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Abstract 

Infrared multiple photon dissociation (IRMPD) spectroscopy has been coupled with 

electronic structure calculations in order to elucidate the structures of several small biological 

molecules including: uracil, 5-fluorouracil, 5-fluorocytosine, ferulic acid, and a number of 

their related analogs.  IRMPD is a powerful technique, that when combined with electronic 

structure calculations can provide convincing evidence for the structural characterization of 

ions in the gas phase.   

Isomers of uracil and 5-fluorouracil (5-FU) have been characterized by calculations 

performed at the MP2(full)/aug-cc-pVTZ level of theory; however, infrared multiple photon 

dissociation spectroscopy experiments proved to be unsuccessful for these species.  

Geometry optimization and frequency calculations have isolated the dominant isomer(s) for 

neutral and deprotonated uracil and 5-fluorouracil, along with several cluster interactions 

involving water, methanol, ammonia, and methylamine.  For both uracil and 5-FU, a single 

relevant neutral isomer was determined, with each isomer existing in the diketo, as opposed 

to the enol form.   Following the deprotonation of this neutral isomer, both uracil and 5-FU 

were permitted to form anionic cluster ions with water, methanol, ammonia, or methylamine, 

and based on the relative Gibbs free energies (298 K) of the calculated isomers, relevant 

cluster interactions were determined.  For each cluster, several sites of intramolecular 

interaction were found to exist; however, interaction at the site of deprotonation was the most 

favourable in every instance.   
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Ionic hydrogen bond interactions have been found in several clusters formed by 5-

fluorocytosine (5-FC).  The chloride and trimethylammonium cluster ions, in addition to the 

cationic and anionic dimers have been characterized by infrared multiple photon dissociation 

(IRMPD) spectroscopy and electronic structure calculations performed at the B2PLYP/aug-

cc-pVTZ//B3LYP/6-311+G(d,p) level of theory.  IRMPD spectra in combination with 

calculated spectra and relative energetics have indicated, quite conclusively, that a single 

isomer for each 5-FC cluster that is likely being observed experimentally except in the case 

of the anionic dimer, in which a combination of isomers is probable.  For the 5-FC-

trimethylammonium cluster specifically, the calculated spectrum of the lowest energy isomer 

matches the experimental spectrum remarkably well.  Interestingly, the cationic dimer of 5-

FC was found to have a single energetically relevant isomer (Cationic-IV) in which a unique 

tridentate ionic hydrogen bond interaction is formed.  The three sites of intramolecular ionic 

hydrogen bonds in this isomer interact very efficiently, leading to a significantly large 

calculated enthalpy of binding of 180 kJ/mol.  The magnitude of the calculated binding 

energy for this species, in combination with the strong correlation between the simulated and 

IRMPD spectra, indicates that the tridentate-bound dimer is observed predominantly in 

experiment.  Comparison of the calculated relative Gibbs free energies (298 K) for this 

species with several of the other isomers considered also supports the likelihood of the 

dominant protonated dimer existing as Cationic-IV. 

Protonated ferulic acid has been characterized using infrared multiple photon 

dissociation spectroscopy and electronic structure calculations at the B3LYP/6-311+G(d,p) 

level of theory.  Neutral ferulic acid has been determined to undergo protonation on the 
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carbonyl oxygen of the acid group, forming an ion of m/z 195.  Due to its extensively 

conjugated structure, protonated ferulic acid (m/z 195) is observed to yield three stable 

fragment ions in IRMPD experiments.  It is proposed that two parallel fragmentation 

pathways of protonated ferulic acid are being observed.  First, proton transfer occurs from the 

carbonyl oxygen to the hydroxyl oxygen within the acid group, resulting in the loss of water 

and subsequently carbon monoxide, forming ions of m/z 177 and 149, respectively.  The 

second proposed fragmentation pathway undergoes proton transfer from the phenolic group 

to the methoxy group resulting in loss of methanol and rearrangement to a five-membered 

ring of m/z 163.  IRMPD spectra have been obtained for the ions m/z 195 and m/z 177, and 

anharmonic calculations have been performed on these species at the B3LYP/6-311+G(d,p) 

level of theory.  The calculated anharmonic spectra for these ions match the experimental 

spectrum exceptionally well and strongly support the proposed fragmentation mechanisms.   
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 1 

Chapter 1 

Introduction 

 

1.1 Ionic Hydrogen Bonding in the Gas Phase 

Hydrogen bonds are considered to be one of the most important intermolecular forces and as 

such, have been a popular subject of research for almost a century.
1-4

  Hydrogen bonds 

typically involve a linear association between a donor “A-H” and an acceptor “B” linked by 

the hydrogen atom, where A and B are both electronegative elements.
5-6

  The bond strengths 

of hydrogen bonds can range from weak to very strong.  When a hydrogen bond containing a 

proton is formed during an ion-molecule association reaction, it is referred to as an ionic 

hydrogen bond or IHB.
7
  IHBs typically have bond strengths in the range of 20-150 kJ/mol.

