icdype and two valence-type

functions, in addition to the set Qftype polarization functions.
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3.2.1.3 MP2 Method

3.2.1.3.1 Single PointEnergies

Once a molecular gtcture is optimizegda frequency calculatioshould follow in order
to check for the existence of imaginary frequencies. If there are no imaginary frequencies, the
electronic energyQyg, = O (Eq. 344) canbe recalculatedt a higher level of theory
using the equilibrium geometry provided by the optimizatemd is referred to assangle
point calculation This is shown within the box stating, "output data for unoptimized
molecular geometry'in the flow charts providetby Figures 3.1and 3.2 A single point
calculation is based on the energy of electrantionabout a fixed field of nuclei and less
resource demanding than an opf#iation or frequency calculatiomhereforehigher level
methods incorporating electrarorrelation effectsand larger basis setsan be prescribed.
The majority ofsingle pointenergiepresented in this thedmve beeralculatedwith anab
initio method incorporating electron correlatieffects specificallythe MP2 metho&®"

The MP2 methdf begins by considering a small perturbation to the HF Hamiltonian,
0=+ _» 353
where'Q is the HF Hamiltonian and is a small perturbation scaled by a dimensionless

parameter_. If an expansion is made to the exact-W#&ve function,uy, and energy®

then
0="09+ _dY+ 202+ 303 + E 3.54

and
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=

W= up+ =U.,|(l) + =2u4(2) + =3U-1(3) + E 355

Substitutionof Eq. 3.54andEg. 3.55into the Schroédinger equation and gathering the terms

in _% gives
Qup = FOuy 356
Qu® + up = 00D + DD 357
Qw2 +oy! =0%°w?2 +0twy?! + 02w 358
é

By multiplying Eq. 3.56throughEq. 3.58from the left sidéby wy, and integrating over all

space, the expressidor the i"-order MM energy is obtained such that,

g9 = E  uyQupQhOnE O 359

V= E  upouy OROH E Of 3.60
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It is important to realize thahe sum of the MPO and MP1 energies is thegd&rgy

0%=09+ 0V = E upQ+ 6 u® k0 E Ol 362

The MP2energy is obtained by adding the value of the correct@®, to the HFenergy,

giving the working form ofd? as

(BT yoosan s _— 363
o - o i dgi 2
A< & i<i TotTorTi*hi
with
Ei = Na > 0> ity > g > dede o

Inclusion of the virtual (unoccupied) orbitals,andi permits excitations to be considered
which are neglected by Hifieory.The integral ¢xgi is obtained from a transformation of

thecoulombintegral “@x , shown in the discussiaf HF-theory and is

inNe &ica 3.65
G = Gndnth G T

As stated earlier, the MP2 energy is expressed as
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002 = g0 + b + g2 = g%+ g2 3.66

The MP2 approximation will always yield a more accurate ground state electronic energy,

o002 = g, = Ogthan HRtheory, due to the inclusion efectron correlation effects.

3.2.1.3.2 Choice of Basis Sefor Single Point Energy Calculations

The Poplestyle basis set6-311+G(d,pf” and 6311+G(2d,295" have beerused in
conjunction with the MP2 methotb providesingle point calculationor several of the
systems described in this thesi®ie definition of the notation for these basis sets has be
provided earlierln the work® presented in chapter 4, the MP2(fullB&G(d}®® level of
theory was used to optimize the structures of all ions and a brief explanationhi$ttirg

behindthis choice follows.

The study presented in the next chapter was paddrat a time when smlled
"compound methddtechniqueswvere a popularchoicefor providing accurate energies for
small molecularsystems.One example ofuchtechniqus is the G3(MP2) method®® by
Curtiss and coworkersvhich performs systematic corrections to the electronic energy using
high levels of theoryi.e. QCISD(T)6-31G(d)) andwith very large basis sefse. MP2/6
311++G(3d2f,2df,2p))In G3(MP2)theory,single point energgorrections areapplied to a
structure optimized at the MP2(ful}&LG(d) level of theory, where "(full)" refers to
inclusion of thecorrelationof core electrons. e author was interested in providing a
G3(MP2)}defined potential energy surfadd’ES) to aid in deducing the mechanism
associated with a complex series of bimolecularrmmiecule reaction$® To reducethe

cost of performing G3(MP2) calculations, all structures were gptimized at the
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MP2(full)/6-31G(d)level of theory asthey wouldhavereceivedin the G3(MP2)procedure.
However, many of the larger systems in the stwdye foundto betoo costly for G3(MP2)
calculations and as an alternatiyéhe MP2(full)/6311+(d,p)level of theorywas used to
perform single point calculationf®ue to thecomplex nature of the PE®btained at the
MP2(full)/6-31G(d) level of theorythe structuresvere not optimizedusing analternative
method and the optimized structures proved mthran adequate as a foundation for high
accuracy single point calculations.should be stated however, that of the calculated
vibrational spectra shown in chapter Have beerobtained using the B3LYP/81+G(d,p)
level of theorydue to its ability to reproduce masslected IRMPD spectra moeéficiently

and accuratelshan MP2°®!

A largeportion of this thesisvill incorporatethe use of single point calculations at the
MP2/augcc-pVXZ level of theory, wheraugcc-pVXZ is the nomenclature alfie family of
correlationconsistent, polarizedalence X-zetabasis setsaugmented with diffuse functions
on all atomg’® °**4 where "X" is equal tal or Q for triple and quadrupleetabasis sets
respectively. The basis salescribed herexist from the double tosextuplezeta level of
guality. The two versionsfdhis basis set used in many of the studies presented in chapters 4
and 5 are augc-pVTZ and auegcc-pVQZ and abrief description of the characteristics of
these basis sets is now providedeTaugcc-pVTZ basis set places three sets 4fpe, two
sets offf-type and one set & type functions on hydrogen atoms, as well as, fais ofi -
type, three sets af-type, two sets of2type functionsand one set cfatype functions on all

of the heavy atoms from Boron to Neon. The "auggfig adds an additional set of diffuse
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functions to each of the polarizations listed above, for bgkth and heavy atoms. The aug
cc-pVQZ basis set placdsur sets ofi -type, threesets off)-type, two ses of Qtypeand one

set of Qtype functionson hydrogen atoms, as well fisge sets ofi -type,four sets off)-type,
threesets ofQtype functions, twees of "Qtype and onaet of Qtype functionon all of the
heavy atoms from Boron to Neon. This basis set is also augmented with diffagerfsion

all atoms. Thdarge degree of spatial flexibility provided bgrrelation consisteriasis sets
due to the inclusion ddeveralsetsof higher order angular momentum functions, as well as
their optimization for use with correlated methods sueM®2, permits for the calculation

of single point energies of a high degree of accuracy.

One final consideration to make before proceeding to ¢hapters involving
experimentalWwork, is regarding the notation used felectronic structure calculations. For
example, MP2/augc-pVTZ//B3LYP/6-311+G(d,p) represents that a single point energy
calculation was provided using the MP2 method with the-caygV/TZ basis set, and
optimization and frequency calculation was providesing the B3LYP method and- 6

311+(d,p) basis set.

3.3 RRKMCalculations

In the circumstance where iemolecule reactions occur inl@w pressure environment
(10° to 10 Torr) the productsformed will not experiencea significantnumber of
stabilizing cdlisions within their reactive lifetime. kffective stabilizationof a product ion
or molecule will cause it tohawe an excess of internal energufficiently high to cross a

transition state barrieresulting in unimolecular dissociatioror isomerism If an ion
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possesses a sufficieamount ofexcess internal energy, it majso be able to proceed
through more than orteansition statewith eachdifferentreaction channel yielding a unique
product distribution. The relative product distribution betweachreactionchannels found

by comparinghe values obtained far set of energgependent rate constanf§O), where
each is proportional to the rat# which an energized ion passes through each possible
transition stateConsider the mechanism for thalowing unimolecular proceskading to

the dissociation, or isomerism of energized moleédile

qO
Al Ad products

3.67

where Al is the transition state an§'O) is the microcanonicalkransition state theoryate

constanwhich is a function of the energy cont€i@) of A"

Valuesof "GO) are obtained fronkq. 3.68 a simplifiedresultof RRKM theory®?=3®!
employing the use of miascopic quantitiedor A° and A1 obtaired through electronic
structure calculationsuch as the zero point vibrational energies, vibrational frequencies and
moments of inertiaThe derivation of RRKM theory is beyond the scope of this thesis
however themportant features of the thegpgs applied to the study presented in chapter 4

will be described.

1"qoY) 368

0 TTR)

The values@!) and” (Q)) are the sum and density of all active quantum staté§ aind

A’ in an energy range of 0 @ and 0 toQ,, respectively. In this context the term, "active"
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refers to vibrational states of the harmonic oscillator coupled through attypéRprocess
allowing for the randomization of energy through vibrational moBesernal rotations are
treated as adiabatic transitioms.order to describe the sum of staf€h;), an example will
be given. Consider a hypothetical system consisting of the two vibrational mgdes,
1cm ! andv, = 5cm 1. The sum of states is tharms of all possible energy configurations
of the oscillatordrom 0 to the total energy, For a total energy = 7cm 1, then'O7 =

11. This is best illustrated byable 3-1.

Table 3-1: The sum of state®©7 = 11 is found by adding up all of the unique energy
configurations involving the oscillatotg = 1 cm ! and0, = 5cm 1 in the energy range of
0 to 7 cn.

Mode E/cm?’ O 1 2 3 4 5 6 7
number of quanta
o o 1 2 3 4 5 6 7
o o o o o o o o0 o
@)
o 1 1
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The value of (-) becoms large very rapidly with-, for example, for); = 1cm ! and
U, =5cm 1,"0100 10% 01000 10° and’010000  10’. The density of states,

" (-) also increases rapidly withand is related tdd-) by

o QQ-) 369
()=~

Although there arevery goodapproximations for calculating®-) and” (-),®® the most
accurate method is by a direct count of steteconfigurations. This washown for a trivial

casein Table 31; however, it is obvious that calculation @#-) and " (-) must be
completed by a computer algorithehue tothe magnitudes of real valubgingon the order

of 10" to 10®. Such an algorithm was developed by Beyer and Swinehaiis arseful for
calcdating the number of ways to make change from 0 to $1.00 using pennies, nickels,
dimes, etc..,but more importantly here, fotalculating the values of'@-) and " (-)
exactly® The BeyerSwinehart algorithm wasused in conjunction with the visual
mathenatics software Mathcad 14.0, in order to calculate value¥Q6f for the work
presented the next chapter. The annotated Mathcad 14.0 worksheets are included in

AppendixA.
In Eq. 3.68 theenergy values? and'Q, are
ol=0 q ¢ 3.70
and

Q=0 Q 371
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A schematic representation is very useful for interpretatiogqf3.70 andEqg. 3.71 and is

provided byFigure 3.3

E 3
E — - — Total Energy
Et
E. T
A A
—— Ef
Et —_—
Et
: A 4 Ground State of At
E
E
v
Ey
- — — Ground State of A

Figure 3.3; Schematic representation of energy levels associated with RRKM tfédiye

values ofQ, 'Q,, andQ are tle total, vibrational and rotational energiesfdf respectively.
The values of?, ‘Q, Q‘} and (! are the total, vibrational, translational and rotational
energies ofAd, respectivelyQ) is the difference in energy between the ground staté§ of

andA’.
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Chapter 4
A Mechanism for theFormation of the Proton-Bound Dimer
of Water by Sequential Bimolecular Reactions Involving
1,1,3,3 Tetrafluorodimethyl Ether

4.1 Introduction

There has been a considerable effort in probing #sepipase structure of tRBD of water

as well as other symmetric and asymmetric protonated dimers of small molecules using
massselectedRMPD spectroscop¥/: %% This has been accomplished by mating either an
FT-ICR MS!" %1% or QIT MS to a tunable, infrared light sae of high intensity, such as a
FEL. In an FFICR cell, the pressure is typically between'dé 10° Torr and under these

low pressure conditions, it is difficult to produce weakly bound cluster ions, suchRBEhe

of water Eqg. 4.1 via direct ionmolecule association reactions, since there are very few
collisions available during the lifetime of the csiin complex to remove sufficient internal

energy to stabilize the complex.
H,O+ H;O" Hs G5 4.1

Some years ago, Clair and McMahon devised an elegant technique for the efficient
production of HO," within the low pressure confines of the FIR cell™® This method
involved the addition of 1,1,3@trafluorodimethyl ether (TFDE) in the presence of water
vapour directly into the FTCR cell. HO," is the dominant ionic species rapidly formed as

the terminal ioamolecule reaction product. Electron impact (70 eV) on Tk&dtilts almost
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exclusively in the formation of difluoromethyl cationéat & 51, the result of cleavage of the
Cd O bond in the TFDE radical cation. This electrophilic species reacts quickly with TFDE
by fluoride abstraction and elimination of fluoroform yield an ion ofm/z99 which does

not react further with TFDEEHQ. 4.2).
CRH*+ CRH ,0 GFRH,O" + CRH 42

Addition of water to the ICR cell in whicln/z99 was the dominant ion resulted in facile
formation of HO,". A mechanism for the formation ofs8," was proposed in the work of
Clair and McMahot® in which it was suggested thaifz99 undergoes & attack by water
to form protonated difluoromethanol and formyl fluoride. Protonated difluoromethanol and
water were then suggested to form a nas¢®ID which eliminatesdifluorocarbene to
generate KD, (Scheme LY

A second mechanism was proposed in which it was presumedntb®9 had the
structure of aPBD between difluorocarbene and formyl fluoride. Water then displaces
formyl fluoride, producing aPBD of water and difluorocadne which then undergoes
displacement of difluorocarbene by a second water molecule to yi€lgl (gcheme 21
This second mechanism was proposed to account for the rapid productie®,bf $ihce it
involves a series of exchange reactions whei@ Bcts as a strongeease that can displace

both formyl fluoride and difluorocarbene. These reactions involvig@ td formPBDs are

then presumed to each occur at or near the collisiof #dte.

84



Scheme 1
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/’o—H -----0 + CF
H H
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A third mechanism was also proposed which was not initiated byntnh@9 ion, but
rather a hydronium ion reacting with TFDE to produceRB® of formyl fluoride and water

with elimination of fluoroform. A second water molecule then displaces formyl fluoride to

form HsO," (Scheme 3.1
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Scheme2
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The schemes proposed by Clair and McMahon were based on evolution of ion
intensities as a function of reaction time obtained using conventional trappegclotron
resonance experiments. At the time of that work, the limited capabilities of the
instrumetation did not allow for ion ejection to permit singlpecies ion isolation to be
performed. The consequence of this inability to isolate a single ion of interest was that all
possible ioAmolecule reaction sequences occurred simultaneously. Therefosralsev
mechanistic arguments could be made in order to describe the observedtdimsey
profiles. A further aid that was not readily available at that time was thateofronic

structurecalculations and high performance computing capabilities.

The present study incorporates the use oflER kinetics experimentsnassselected
IRMPD spectroscopyelectronic structurend RRKM calculationso better understand the

novel ionchemistry leading to bimolecular productionRBDs

The application of the miedd using TFDEto efficiently generat HsO," has been
extrapolated to yield several examples of homogeneous and heterogé&idiasisormed
within an FFICR apparatus designed specifically for IRMPD spectroscopy, with the

objective of structural charactertin [ 9% 17!
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4.2 Experimental

4.2.1 FT-ICR MS: KinetiStudies

Experiments involving kinetic measuremehts/e beemerformed using a Spectrospin
CMS 47 FFICR MS, equipped with a 4.7 T, 150 mm horizontal bore superconducting

magnet.

Kinetics of bimolecular iomnmolecule reactions are readily amenable t@gtigation with an

FT-ICR experimentKq. 4.3).
A+ + B uu%u C+ + D 43

The partial pressuref the neutral reactant molecule is carefully maintained consiara
molecular leak valve. If theumber densitpf the neutral Uy is held constant, thefaq. 4.3
may be expressed as a psefidkt order kinetic process witg; = QU0s (Eq. 4.9 , where

04 is the number density of neutral reactant molecules, B

A s 44

If the ion A" reactsvia a pseuddirst order kinetic process, then the differential equation for
the instantaneous rate of change of the concentratiori wfitA respect to time is given by
Eg.45as

AA o 45
dt - g(ﬂ

Eg. 4.5 can then be integrated to yidid. 4.6.
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In A" = Qgt 46

In this study, the quantityA* is the normalized ion intensity of AA plot ofIn A" versust
will yield a straight line with negative slope equal to the observed pdestorder rate
constant Qg / s%). The bimolecular rateonstant Q / cm® moleculé s*) associated with
Eq. 4.3 can then also be obtained as showithy4.7.

- ) 5, 4.7
Q= "w
Us

The pressure of water reported here has been corrected for the sensitivity of the

calibrated ionization gauge.

4.2.2 MassSelectedRMPD Spectroscopy: Structural Elucidation

Al | |l RMPD experiments were conducted at
(CLI0),12%%1%] \which houses &EL to which a Mobile lon Cyclotron Resonanémalyzer
(MICRA) has been mated. IRMPD efficiency spectra are obtained by observing IRMPD
of an ion of interesand all photoproducts of IRMPD as a function of radiation wavelength.

The FEL wavelength was stepped in increments 6fcai* and the laser bandwidth is 0.3
0.5 % of the spectral wavelengtlons were irradiated for 2 seconds. The laser wavelength
and bandwidth are monitoredia a monochromator associated withparison multichannel
detector.The ions were prepared directly within the ICR cell by eleeingpact onl,1,3,3
tetrafluorodimethyl ether which was pulsed into the cell and then allowedd¢o with water

vapour which was also subsequently pulsed into the ICR cell.
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4.3 Theoretical Calculations

4.3.1 Electronic Structure Calculations

Geometry optimization of all reactant and product spdwe® beermperformed at the
MP2(full)/6-31G(d) level of theor. In order to obtain the enthalpies and thermal corrections
required to calculate Gibbs free energy changes of reaction, harmonic freqheneidseen
determined at the same level of theory and scaled by 0%4Z¥nly minimum energy
structureshave beenused in calculations of thermochemical parameters. All optimized
structures possessed nmaginary frequencies. For transition state structures, only one
imaginary frequency associated with the mode connecting reactant and product species was
present. The accuracy of the electronic energy calculation was further improved for all
species by @rforming singlepoint calculations at the MP&igcc-pVTZ level of theory,
followed by the MP2/augc-pVQZ level of theoryto ensure basis set convergerigasis set
convergence is assumédhe difference in calculated Gibbs free energy changes vagied b
less thant 2 kJ mol', between use of the awg-pVQZ and augcc-pVTZ basis setsAll
potential energy surfaces (PES) are presented in terms of reyg at the MP2/augc-
pVQZ// MP2(full)/6-31G(d) level of theory.In order to provide very accurdy calculated
PA values required for this workeveralsmall molecules have their PAs calculated at the
CCSD(T)//UMPZfull)/augcc-pVTZ level of theoryThe mupledclustermethod™®®, which
includesdirect single, double angberturbatively calculatettiple excitations(CCSD(T)), is

arguablyone ofthe most accurdf& of practicalelectron correlatiomethod; however the
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cost risesextraordinarilywith the numberof atomsincludedandits current application is

feasible(with augcc-pVTZ) for molecules consisting @fpproximatelysix to ten atoms.

To compare with experiment, infrared spectiave bep calculated using the
B3LYP/6-31+G(d,p) level of theory. Density functional theory has been found to give very
good agreement with gas phase IRMPD in the [pa%t. @ The harmonic frequencies
provided by theB3LYP/6-31+G(d,p) calculation weneot scaled. All calculationsave been

performed using th6AUSSIAND3 software packagé®

4.3.2 RRKM Calculations

Due to the low pressure environment mained in the FAICR, the products of ion
molecule reactions will not undergo sufficient stabilizing conditions within their reactive
lifetime, resultingin the ions havingan excess of internal energy prior to participation in
secondary iommolecule reations. The RRKM rate constanf@O) (Eq. 3.68 has been
calculated foreach of three competing reaction ch@is using the BeyeBwinehart
Algorithm,”®® yielding exact values of@) and” (Q,). Vibrational frequencies, rotational
constants andrgund state energies for the reacting ion and all transition state species have
beenobtainedat the MP2/augc-pVQZ//MP2(full)/6-31G(d) level of theory. All calculations
of WO have beenperformed using Mathcad 14.Qvith the worksheets provided in
Appendix A. The relative size of each(O) is compared in order to determine the

contribution of each reaction channel at elevated internal energies.
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4.4 Results and Discussion

The ability to trap and isolate single ions of interest adldar a partial kindt
evaluation of the mechanisms proposed by Clair and McM&MdmA comparison of
Scheme land Scheme 2reveals that the difference between the two mechanisms is the
assumed structure of the ionmfz99 as well aghat ofthe intermediate ion aih/z69. In
Scheme 1it is proposed thain/z99 has the structure of a difluoromethylated formyl fluoride
ion, while Scheme 2proposes that this species isP8D of formyl fluoride and singlet
difluorocarbene. SimilarlyScheme 1suggests thatn/z 69 has the structure of protonated
difluoromethanol, whileScheme 2implicates aPBD of water and difluorocarbene. In
accordance with pseudwst order kinetics, under a constant partial pressure of water, the
sequences shown Bchemes land2 should ekibit first-order decay om/z99. The time
intensity profile for isolatedn/z99 in the presence of water and TFDE at a partial pressure of
water 0f9.6 x 10° mbar is shown ifFigure 4.1. In addition tom/z69, several other product

ions are observed amdselection of these ions is shown clearligure 4.2.
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Figure 4.1: Relative intensity (i.) vs. time profile produced by reaction of the ion witlz

99 with water at partial pressure of .60° mbar
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Figure 4.2: Relative intensity (r.i.) vs. time profile for a selection of the -iotensity ions

presented in the boxed region of Figdre.
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The pseuddirst order rate constanfl; ) for the disappearance ai/z99 is found to be
1.35(+0.01)x 10 s' at a partial pressure of,8 of 9.6x 10° mbar Figure 4.3), leading to
a bimolecular rate constant for the reactionnof 99 with water of 6.0 (+ 1.4x 10%°

cm® moleculé' s* which corresponds to approximately 22 percent of themofecule

collision rate!%?

The structural identity ofn/z 99 (GFsH,O") was interrogated usingassselected

IRMPD spectroscopy and density functional theory calculatibiwgi(e 4.4).

In[99]=-0.1348t-0.0605
R2=0999
-1.5 1

mpE9] -2 A

25 4

359

4

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

t /seconds

Figure 4.3: Plot of the natural logarithm of the relative intensity versus time for the ion with
m/z99 demonstrating pseudiost order kinetic behavior under a constant partial pressure of

water.
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IRMPD of m/z 99 revealed two dissociation pathways, loss ogCland CO, which
yields ions atm/z 29 and 71, respectively. The relative intensities of the two fragments
slightly favoured m/z 29, protonated carbon monoxide, ovetz 71, presumably protonated
fluoroform. Both fragments most probably result from an initial intramolecular transfer of
fluoride to the CEH moiety resulting in either loss of fluoroform (producingz 29)
accompanied by near thermoneutral pretramsfer from HCOto CRH such that the neutral
loss is CO (producingn/z 71). According to NIST, the proton affinity (PA) of gHF is
higher than that of CO by approximately 30 kJ Thakhich would suggest that the more
abundant fragment ion should b#€z71. The PA of CgH as reported by NIST is thame
PA as that of C§H, of 620 kJ mof, which raises considerable concern for the uncertainty of
this reported valueThe uncertainty of this value warranted higkiel alculations at the
CCSD(T)//[UMP2(full)/augccpVTZ level of theoryand the PA of CEH and CKH, are
found to be 51 kJ mol* and B0 kJ mol®, respectively. The preceding PA values are
markedly different from the PA values of 620 kJ thaéported by NIST. The calculated PA
for CO is found to be %4 kJ mol* at the same level of theoryhich is in good agreement
with the value reported by NIST of 590 kJ moThehigh levelCCSD(T)//UMP2(full)/aug
cc-pVTZ calculations are thus consistent with observation of the dominant fragmentation of
m/z99 to yield protonated CO (HCPatm/z29 rather than protonated ¢Fatm/z71. This

demonstrates that caution should be taken with the NIST PA value reported for kbtth CF
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and CRKH,. The vibrational band assignments for the most probable isomeiz8B (a) are

shown inTable 4-1.

The vibmtional spectrum for iom/z99, speciesa, obtained by the electronic structure
calculations is consistent with the IRMPD experiment. In addition, the calculations show
that the difluoromethylated formyl fluoridéa)) isomer isfavoured by40.5kJ mol* over the
PBD of difluorocarbene and formyl fluoridél §, with a very small energy barrier 8f50kJ
mol™ separating the twd~{gure 4.5). The difluoromethylated formy! fluoride isomerratz

99 la will hencdorth be referred to as isomker
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Figure 4.4: The IRMPD spectrum for the ion witin/z99 is shown in solid black line and a
B3LYP/6-31+G** calculated spectrum is shown in dashed black line for each of the species,
la, Ib andll. The ionsla andlb are two stable difluoromethylated formyl fluoricdeomers

The rotomer la isavouredin Gibbs free energpy 1.50 kJ mot relative to Ib. Theé®BD of

difluorocarbene and formyl fluoride is species I
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Table 4-1: Band assignments and comparison of predicted band positions for the IRMPD
spectrum of isomer la oh/z99, FHC=QGCF,H". The harmonic frequencies of li@ve been
calculated at the B3LYP/81+G** level of theoryThe frequencies are assigned in units of

wavenumbes (cmi’).

Vibrational Mode IRMPD la

* C-O stretch 725 732
* E-C=0 bend 824 805
* C-F stretch 1206 1180
* C-F stretch 1275 1251
* O-C-H bend 1280
* H-C-F bend 1324
* H-C=0 bend 1434 1402
* H-C-F bend (on CRH 1434
moiety)

* C=0 stretch 1663 1675

The preceding evidence thus implies that the dominant structure of the iomizi€l® is
difluoromethylated formyl fluoride I§. The ion is formed efficiently by reaction of
difluoromethyl cation, the dominant fragment ion obtained by electron impact on TFDE, with
TFDE to yieldm/z99 and fluoroform. Electronic structure calculations show this reaction

(Eq. 4.2 to be exergonicy128 kJ mof (298 K).
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Figure 4.5: Relative3'Ggg profile for the unimolecular isomerization of difluoromethylated
formyl fluoride atm/z99 (1) to thePBD of difluorocarbene and formyl fluoride at/z99 ()
through a transitiontate(lll ). Values are calculated at tMP2/augcc-pVvVQZ//MP2(full)/6-
31G(d) level of theory.

Assuming the starting structure fovz99to bespecieda, as shown irrigure 4.4, it is
then of interest to ascertain the mpsibable channel for the formation of®}". In Scheme
1 the 42 displacement of formyl fluoride fromm/z99 via attack of water is calculated to be
exergonic by 39.0 kJ mdl(298 K) and is shown irfFigure 4.6. The bimolecular rate
constan{’Q) for this reaction between water amz99 of 6.0 (+ 1.4x 10*° cm® moleculé!

s' is a significant fraction of the collision rate constant, implying an absence of any
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substantial barrier to reaction. This is in contrast to the smaller gas phase biaralate
constants (300 K) measured for symmetric chiéfideand bromid€*® gas phase
nucleophilic displacement reians with rate constants at 35 1.8) x 10** cm® moleculé
st and 2.4 (+ 0.6)x 10 cm® molecule' s?, respectively. The symmetric exchange

reactionsaboveare described generally IBg. 4.8
Xy + CH3X,  XaCHs3 + X, 4.8

and resemble they3 reactions observed for positive ions such as the displacemep®ahH
the reaction of protonated methanol with methakagj. @.9). The rate constant obtained for
the reaction described 5g. 4.9 was found by McMahon and Beauchdhipto be 1.05x
10° cm® moleculé! s*. This was later verified by Fridgen and coworKéfswho obtained a
value of 1.04 (+ 0.02 10"° cm® moleculé' s*. The rate constant determined in this work
of 6.0 (+ 1.4)x 10™° cm® molecule' s* is of the same order of magnitude as the rate
constants obtained in the above stu§tés™?involving a positive ion as the electrophilic
substrate.

CH;OHS + CHzOH  CH3 L,OH* + H,0 4.9

Since the reaction aih/z 99 with water does not occur tite collision rate, this provides
further evidence that a displacemype process involving proton transfer such as the one
proposed irScheme 2s not likely. A reaction of this type would be expected to occur very
close to or at the collision rate. The change in Gibbs free energy at 298 K fQR ayp8

mechanism proposed in the first stegseheme lis shown inFigure 4.6.
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Figure 4.6: Relative3"Ggg profile for the nucleophilic attack of water on difluoromethylated
formyl fluoride withm/z99 (1) to yield protonated difluoromethanol with/z69 (VII ) and
formyl fluoride (V11 ). Values are calculated at thMP2/augcc-pVQZ//MP2(full)/6-31G(d)

level of theory.

The energetic pathway leading to formation of ions wiiitz 49 and 69, whose time
intensity profiles are shown iRigure 4.2, is presented ifrigure 4.6. The ions withm/z49
and 69 are the protonated forms of formyl fluoride and difluoromethanol, respectively. The
product ion is shown ifrigure 4.6 exclusively as protonated difluoromethanolnatz 69

(VIl). It is feasible that protonated formyl fluoride witi'z49 could beformed by simple
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proton transfer from the dissociating compl&# )( The difference in PA calculated at the
CCSD(T)//UMP2(full)/augccpVTZ level of theory is onlyl.0 kJ mot' in favour of the
protonation of difluoromethanol over formyl fluoride. The PRAlues calculated for
difluoromethanol and formyl fluoride are64 and &3 kJ mol®, respectively. It is thus
reasonable to suggest that the proton will be statistically distributed between the two
molecule entitiesAlso it is possible that protonated ldbromethanol formed with an excess

of internal energy might undergo unimolecular loss of HF to yield protonated formyl fluoride

and thus result in a nestatistical distribution.

The possibility of unimolecular isomerism between protonated difluditwanel {I11)
and thePBD of difluorocarbene and watetX() was examined using electronic structure
calculations. ThePBD of difluorocarbene and watetX)) was presented ilscheme 2
Protonated difluoromethanoV/|l ) is favoured over thePBD of difluorocarbene and water
(IX) by 51.6 kJ mol* at 298 K Figure 4.7). There is also a large barritr isomerization
from protonated difluoromethanoV(l ) to the PBD of difluorocarbene and waterX) of
62.8kJ mol* at 298 K Figure 4.7). The protoated alcohol Yl ) is both thermodynamically

and kineticallyfavoured over the®BD (IX).

It was an unproductive effort to probe the structuren&x69 by IRMPD spectroscopy.
This was due to protonated difluoromethanolhde 69 (VII ) reacting rapidly wh water

resulting in an inadequate amount of isolation time for the ion to be irradiated by the laser.
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Figure 4.7: Relative 3°'Ggg profile for the unimolecular isomerization of protonated
difluoromethanol am/z69 (VIl) to thePBD of difluorocarbene and water at/z69 (X)
through a transitiostate(X). Values are calculated at the MP2/aegpVQZ//MP2(full)/6-
31G(d) level of thear.

It was rationalized that a species analogous in structure/2&9, however less reactive,
could be formed by reacting difluoromethylated formyl fluoriden& 99 (1) with dimethyl
ether rather than water. This alternative reaction was performed and an oxonium iomzawith
97 B) was isolated and examined by IRMPD spectroscéfiyu(e 4.8). By replacing the
once acidic hydrogen atoms found attached to the oxygenotonated difluoromethanol

(VIl), with methyl groups, the reactivity with water of the oxonium iormé& 97 B) is
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reduced relative to protonated difluoromethanohét 69 (VIl) . This reduced reactivity

allowed the oxonium ion an/z97 B) to be isolatd readily for IRMPD analysis.
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Figure 4.8: The IRMPD spectrum for the ion witm/z97 (solid) and the B3LYP/B1G*
calculated spectra (dashed) for tABD of difluorocarbene and dimethyl ethek)(and a

oxonium ion that can be described as difluoromethylated dimethyl &her (

The vibrational band assignments for difluoromethylated dimethyl ethevz@7 B) are

given inTable 4-2.

104



Table 4-2: Band assignments and comparison of predicted band positions for the IRMPD

spectrum of species af/z97, HRCO(CH)," (B). The harmonic frequencies Bfhave been

calculated at the B3LYP/81+G** level of theory The frequencies are assigned in units of

wavenumbes (cmi’).

Vibrational Mode IRMPD B

* C-O stretch 822 828
* C-O stretch 926 944
* symm. C-F stretch 1213 1148
* C-F stretch 1184
* C-F stretch 1233
*H-C-F bend (?) 1418 1398
* symm. CHg def. (?) 1434 1500

IRMPD of difluoromethylated dimethyl ether \ai/z97 resulted in ionic products with

m/z of 63 and 47, the latter being the slightly more dominant fragment.

These ions are

presumably methylated formyl fluoriden(z 63) and protonated dimethyl ethen/¢ 47)

formed by loss of CkF and CI, respectively. The latter fragmentation might have indicated

a PBD of difluorocarbene and dimethyl ether at/z 97 (A). A comparison of the

experimental infrared spectrum with tpeedicted spectra for theBD of difluorocarbene
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and dimethyl ether ah/z97 (A) and difluoromethylated dimethyl etherratz97 B) reveals
that thePBD of difluorocarbene and dimethyl ethéY)(is not a good candidate structure. The
ion atm/z47 is thus likely the result of proton transfer fréme CFH to (CHs).O moietyin

the exit channel complex initiated byHC-O bond cleavage as shown $gheme 4

Scheme 4
- -t
Z
) /
C HsC F
HsC >
\ R LA miz 63
HaC—0"
e 7
HF,C IRMPD HsQ
®
H.C——0.
m/z 97 TR — > (CH),COH* + CF,
F—C m/z 47
z

From a comparison of the experimental and mtedi spectra, it is likely that the structure is

the oxonium ion, difluoromethylated dimethyl etherndz 97 (B). However, there is some
disagreement between the experimental and predicted &pespecially in the 1500700

cm* region. The symmetri€H; deformation is predicted to occur at ~1500 ‘gvhich is

typical for this mode. The observed position for this band could be either that at 1418 cm

or at higher energy, 1660 &m If the experimental band is not 1660 trthen it is difficult

to account for it as there are not any other bands predicted to occur at higher energy other

than the GH stretches.
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The spectra presented kigure 4.8 showthat the identity of the ion witm/z97 is
more likely the difluoromethylated dimethyl ethds)(isomer rather than th&®BD of
difluorocarbene and dimethyl ethe&k)( If formation of difluoromethylated dimethyl ether at
m/z97 B) is analogous to the formation of protonated difluoromethanolz269 (VI1 ), this
then further justifies assignment of protonated difluoromethanah/at69 (VII) as the

reactive isomer involved in the mechanism considered here.

The first step shown bgcheme lproposed by Clair and McMahon is supported

experimentally and compationally. This is based on the evidence that there isarattack

of water on the difluoromethylated formyl fluoride ionmatz99 () with a bimolecular rate
coefficient of 6.0 (+ 1.4x 10° cm® moleculé' s*. The magnitude of the rate coefficiést
consistent with an & process involving a positive ion as the electrophilic substfaté*®
This reaction forms protonated difluoromethanaingt 69 predominantly, but will also yield
protonated formyl fluoride ain/z 49 (Figure 4.2). This is further evidence that the2S
process proposed for the first step ®fheme 1by Clair and McMahon is a dominant

reaction channel.

IRMPD spectroscopy has beersed to directly identify the ion withm/z 99 as
difluoromethylated formyl fluoridel§ and has been used to find the structure of the ion with
m/z69 as protonated difluoromethanMIk). Identification of the structure of the ion with
m/z69 as protonatedifluoromethanol YII ) was accomplished indirectly by isolation of an

ion with m/z 97 formed analogously to protonated difluoromethandl X by reacting
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dimethyl ether instead of water with difluoromethylated formyl fluorideThis species was

an oxonium ion of difluoromethylated dimethyl ethenmez97 B).

Electronic structure calculations at tMP2augcc-pVQZ//MP2(full)/6-31G(d) level
of theory show the 2 process presented 8theme 1o be exergonicallyavoured at bom

temperature bg28.8kJ mol* (Figure 4.6).

The second step proposed Scheme 1lis formation of HO," at m/z37 (XIV) and
difluorocarbene from the reaction of protonated difluoromethanol/z69 (VII ) with water
(Figure 4.9). This process is endergonat 298 K by59.6 kJ mol* (Figure 4.9), thus
rendering this process most unlikely at room temperature. The barrier to decomposition is
also relatively high and i41.5 kJ mol* above the reactant species. The loss of
difluorocarbene from ionic species has been previously observed in compounds containing
trifluoromethyl groupsi****! and thus it seems reasonable to assume also that it may be
possible to lose difluorocarbene in compounds containing difluoromethyl groups. Since the
loss of difluorocarbene from the water and protonated difluoromett@mplex KI) is a
high energy channel, it then suggests that a more energetically favorable channel is
facilitating the rapid production of 4@,". A feasible explanation for the elementary step
leading to the formation of 4@, is found by consideringhe two ions aim/z67 and 85

shown inFigure 4.2.

A possible source of the ion with/z67 is from the spontaneous decomposition of the
complex formed by the reaction of water and protonated difluoromethghplThis occurs

by loss of hydrogen fluadie (HF) through a 1;élimination transition statéXVIl ) that is
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exergonic bys4.0 kJ mof (298 K). The elimination of HF yieldsRBD of water and formyl
fluoride atm/z 67 (XV) (Figure 4.9). It is not uncommon for ionic fluorine containing
species tdose HF and this process has been investigated previously both experimentally and
computationally**® ¢ 7 Following the configuration of the six member rilike
transition stateXVIIl ), a ringopened intermediateX(X ) is produced that can readily lose
HF and yield the®BD of water and formyl fluoride ain/z67 (XV). The formation othe
ring-opened intermediaté&X(X ) is exergonic by153kJ mol* (298 K). The production of HF
and thePBD of water and formyl fluoride an/z67 (XV) is exergonic byl44kJ mol* (298
K).

A secondary channel to produce HF andRiBD of water and formyfluoride atm/z
67 (XV) was also considered. This secondary channel assumed a four membie ring
transition stateXVI) structure which proceeds through a-&linination of HF as oppode
to the 1,4elimination of HF proposed above. The -gJininationwas found to possess an
endergonic barrier to decomposition4df.9kJ mol* (298 K) and it is thus not a kinetically
accessible channel. The transition speci@él | exhibits ringstrain and this will cause it to

be high in energy.

RRKM rate constantas®ciated with Xl crossingthroughthe barriersof transition
statesXll , XVII , andXV | have beeralculated at the maximupossible value (260 kJ mol
') of excess internaénergy above th&l ground stateThe RRKM rate constant®r X
passingthroughtransition stateXIl , XVII , andXV| are 3.B x 10°° s?, 1.62x 10*? s* and

2.26 x 10° s*, respectively.In the unlikely event that the excesgernal energy ofXI
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achieves a value of 260 kJ ripit will proceed througtXVIl 43 times faster thaiX!l and
719times faster thaiXVIl, and thusXl is most likely toprogresshrough the channel with
transition stateXVII . All of the Mathcad 14.0 worksheets used to calculate the RRKM rate

constants shown above are provided in AppeAdix

esssenccssce 59.6

-153 Reaction Coordinate

Figure 4.9: Relative3"GQqg profile for the association of protonated difluoromethanahét

69 (VII') with water to yield thé®BD of water and formyl fluoride atn/z67 (XV) (solid

black) Reaction processes that are endergonic relative to the reactants are shown in dashed
black Values are calculated at the MP2/aaepVQZ//MP2(full)/6-31G(d) level of theory.
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Following the production of th€BD of water and formyl fluoride ain/z67 XV), a
third water molecule may then associate with this ion to yield an iomz&@5 (XX) (Figure
4.10). This step is exergonic by 64.7 kJ mdR98 K). The ion am/z85 (XX) can then
decompose to produces®&;" at m/z37 (XIV) and formyl fluoride Y111 ). The formation of
HsO," atm/z37 (XIV) by the displacement of formyl fluorid&|{l ) by water from the ion

atm/z85 (XX) is exergonic by 33.3 kJ mib{Figure 4.10.

AGgg? I kJ mol? W v

-33.3

P
?/ ?/ -64.7
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Figure 4.10: Relative3'Gqg profile for the decomposition of the ion with/z85 (XX) into
HsO," atm/z37 (XIV) and formyl fluoride YIIl ). Values are calculated at the MP2/auag
pVQZ/IMP2(full)/6-31G(d) level of theory.
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It is interesting to note that a speciesnaiz 85 is viside as a smalkconstituentin the
evolution of ion intensities shown Figures 4.1and4.2 This collisionay stabilized entity

provides further support of the mechanism proposed.

4.5 Concluding Remarks

An efficient bimolecular process involving 1,1,3@rafuorodimethyl ether and water
has been examined with Fourier transform ion cyclotron resonancdCET mass
spectrometrymassselectedinfrared multiple photon dissociation (IRMPD) spectroscopy

andelectronic structure theowalculations.

The processnvolves the rapid production of tHeBD of water atm/z 37 (H0,")
(XIV). The dominant reaction channel occwia the nucleophilic attack of water on
difluoromethylated formyl fluoride ain/z99 () to produce protonated difluoromethanol at
m/z69 (VI ) and formyl fluoride YIII ). The bimolecular rate constafi) for nucleophilic
attack of water on difluoromethylated formyl fluoride iz 99 () was found to be
6.0(+ 1.4) x 10"° cm® moleculée' s*. The rate of nucleophilic attack is of the same oafe
magnitude as previously measured systems involving positive ions as an electrophilic

substrate.

Association of a second water molecule with protonated difluoromethamoiz#9
(VIl') leads to decompositionia the 1,4elimination of hydrogen fluode XVII ) to form the
PBD of water and formyl fluoride an/z67 (XV). This is strongly supported by the result of
RRKM calculations which showhe reactiorof Xl to proceedhroughtransition stateXViIi

43and719 times faster than through transition staxéis andXV 1, respectivelyFinally, the
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displacement of formyl fluoride occurs by the association of a third water molecule with the

PBD of water and formyl fluoride an/z67 to yield HO," atm/z37 (XIV) (Scheme 5.

Scheme 5
/F
H\C F H\ ;|
\\ + HO — c—o + ©®p o
(@] H S
®\J\C‘ H\ F
/7 H
m/iz99 & F m/z 69
- ek
H H H—F
\ y H,, N
H,0 + ®0—cCuy, —> 1, S o
N \ H/ \ Y4 H
H F ® H -0
m/z 69 - -
H
H, H F o—=cC
Z, @ 0/ H,0
O—H---- + C—0 -— HF + H H F
/ \ //hl"o/ ®
m/z 37 H m/z 67

IRMPD spectroscopy and density functional theory calculations have been used to
determine the most probable structure of the ions observedz&9 andm/z69. The ions
with m/z 99 and 69 are difluoromethylated formyl fluoridd) (ard protonated

difluoromethanol Y11 ), respectively.

Electronic structure calculations at i 2/augcc-pVQZ/MP2(full)6-31G(d)level of

theory show that the exergonicity of the sequential reaction steps as propdsetueme 5
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facilitate the abundarformation of HO," (XIV). For the system described here, it was
found that single point energy calculations would have been adequate at the Mfe2/aug
pVTZ level of theory, since the mean absolute devia(\D) betweensingle point
energies calculated #te MP2/augcc-pVTZ and MP2/augcpVQZ levels of theory was

only 0.6 kJ mof, demonstrating basis set convergence.
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Chapter 5
Structural Characterization ofGaseous longnvolving
Caffeine andTheophylline Resolvedby MassSelected
IRMPD and Electronic Structure Calculations

5.1 General htroduction

The methylxanthines make up a large claspuwfnebased molecules wittwo of the most

noteworthy being caffeinendtheophylline

Caffeine is the most widely consumed psyactive stimulant in the woffd® and
consumption of affeine has been shown to influence a variety of physiological functions on
the cellular level'’®*??! Studies have shown the reductiongharmacologicahctivity of
several aromatic anticancer drugs due to their chemical interactions with caffeines and i

derivatived!?¥1?7]

Theophylline has propertigeat make it useful as a bronchodilaiarthe treatment of
asthmd'?®*3% Despite theophylline beingharmaceuticallyavailable little is known about
its mechanism of action. Theophylline medicaticar® very popular irNorth America
however many physiciansremain uncertainwith regards toits prescription due to the
occurrence of side effects in its users. Althougireérare possible side effects, it still remains

an importantmedicationin the treatment of acute severe asthma.
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Caffeineand theophylline botipossess four nitrogen atoms and two oxygen atoms,
making them very rich candidates for the study of IHB ratgons. Caffeine has three
methyl groups attached to three ring nitrogen atdfigure 5.1) whereasheophyllinehas
two methyl groupsand one hydrogen atoattached tahreering nitrogen atomgFigure
5.2). In caffeine, one of thearbonyl oxygn atons, O(6) is in close proximityto a methyl
moiety attached to N(7)vhereas irtheophyllinethe carbonyl oxygen atom, O(6), is in close
proximity to a hydrogen atom attached to N(7).idtproposed that such subtle structural
differences could result isignificantchangesn IHB schemesTo observesuch differences,
the gas phase structsref the protonatedMH™), protortbound homdimers(M.H"), proton
bound ammonia heterodimefisl(NHz)H") and sodiumcation bound homodimei@®1,Na")
of the gaseous iongM = caffeine or theophyllinefor caffeineand theophyllinehave been
studied using masselected IRMPD and electronic structure methotlthough sodium
cationbound dimergSCBDs)are not categorized as IHB systertie prevalence of sodium
in nature ad within the body ofthose who consumeaffeine or theophylline, warrariis

topicas a vatl complenent to the protoasedchemistry presented.
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Figure 5.1: Calculated structure of caffeineith bond lengths in angstroms and angles in

degrees. Optimized at tiBSLYP/6-311+G(d,p)evel of theory.
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Figure 5.2: Calculated structure dheophyllinewith bond lengths in angstroms and angles

in degrees. Optimized at tBSLYP/6-311+G(d,p)evel of theory.

5.1.1 Experimental

The massselectedRMPD experiments have been performed using the infrared free
electron laser (FEL) at the Centre de Laser Inframougd 6 Or say ( CL 1 O) faci
France. The FEL bearm guided into to a Bruker Esquire 3000+ ion trap mass spectrometer,
equipped with electrospray ionization. This experimental arrangement has previously been
described in detalt” 1% 3UThe FEL beanis produced by emission from a-50 MeV

electron beam. The emission photon wavelength can be tuned, through tiveraneti
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range, by adjusting the phgal gap between a set of periodic undulator magnets. The
undulator is housed within a 4.8 m long optical cavity. The laser beam is accumulated in the
optical cavity and outcoupling is permitted through-& dam hole in one of two protected

silver mirrors,each with a diameter of 38 mm.

The present workisedan electron energy of 48 MeV artide infrared outputvas
scanned continuously over a range of 1000 ¢an2000 cnt. The FEL output consists of a
set of 8us macropulses, with a repetition rate of B3. Each macropulse is composed of
approximately 500 micropulses, with a width of a few picoseconds per pulse. For an average
IR power of 500 mW, the subsequent micropulse and macropulse energies are ghbut 40

and 20 mJ, respectively.

Solutions for studes involvingthe MH", MoH" and M(NH3)H" ions of caffeine and
theophylline were prepared by combining a 2:1 mixture of ammonium chloride and the
seleced methylxanthine, respectively, at concentrations of % IO Solutions for studies
involving M,Na'™ ions were prepared analogously to those reported aboveith sodium
chloride as opposed to ammonium chlori@lee solvent system consisted of a 1:1 mixture of
acetonitrile and water. lons were provided from the solution using electrospray ionization.
The desired ionic species was then isolated and confined within the ion trap mass
spectrometer. The FEL beamasfocused and introduced into the center of the ion trap of the
mass spectrometer. Consequence mass spectra were recorded following lasgornreadia

an accumulation of ten spectra were obtained for each wavelength. IRMPD spectra were
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acquired by scanning the wavelength in steps of ~#.chhe intensities of thespectra

reported here are expressed adf®PD efficiency,asdefined byEq. 1.3.

5.1.2 Electronic Structure Calculations

Electronic structure calculations have been performed usingGIREISSIAN 03
software packag€® All structures involving caffeine and theophyllihave beemptimized
usingdensity functional theoryemploying the B3LYP exchangmrrelation functional and
the 6311+G(d,p) basis set. Harmonic frequencies obtained at thisdetteeoryhave been
scaled by 0.9678% This was performed in order to compate for errors arising from the
use of a harmonic oscillator approximation in calculating the frequencies, as well as, long
range electron correlation effects. Anharmonic frequelitiéd havealso beenobtained at
the same level of theory fanany of the species considered heMisualization ofnuclear
motion corresponding to calculated vibrational modes is provideGAYSSVIEW 44

and is used to aid in tlassigment offrequencies to IRMPD spectra.

In order toobtain more accurate interaction eneggsingle pointelectronicenergies
have been calculated using a M&&fcc-pVTZ protocol The triple z&a, augcc-pVTZ basis
set, augmented with diffuse functions on heavy atoms and hydrogen has been described as an
excellent compromise between cost and accuracy for medium sized sy&tdine.double
zeta, augcc-pVDZ basis set, although less costly, is known to be inadequate for obtaining
electronic energies nedret level of chemical accura€y! Electronicenergies obtainedsing
the MP2methodfor systems involving long range interactions, suctnygdrogen bonding

have been found to be calculated very reliably when combined with a sufficiently large
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correlation consistent basis &t It was found thatise of augec-pVTZ was too costly for

the PBD systems, therefore all PBD single point dateans have beeperformedat the
MP2/6-311+G(2d,2p§" level of theory. In order to produce more accurate energies for the
SCBD systems, single point calculations have been specified at theulfp(&cc-pCVTZ

level of theory for sodium and all heavy atoms involved in interactions with sodium cation,
with the remaining heavy atoms and hydrogen atoms specified at the MP2(full)/6
311+G(2d,2p) level of theory. It has been suggested that cabndaitivolving sodium
cation should include comore and corealenceelectron correlatioft®* ¥ The augec-
pCVTZ basis s€f* **has been djmized for use with methods that include ceree and

corevalence correlation such as MP2(full).

All optimized structures have been verified as minima by performing frequency
calculations, in order to provide a guarantee that no imaginary frequeraiepresent. The
calculation of all critical configurations (transition states) have been verified by frequency
calculations, in order to ensure that there was only one imaginary frequency present,

indicating a firstorder saddle point.

5.2 Structural Elucidation of Protonated Caffeine, Protonated Theophylline

and the ProtonBound Dimer of Theophylline and Ammonia

5.2.1 Introduction

It would seem natural t@wommit all discussion ofthe IRMPD spectrafor the

protonated forms ofaffeine and theophylline an individual sectiobeforeconsidering the
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more compix spectraobtained fothe PBDsand SCBDshoweversince only thevi(NHz)H”
PBD of theophylline was observable by masslected IRMPD, the uniqueness of the
situationwarrans its own discussiont will be shownthatthe massselected IRMPD spectra
of protonated caffeine amtotonatedheophyllineareusefulin aiding in the interpretation of
why theophylline wasexclusively observed to form a PBD with ammonia under the

conditions provided by thexperiment.

5.2.2 Protonated Caffeine

Caffeine () possesses several lone pair electron donation sites, includmgitimgen
and two oxygen atomgFigure 5.3). These sites readily facilitate formation of IHB
interactions. To aid in determining the most energetically favourable site of IHB formation, it
is instructive to find the most probable site of protonation. This is important, since all
positive IHB formingreactions involve an initial protonation of one of the association
partners. In symmetric association reactions, such as the scheme shBwyrbhl one does
not have to consider a difference in proton affinity (RAjl gas basicity (GB) between the

MOonomners.
M+ MH*  MyH* 5.1
The PA is defined as the negative of the enthalpy change fexdtleermiceaction,
M+ H"  MH* 5.2
and thereforea more positive PA implies that a molecule is more likely to be
protonated. Th&B is defined as the negative of the Gibbs free energy change of the reaction
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shown byEq. 5.2 and thus incorporates the contributimade byentropyand temperature

upon protonationAll values of Gibbs free energy reported here are calculated at 298 K.

In the case of asymmetric association reactisnsh as the scheme shownky. 5.3
one should consider the difference in PA and GB between the monomer spkeaiegN).
The species which exhibits the lardg®A (or GB) between the pair of monomersyigically

preferentially protonated initiallyyvhere PA(N) > PA(M) irEq. 5.3

M+ NH* MN H* 5.3

. carbon
° nitrogen
‘ oxygen

108 ™,

Figure 5.3: Calculated structure aaffeine (), with bond lengths in angstroms and angles in
degrees. Optimized at tiBSLYP/6-311+G(d,p)evel of theory.
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5.2.2.1 Electronic Structure: Proton Affinities and Gas Basicities of Caffeine

All Lewis basic sites within caffeine wereonsideredand electronic structar
calculationshave beeremployed to provide a summary of the absolute and relative PAs and
GBs for the proposed protonated isomdfgyijre 5.4). These values are summarized in
Table 5-1, where PA and GB are the absolute values BR4 andDGB are the relive
values. The relative energy values are defined with respect towkstenergy isomerl(),

where the isomer with tHewestDPA andDGB is preferentially protonated

Figure 5.4: Calculated structures of the isomers of protonated caffeine. Optimized at the
B3LYP/6-311+G(d,p)evel of theory.
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Table 5-1: Calculated proton affinities and gas basicities of the possible protonated isomers
of caffeine.Energieshave beeralculated at the MP2/atag-pVTZ//B3LYP/6-311+G(d,p)
level of theory ( kJ ma).

Species PA DPA GB (298 K) DGB (298 K)
Il 902 0 871 0

Il 804 98 772 99

A\ 811 91 779 92

\% 738 164 703 168

VI 870 32 838 33

VI 877 25 844 27

Vil 885 17 852 19

IX 883 19 850 21

The data summarized ihable 5-1 show that the dominant site of protonation is

expected to occur at the N(9) position in caffeithg. (A detailed calculated structure lbfis

givenin Figure 5.5. The secondnost favourable site of protonationegpectedo beat the

C(2) oxygen, as shown in isom#ftll .

However, based on thBGB between the two

isomers,ll is expected to be statistically favourega factor ofapproximately 2000:1 er

the formation ofVIIl in the gas phas@98 K). Electronic structure calculatiotisus reveal

that the most probable isomer of protonated caffesnd. The massselectediRMPD

spectrum of isolated, protonated caffeine was obtained and in conjundoth&results of
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electronic structure calculationg, is possible to experimentally determitige structural

identity.

‘ carbon

. .
. .
--------

Figure 5.5: Calculated structure of protonated caffeine (Il), with bond lengths in angstroms

and angles in degrees. Optimized atBB3&YP/6-311+G(d,p)evel of theory.

5.2.2.2 MassSelected IRMPD: Protonated Caffeine

The gas phase, infrared consequence spectrum of predocetfeine was obtained and
is shown inFigure 5.6. The IRMPD spectrum reveals peaks at only the strongest absorbing
modes for protonated caffeine. This was not unexpected since breaking bonds within a
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covalent species requires significantly more enet@ntloing so foran electrostatically
bound species. Following tHeEL irradiation of isolated, protonated caffeima/g 195), a
single product ion withm/z138 was observed. Two forms of the product ion witlz 138

have beemproposed FEigure 5.7) and themechanism for dissociation of protonated caffeine
is best described asretrohetereDiels-Alder processFragmentation of this nature has been
observedfor protonated caffeine previously in experiments involviragid desorption
electrospray ioniation (DESI) and collision induced dissociation (CID) performed by
Scrivenset al**® The first mechanism proposed for production of the ion with138, was

the formation ofa b-lactam containing ionX), in addition to loss of methyl isocyanate
(XI'). This process was very high in energy, with the change in Gibbs free energy calculated
at approximately 323 kJ mbl An alternate and substantially more favourable channekgxist
which does not involve forming theng strainedb-lactam, but rather a ketene oMl §, in
addition to the loss oKll . This process was more favourable, with the Gibbs free energy
change calculated at approximately 252 kJ mallthough the latter mcess was lower in
energy than the first mechanism proposed, 252 k3 iaattill an appreciable thermodynamic
barrier to overcome. The change in Gibbs free energy of activation for dissociatidzemay
considered to be a lower lim#ince a criticatrarsition stateconfiguration for sah a process
was not calculatedhowever the value must be higher than 252 kJ’mdherefore, it
requires an absorption in excess of 252 kJ'nedIFEL photons by the molecule, in order to
achieve dissociation within théme scale of irradiationN600 ms). Thus, IRMPD was

facilitated by only the strongest 4&bsorbing normal modes within protonated caffeine. The
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loss of neutral methyl isocyanate from protonated caffeine revealed that protonation did not
occur at the C(2pxygen, since there was no peak observad/ab8, corresponding to the

loss of protonated methyl isocyanate.

The assignment of the IRMPD frequencies was extremely useful in determining the
structure of the protonated form ol. Peak assignments for tHRMPD spectrum of
protonated caffeineHgure 5.6) are shown inTable 5-2. Referring toFigure 5.6, it was
evident that the IRMPD spectrum of protonated caffeine is best represented by the calculated
spectrum of isomeHl . Protonation of either of the two carbonyl oxygen atoms in caffeine
would have resulted in an increase in the length of the oxygen carbon bond, an increase in
single bond character and a decrease in the bond energy. For example, thecarygen
bond ofthe free carbonyl located at C(6) in isonvtl has a length of 1.20 A, while the
protonated carbonyl at C(2) has an oxygarbon bond length of 1.32 A. The effect of a
weakened bond would then be demonstrated by a largghi#tdn the frequency of thiree
carbonyl stretch. Such a shift, would be evident in the IRMPD spectrum of protonated
caffeine and was not observed. The IRMPD spectrum showedsyhenetric and
asymmetric stretching modes of the free C(2) and C(6) carbonyls, occurring at 1757 and
1723 cm®, respectively. Protonation of either carbonyl would have shifted the frequency
closer to 1600 cihand was calculated to occur at 1593'dior isomerVIll . Another strong
absorption peak would have appeared around 1650 econresponding to therpton bend of

a protonated carbonyl, however, this was also absent in the IRMPD spectrum.
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Figure 5.6: IRMPD spectrum of protonated caffeine (bottom) and the spectra of two of the
lowest energy isomers determined by calculation aB8ierP/6-311+G(d,p)evel of theory.
Harmonic frequencietiave beenscaled by 0.9679. Intensitider the experimental and

cdculated spectrare in relative unitsf IRMPD efficiency and knmol™, respectively
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XII

¢

m/z 138 AG,y° =252 kJ mol!

Figure 5.7: Proposed fragmentation schemelbffollowing IRMPD. Energieshave been
obtained at thé1P2/augcc-pVTZ//B3LYP/6-311+G(d,p)evel of theory.

If protonationwere to occuat N(9), then several N(9J protonwagand combination
modes wouldoe expectedSuch protorwag and combination modes were found to exist at

1675, 1351 and 1264 ¢hin the IRMPD spectrurof protonated caffeine.
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Table 5-2: Infrared peak assignments associated with the IRMPD and calculated spectra of
protonated caffeine presentedrigure 5.6. The frequencies are assigned in units of

wavenumbers (ci.

Vibrational Mode IRMPD [l (harmonic) VIII (harmonic)
* 2 x C=0 stretch (symm.) 1757 1805

* 2 X C=0 stretch (asymm.) 1723 1757 1821
*C(2)=0-H" bend 1662

* C(2)=0-H" stretch 1593

* N(9)-H" wag + C(4)=C(5) stretch 1675 1694

* N(9)-H" wag + C(5)=N(7) stretch 1351 1390

* N(9)-H™ + C(8)-H wag(s) 1264 1299

The evidence provided by the IRMPD spectrum of protonated caffeine, coupled with
the results of electronic structuoalculations strongly supports that the primtipite of
protonation as occurring at N(9) in caffeine. Although the calculated, harmonic frequencies
obtained forll were in better agreement with the IRMPD spectrum, relativé/Itb,
anharmonic frequenciewere also calculated foll, in order to determine if a better
reproduction of the IRMPD spectrum would be obtained. The anharmonic specttuns of

shown inFigure 5.8.
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Figure 5.8: IRMPD spectrum of prainated caffeine (bottom) and the calculated anharmonic
spectra of isomell , determined by calculation at tBSLYP/6-311+G(d,p)level of theory.
Intensitiesfor the experimental and calculated spectra in relative unitsof IRMPD

efficiency and knmol™, respectively
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Table 5-3: Infrared peak assignments associated with the IRMPD, anharmonic and harmonic
calculated spectrum of protonated caffeilh¢, (presented ifrigure 5.8. The mean absolute
deviation (MAD) of calculated frequencies from the obtained IRMPD values are shown. All

values are assigned in units of wavenumbers'jcm

Vibrational Mode IRMPD [I (anharmonic) [l (harmonic)
* 2 x C=0 stretch (symm.) 1757 1778 1805

* 2 x C=0 stretch (asymm.) 1723 1724 1757

* N(9)-H" wag+ C(4)=C(5) stretch 1675 1659 1694

* N(9)-H" wag + C(5)=N(7) stretch 1351 1357 1390

* N(9)-H* + C(8)-H wag(s) 1264 1267 1299
MAD from IRMPD 0 9 36

There was a notable improvement in the match between the IRMPD spectrum and
calculatedanharmonic spectrum over that of the calculated harmonic spectrlim Difie
mean absolute deviation (MAD) of the calculated harmonic frequencies from the IRMPD
obtained frequencies, fo, was 36 crit. The MAD of the calculated anharmonic
frequencies relative to the IRMPD frequencies Ifowvas only 9 crit. The structure of the

protonated isomer of caffeine is thus concluded to be represented by iIsomer

5.2.3 The Proton-Bound Dimer of Ammonia and Caffeine

One of the main goals of this work was to examine the IHB interactions between
ammonia and protonated caffeindBmmonia is chosen as grototypical molecule for
studyingionic interactions withthe biologically relevant speciesaffeine and theophylline
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since the RNH3" functionality is abundant in proteins and peptidéswas foundhowever

that isolation of a wble intensity of such ions, for the purposeF&L irradiation, was
impossible under the experimental conditions. Unlike protonated caffdinewhere the
covalently bound structure is extremely robust, the protmmd dimer (PBD) of ammonia

and caffeine is formedia much weaker electrostatic IHB interactions. These weakly bound
IHB interactions may then have facilitated premature dissoniatiche parent ion, due to
collisions with the helium buffer gas contained within the ion trap. In order to produce a
useful IRMPD spectrum, the parent ion mysincipally dissociate as a result of being
irradiated by thé=EL. Another factor leading toifficulty in obtaining the IRMPD spectrum

of thePBD of ammonia and caffeine was due to laser intensity. The definition of the IRMPD
efficiency Eg. 1.1), demands that a fraction of the parent ion population remain following
induced dissociation. If the ke of the parent ion intensity approaches zero, then the value
of Prag approaches infinity, resulting in signal saturation. Because the laser intensity caused
complete dissociation of the parent ion, then one sol&itempted was the attenuation of

the FEL beam. Attenuation of the laser intensity resintthe deposition ofewer photons

into the molecule within the irradiation time. Although several attenuation levels of the beam
(2X, 4X, 6X and 8X) were attemptethe PBD of ammonia and caffeine was found to be too
fragile to isolate. As shown below, protonated theophylline was able to form a more stable
PBD with ammonia, which allowed for the production of an IRMPD spectrum. Before it was
understood why PBD formain was possible for theophylline and not for caffeine, it was

considered to baseful to examine the calculated binding energies for the proposed isomers
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of the PBD of caffeine and ammonfptimized structurefor each of the calculated isomers
are preseted in Figure 59. The standard change in enthalpy and Gibbs free energy of
binding for each isomer is shown Tiable 5-4. The calculated Gibbs free energy of binding
for all of the proposed PBDs of caffeine and ammonia were found to be quite low when
compared to other IHB species that have been successfully stpoegtbuslyby IRMPD
mass spectrometry. For example, Fridgeérml. characterized the IRMPD spectra of several
homo and hetero PBDs with well defined IHB strendtfiBinding energieshe IHBs were
obtainel usinghigh pressure mass spectrometric (HPMS) metHd&$®” Two of the PBDs
studied included dimethyl ether andr#&nydrofuran, with the averagjgerature values, of the
change in Gibbs free energy of binding, of 3781 and 91.83% 39kJ mol*, respectively.

The most strongly bound PBD of ammonia and caffex)d | possessed a calculated Gibbs
free energy of binding of only 68.2 kJ ritplwhich is significantly weaker than theHBs

found in the prototbound ether systems described above.
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Figure 5.9: Calculated structures of the isomerstbé PBD of ammonia and caffeine
Optimized at th&83LYP/6-311+G(d,p)evel of theory.

Table 5-4. Calculated energies of the isomers produced by association of ammonia with
protonated caffeine. Energidsave beenobtained at theMP2/augcc-pVTZ//B3LYP/6-
311+G(d,p)evel of theoryEnergies are reported in kJ ol

Species Y4l o 2
Xl -80.5 -44.3
XV -98.5 -60.9
XV -100.7 -66.0
XVI -100.8 -68.2
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5.2.4 Protonated Theophylline

Similarly to caffeine k), theophylline XVII ) possesses several lone pair electron
donationsites, including four nitrogen and two oxygen atoffgjre 5.10. The difference
between the structure bfandXVII is the substitution of the GHnoiety inl with hydrogen
at the N(7) position ixXVII . The location of hydrogen at the N(7) position,cek it within
close proximity of the C(6) oxygen. This structural arrangement was found to have
interesting consequences in terms of both the appearance of the protonated speX¥iim of
and the ability to obtain a spectrum involving PBD formation withmamia. As was
provided forl previously, energetic arguments follow for the initial site of protonation of

XVII .

5.2.4.1 Electronic Structure: Proton Affinities and Gas Basicities of Theophylline

All possible Lewis basic sites withiKVIl were considered and elemtic structure
calculations were employed to provide a summary of the absolute and relative PAs and GBs
for the proposed protonated isomers of theophylliRgure 5.11). These values are
summarized inTable 5-5, where PA and GB are absolute values B and DGB are
relative values. The relative energy values are defined with respect towtbst energy
isomer KVII 1). The data summarized ifable 5-5 shows that the site of protonation was
expected to occur at the N(9) position in theophylliX¥/I{l ). The detailed structure of
XVII is given inFigure 5.12 The second most likely site of protonation vexpected at

the C(2) oxygen, as shown in isomeéxlll .
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Figure 5.10: Calculated structure daheophylline KVII ), with bond lengths in angstroms
and angles in degrees. Optimized atBB3&YP/6-311+G(d,p)evel of theory.
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Figure 5.11: Calculated structures of the isomers of protonated theophylipgmized at

theB3LYP/6-311+G(d,p)evel of theory
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However, based on theGB between the two isomerXVIIl would be statistically
favoured by approximately 50:1 over formation XKIIl in the gas phase. Electronic
structure calculations have suggested that the most probable isomer of protonated
theophylline exists aXVIIl . The IRMPD spectrum of isolated, protonated theophylline was
obtained and was found to reveal a surprisingly monepticated spectrum when compared

to the IRMPD spectrum which was obtained for protonated caffdipe (

Table 5-5: Calculated proton affinities (PA) and gas basicities (GB) of the possible
protonated isomersf theophylline XVII ). Energies have beetalculated at the MP2/aug
cc-pVTZ//B3LYP/6-311+G(d,p)evel of theory ( kJ mal).

Species PA DPA GB (298 K) DGB (298 K)
XVII 882 0 851 0

XIX 799 83 768 83

XX 792 90 761 90

XXI 711 171 680 171
XXII 873 9 841 10
XX 875 7 842 9
XXIV 869 13 837 14
XXV 861 21 831 20
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5.2.4.2 MassSelected IRMPD: Protonated Theophylline : Part One

The gas phase, infrared consequence spectrum of protonated theophylline is given in
Figure 5.14. Like protonatedcaffeine {I), protonated theophylline is a covalendgund
species and the IRMPD spectrum reveals peaks at only the strongest absorbing modes.
Following theFEL irradiation of isolated, protonated theophyllime/£181), a single product
ion with m/z124 was observed. As with protonated caffeine, two forms of the product ion
with m/z124 were proposedr{gure 5.13 and the mechanism for dissociation of protonated
theophyllinecan best belescribed as a retiteteraDiels-Alder processt*® The formation
of ab-lactam containing ionX{XVI ), in addition to loss of methyl isocyanabdl(), is very
costly in energy, with the change in Gibbs free energy calculated at approximately 320 kJ
mol ™. The more favourde dissociation channel formed a ketene XVII ), in addition to

the loss oIl , with a change in Gibbs free energy of 233 kJ'mol

In contrast to the IRMPD spectrum df, the spectrum of protonated theophylline
contained a strong peak centredl&82 cm'. The normal modes which were most likely
responsible for such contributions are first, the stretch of a protonated carbonyl-carbon
oxygen bond (approximately 1600 ¢n and second, the proton bending mode

(approximately 1650 ct) of a protonatedarbonyl oxygen.
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Figure 5.12 Calculated structure of protonated theophylliX&/I{l ), with bond lengths in
angstroms and angles in degrees. Optimized &3h&'P/6-311+G(d,p)evel of theory.

Such spectral signatures would suggest the presence of a carbonyl protonated isomer. It
could be argued that since tHaGB between the first two most favourable sites of
protonation inXVIl was substantiallgmallerthan that of in, that a mixture of ptonated
isomers could have resultezlzen thougtstatisticallythis should not have been the case. The
protonation ofl at N(9) was favoured over protonation of the C(2) oxygen by 2000:1,

whereas inXVIl , protonation of N(9) was favoured over protonatiénhe C(2) oxygen by
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50:1. The ratio 50:1 would amount to 98% of protonation occurring at N(9), however the
spectrum would indicate that there was a much larger presence of a cahbmoplated
isomer. The IRMPD spectrum of protonated theophylline, alomgh the calculated

harmonic spectra of the two most probable isomers, is shokigumne 5.14.

XII

m/z 124 AG,y° =306 kJ mol!

XTI

m/z 124 AG,° = 228kJ mol?

Figure 5.13. Proposed fragmentation schemeXdflll upon IRMPD. Energiebave been
obtained at th&P2/augcc-pVTZ//B3LYP/6-311+G(d,p)evel of theory.
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Figure 5.14: IRMPD spectrum of protonated theophylline (bottom) and the spectra of two of
the lowest energy isomers determined by calculation &83h&'P/6-311+G(d,p)evel of
theory. Harmonic frequenciésve beerscaled by 0.9679ntensitiesfor the experimental

and calculated specteae in relative unitsf IRMPD efficiency and knmol™, respectively
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Table 5-6: Infrared peak assignments associated with the IRMPD and calculated spectra for
protonated theophylline, presented-igure 5.14. The frequencies are assigned in units of

wavenumbers (ci.

Vibrational Mode IRMPD  XVIII (harm onic) XXl (harmonic)
* 2 x C=0 stretch (symm.) 1768 1810

* 2 x C=0 stretch (asymm.) 1738 1765 1830

* C(2)=0-H" bend + ring 1632 - 1666
deformation

* C(2)=0-H" stretch 1596
*N(9)-H wag 1345 1373

It was clear that neithesf the calculated harmonic spectra showifrigure 5.14 were
an especially good match of the IRMPD spectrum obtained for protonated theophylline.
Although the isomersXVIIl and XXIIl represent the first and second most probable
protonated forms of theophylline, respectively, there is a reasonable explanation for the
appearance of the IRMPD spectrum obtained. The catbimof the speca arises from the
serendipitous result of prepag the theophylline solutions with the intended purpose of
observing the PBD of theophylline and ammonia. The solutions were prepared with
ammonium chloride and theophylline in a mole ratio of approximatelyr@spectively. The
excess of ammonium chlde was provided to ensure an environment where protonated,
PBD and ammoniated species woaltlhave existed in abundance. This was found to work

very well, since the ion trap mass spectrometer was able to isolate any of such species from
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the single soluon sample. It can be proposed that the formation of the PBD between
theophylline and ammonia had catalyzed the formation of a mixture of protonated
theophylline isomers. To better understand such a phenomenon, the IRMPD spectrum of the
PBD of theophyllineand ammonias presented and then, the IRMPD spectrum of protonated

theophylline revisited.

5.2.5 MassSelected IRMPD: The ProtorBound Dimer of Theophylline and

Ammonia

The fragility of the weak IHB formed between ammonia and protonated caffeine leads
to the irability to isolate the PBD for the purpose of IRMPD. This was rationalized by the
correspondingly low binding energy of the IHB formed in all of the proposed isomers of the
PBD between ammonia and caffeinEalple 54). Similarly, PBDs of theophylline and
ammonia can beproposed(Figure 5.15) and their structures and energidalfle 5-7)
calculated. The isomerXXVIll , XXX, XXXI and XXXIl , like the PBDs of caffeine and
ammonia, exhibitedetfatively low IHB energes, which would imply that none othese
spedes should be isolablén the ion trap mass spectrometer. Thisraoweverone form of
the PBD of theophylline and ammonidnich isfound to be highly stabilized relative to all of
the other isomers. The isomeiXIX was unique in that it contained a doaiHB between
ammonium and theophylline. This resulh a calculated Gibbs free energy change of
binding forXXIX 22.5 kJ mol lower thanthat ofthe second most likely isometXXI . The
statistical ratio of forming XXIX to XXXI would then beapproximately 7000:1,

respectively, in favour akXIX .
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The most probable mechanism for describing the formatiofiXéX , must begin with
the assumption that the protonated form of theophylline eagXVIII . Upon protonation
at N(9) in XVIl , the hydogen atom located at N(73 made partially positivelue to
resonance about N(7), C(8) and N(9). This radaltan increase of the N(7) hydrogen atom
acidity and consequentlyan increasen the ability to act as a hydrogen bowkldnor. After
protonationof XVII , the length of the N(7) and N(9)-N bonds inXVIIl are 1.02 and
1.01A, respectively, making them nearlgqual Figure 5.12. The Mulliken charge
distributionsfor both XVII and XVIII have beercalculated at thé3LYP/6-311+G(d,p)
level of theoryand are shown ifigure 5.16. In XVIII , the partial positive charges found on
the N(7) and N(9) hydrogen atoms are 0.384 and 0.376, respectivety/llin the partial
positive charge on the N(7) hydrogen atnoriginally 0.326, whiclrevealsan increase in
the partial charge on the N(7) hydrogen atom of +0.058 units upon protonation at N(9) in
XVII . The next step invohsthe addition of ammonia %VIII to form XXIX . Although the
solution that was prepared began with the specific additioanohonium chloride and
theophylline, it is important to recognize that ammoniamwouldalwaysbein equilibrium
with ammonia. The abundance fofe ammonia in a solution of ammonium, independent of
theophylline, is very low. Because the BAd GB of thephylline exceedhoseof ammonia,
theophyllinecan beexpected to remove a proton from ammonium to yield free ammonia. As
the free ammonia became bound to protonated theophyilireglutionthe production of
more ammonia and the clustering reaction wdwveincreasedNo literature values for the

PA and GB of theophylline were found. The calculated PA and GB of theophylline, to
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produce isomeKVIIl , are 881 and 852 kJ miplrespectivelyThe literature values of PA
and GB, for ammoni&™ are 854 and 819 kJ mblrespectively. The calculated PA and GB
of ammonia were determined to be 849 and 818 k3 mespectively, for both the MR&ig
ccpVTZ/IB3LYP/6-311+G(d,p) and MP2/ag-cc-pVQZ//B3LYP/6-311+G(d,p) levels of
theory, demonstrating basis set convergence at the MP2ésu\gTZ//B3LYP/6-311+G(d,p)

level of theory and excellent agreement with the values reported in the literature.

% XXXI
-J

Figure 5.15: Calculated structures of the isomers of ammoniated theophylline. Optimized at
theB3LYP/6-311+G(d,p)evel of theory
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Table 5-7: Calculated energies of the isomers producedagsociation of ammonia with
protonatedtheophylline Energies have beewsbtained at thaviP2/augcc-pVTZ//B3LYP/6-
311+G(d,p)evel of theoryEnergies are reported in kJ ol

Species Y41 or 2%
XXVIII -08.6 -64.5
XXIX -142 -101
XXX -112 -78.1
XXXI -97.8 -66.4
XXX -105 -70.9

The IRMPD spectrum of ammoniated theophylline is showfigare 5.17, along with
the calculated spectra of the two most favourable isgmetbX and XXX. An important
feature found in the spectrum, was the abundance of peaks generated across the entire
frequency range. This contrasts markedly with the spectra of protonated caffeine and
theophylline. The IRMPD of ammoniated theophylline, which exists aseakly-bound,
electrostatic complex, requires the absorption of far fewer photons than the covalently
bound, protonated ions. If the binding energy of the ion is too high, then spectral information
would be lost due to lack of fragmentation. Specificaltys should have occurred when the
vibrational modes of low absorption intensity failed to absorb a number of quanta sufficient
to reach the dissociation threshold of the ion. This is demonstrated by the IRMPD spectra of
both protonated caffeine and theglline. When the binding energy is too low, then the

parent ion dissociates prematurely, as was the caseef®BD of ammonia and caffeine
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Figure 5.16. Mulliken charge distributions for botXVIl and XVIII calculated at the
B3LYP/6-311+G(d,p)evel of theory.
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The IRMPD spectrum of ammoniated theophylline has several large and well defined
peaks Figure 5.17). In the IRMPD spectrum of ammoniated theophylline, the observed
oxygencarbon stretching modecorresponding to the C(2) and C(6) carbonyls occur at 1757
and 1591 cil, respectively. The reshift of the C(6) carbonyl stretching frequency is
characteristic of the presence of a protonated carbonyl oxygen. The peak centred at 1646 cm
! is the combiation of a NH asymmetric bend, N(% wag and C(4)=C(5) stretch. The
dominant pealin the spectrum centred at 1646 tis indicative of a pure NiHasymmetric
bend. The calculated harmonic spectra of the two most favourable isomers of ammoniated
theophyllne, XXIX and XXX, are shown along with the IRMPD spectrumFigure 5.17.
Quialitatively, the calculated harmonic spectrum of isoXXkX would appear toepresent
better the observed IRMPD spectrum, compared to that of the calculated harmonic spectrum
of isomerXXX. An important feature missing in the calculated spectrum of is¥X¥rwas
the identifying, asymmetric ammonium,-t#l bend centred at 1646 chm in the IRMPD
spectrum of ammoniated theophylline. A summary of the proposed normal modes for the

IRMPD and calculated harmonic spectra of ammoniated theophyllgieesin Table 5-8.
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Figure 5.17: IRMPD spectrunof ammoniated theophylline (bottom) and the spectra of two
of the lowest energy isomers determined by calculation é83h&'P/6-311+G(d,p)level of
theory. Harmonic frequencidsave beerscaled by 0.9679ntensitiesfor the experimental

and calculated spectaae in relative unitef IRMPD efficiency and knmol ™, respectively
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Table 5-8: Infrared peak assignments associated with the IRMPD and calculated spectra for
ammaiated theophylline, presentedkigure 5.17. The frequencies are assigned in units of

wavenumbers (ci.

Vibrational Mode IRMPD  XIXX (harmonic) XXX (harmonic)
* C(2)=0 stretch 1757 1789

* C(2)=0-H" stretch 1611

* N(7)-H wag + C(4)=C(5) stretch 1637

* C(6)=0 stretch 1789

* C(6)=0 stretch + NH4 asymm. 1646 1671
stretch

* C(6)=0-H" bend + NH; asymm. 1591 1653
stretch

* NH 4 asymm.bend 1446 1515 1593

Although the calculated harmonic spectrum>0fIX matched many of the bands
observed irthe IRMPD spectrum of ammoniated theophylline, the calculation of anharmonic
frequencies forXXIX was performed in order to further improve the consistency of the
calcuated spectrum with that of experiment. The anharmonic spectrufXixf is shown
with the IRMPD spectrum of theophylline iRigure 518 A summary of the IRMPD,
anharmonic and harmonic frequencies for spe¥EbX are given inTable 5-9. As was
demonstrate previously for protonated caffeini ), there was a distinct improvement in the
match between the IRMPD spectrum and calculat@tarmonic spectrum over that of the
calculated harmonic spectrum ¥XIX . The MAD of the calculated harmonic frequencies
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from the IRMPD obtained frequencies, fKXIX, is 47 cm®. The MAD of the calculated
anharmonic frequencies relative to the IRMPD frequencieXXoK is only 16 cnT. Many
of the IRMPD obtained frequencies found in the 1000 to 1908 ramge are reghifted of

calculatecharmonic frequencies, due to the anharmonic nature of real molecular vibrations.

The modes involving the carbonyl stretch and,Nddnding, located at 1646 and 1591
cm? in the IRMPD spectrum, are both higher in frequency than those prdigtehe
anharmonic calculation at 1622 and 1578"cmespectively. This would suggest that the
anharmonic frequency procedure may overcompensate for the anharmonic nature of modes

involving the vibrational motion of several coupled nuclei.

Based orenergetic considerations, and IRMPD and calculated spectra XKIX , it
is thus reasonable to conclude that the most probable structure of ammoniated theophylline is
XXIX . A detailed structure oKXIX is shown inFigure 5.19 Confirmation of the structe
of XXIX, allows for an explanation of the anomalous detail observed in the IRMPD

spectrum of protonated theophylline.
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Figure 5.18: IRMPD spectrum of ammoniated theophylline (bottom) and the calculated
arharmonic spectrum of isomeXXIX, determined by calculation at thB3LYP/6-
311+G(d,p)level of theory.Intensitiesfor the experimental and calculated spectra in

relative unitsof IRMPD efficiency and knmol™, respectively
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Table 5-9: Infrared peak assignments associated with the IRMPD and calculated spectra for
ammoniated theophylline, presented-igure 5.18. The mean absolute deviation (MAD) of
calculated frequencies from obtained IRMPD values are shé\ values are assigned in

units of wavenumbers (CH

Normal Mode ldentity IRMPD  XXIX (anharmonic)  XXIX (harmonic)
* C(2)=0 stretch 1757 1766 1789

* C(6)=0 stretch + NH4 asymmetric 1646 1622 1671
stretch

* C(6)=0-H" bend + NH, 1591 1578 1653
asymmetric stretch

* NH 4 asymmetric bend 1446 1465 1515
MAD from IRMPD 0 16 47

‘ carbon
° nitrogen
o oxygen

XXIX

Figure 5.19: Calculated structure of ammoniated theophylliXXIX ), with bond lengths in

angstroms and angles in degrees. Optimized &3h&'P/6-311+G(d,p)evel of theory.
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5.2.5.1 MassSelected IRMPD: Protonated Theophylline: Part Two

The IRMPD spectrum of protonated theophylliféig(re 5.14) demonstrates that
neither of tle suggested products of direct protonation of theophyldd|l and XXIII,
were ideal matches for the IRMPD spectrum obtained. Because the solutions of protonated
theophylline were prepared in the same manner as those to produce the ammoniated
theophyllne ion XXIX), it can be proposed that another isomer of protonated theophylline
exists as a product of protdransport catalysis (PTCThere are several detailed studies by
Terlouw and coworkerthat demonstrate the isomerism of gaseous iolisters involving
the phenomenon d?TC!421% The IRMPD spectrum of protonated theophyllifég(ire
5.14) implies the presence of a carbonyl protonated isomer. The series of protonated
theophylline isomers, shown ifigure 5.11, could only occur as a result of direct
protonation. The IRMPD spectrum of protonated theophylline shows a mixture of two
isomers: The first isomer XVIII while the second isomés proposed to be the result of

protontransport catalysis bynamonia aspresented ifrigure 5.20 to yield XXXIII .
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AGg® =103 kJ mol?!

Figure 5.20: Proposed dissociation schemeXofIX to afford a mixture of the protonated
isomersof theophylline XVIII and XXXIll . Energieshave beerobtained at théiP2/aug
cc-pVTZ/IB3LYP/6-311+G(d,p)evel of theory.

Figure 5.20 shows that the calculatédl [5,95° of the production of isomepsVIll and
XXXl from XXIX is only 2.00 kJ mét in favour ofXVIII . This would indicate why there
would be amixture of the two protonated theophylline isomers in the IRMPD spectrum
obtained Figure 5.14). Due to the close proximity of N(7) and O(6), in protonated
theophylline, the intramolecular proton transfer between N(7) and O(6) was considered and a

critical configuration KXXIV) for such a process was found by use of electronic structure
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calculations Figure 5.21). The Gibbs free energy changes of activaﬁb@zgg’l" ) for the
unimolecular isomerism ofVIIl into XXXIIl are 105 and 103 kJ nibfor the forwad and

reverse process, respectively. These calculated barrier values are considerable and would
make such an intramolecular process thermally inaccessible. However, the production of
isomerXXXIll via PTCof XVIII by ammoniao yield XXIX is possibleand consequently

XXIX coulddissociate to produdsoth XVIIlI andXXXIII .

Figure 5.21: Calculated structure of critical configuratioeX>(XIV ), representing the
intramolecular proton transfer connecting the isom¥kd]ll and XXXIIl . Energieshave
beenobtained at th&P2/augcc-pVTZ//B3LYP/6-311+G(d,p)evel of theory.
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