1, 

4, 8
  Strong hydrogen bonding typically occurs when the proton is equally attracted to both A 

and B, but not evidently covalently bonded to either.
5
  Strong hydrogen bonds are considered 

to be different enough from “normal” hydrogen bonds that they are sometimes considered to 

consist as a separate category of interactions.
5
  In fact, the upper range of the bond strengths 

of IHBs is in some cases greater than the strength of some covalent bonds, such as F2, which 

has a bond energy of 155 kJ/mol.
9
  IHBs are very important interactions which are critical in 

many chemical processes such as ionic clusters, electrolytes, nucleation, acid-base chemistry, 

ionic crystals, and surface adsorption.
1
  Over the past forty years, there have been a plethora 

of studies related to IHB formation.
1, 10-14

   Research related to hydrogen bonds is still a 

important field of study because they play a major role in many chemical and biochemical 

pathways and the fundamentals of their properties need to be understood.   
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 Ionic hydrogen bonds are capable of forming in both cationic and anionic systems.
1
  

A representation of a system involving a cationic IHB formation in the gas phase is shown 

below in equation 1.1.  

 

M  +  MH
+
    [M

… 
H

…
M]

 +
 [1.1] 

 

In equation 1.1, M is a neutral monomer species containing at least one Lewis basic 

heteroatom and MH
+
 is the protonated monomer.  The product formed in equation 1.1 is a 

symmetric proton-bound dimer (PBD).  The formation of this IHB involves partial proton 

transfer from the hydrogen donor atom to the acceptor, and the bond strength is correlated 

with the efficiency of proton transfer.  The original bond length between the hydrogen and 

donor heteroatom increases in length and the charge is shared with the acceptor.  As a result, 

the acceptor and donor atoms become more negative and the proton involved in the IHB 

becomes more positive.
1
  If the formation of an IHB results in a heterodimer, the bond will 

be the strongest when the proton affinities of the donor and acceptor are similar.  If the IHB 

results in a homodimer however, the proton affinities of the components will be identical, 

and the strength of the ionic hydrogen bond will not be affected by the value of the proton 

affinities.
1
 

Many biological species and complex biological systems rely on the formation of 

ionic hydrogen bonds including: protein folding, enzymes, proton transport, and molecular 

recognition.
1
  Biological molecules such as DNA and RNA nucleobases rely on hydrogen 

bonds for their three-dimensional structure and biological functionality.
15-17

  Hydrogen bonds 



 

 3 

also play a dominant role in the secondary and tertiary structure of proteins and largely effect 

their folding affinity.
6, 18

  In fact, α-helices and β-sheets were first predicted in 1951 by Linus 

Pauling on the basis of hydrogen bonding.
19

  Though these are just a few examples of 

hydrogen bonds in biological systems, they are decidedly important ones.  When studying 

ionic hydrogen bonding interactions, it is thus sensible to research biologically relevant 

species, if possible. 

 Solvation is one of the most significant factors influencing the strength of hydrogen 

bonds and can be as (or more) important than the intrinsic molecular parameters themselves.
1, 

8
  Solvent effects are dramatic in their influence on hydrogen bond strength because prior to 

the formation of the hydrogen bond, the donor and acceptor are solvated.
8
  Often the solvents 

present are also capable of forming hydrogen bonds and become competition for the 

formation of the non- solvent hydrogen bonds.  The ability to form hydrogen bonds under 

solvent conditions is correlated to the properties of the solvent present, and in general, as the 

polarity of the solvent increases, the strength of the intramolecular hydrogen bond decreases.
8
  

Because of the dramatic effects solvent can have on hydrogen bonding interactions, and the 

differences observed based on which solvent is present, it becomes clear that studying these 

interactions in the gas phase is very useful, since the energetic and structural consequences 

associated with IHB formation can be intrinsically quantified.
7
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1.2 Mass-Selected Infrared Multiple Photon Dissociation (IRMPD) 

Spectroscopy 

Infrared multiple photon dissociation (IRMPD) spectroscopy has been used in order 

to obtain gas-phase vibrational spectra.  Ions are provided from a solution containing solvent 

and analyte using electrospray, a soft ionization technique. The desired ionic species can be 

isolated in the gas phase and confined within the quadrupole ion-trap mass spectrometer.
20

  

Trapped ions are irradiated and IRMPD follows by focusing a laser through a small opening 

in one of the ring electrodes to the center of the ion trap.  The IRMPD process involves the 

use of a free electron laser (FEL) which is a powerful, tunable infrared light source that can 

be used to dissociate species isolated in the mass spectrometer.  As different frequencies are 

scanned, vibrational modes can absorb energy at specific frequencies, resulting in 

fragmentation, given that IRMPD occurs.  It has been established that in most cases the 

dissociation pathways are the same, no matter which mode in the molecule is excited.
21

 This 

can be attributed to a process called intramolecular vibrational energy redistribution (IVR).  

The components of the experimental setup will be discussed in detail in Chapter 2. 

 

1.2.1 The IRMPD Process 

The process of infrared multiple photon dissociation has a very complex mechanism 

involving the unimolecular dissociation of ions due to the absorption of photons.
22

  As will 

be discussed subsequently, the vibrations of molecules are often calculated using the 

harmonic oscillator approximation, a simplification in which the vibrational modes are 

considered independent of each other, but in reality the vibrational modes are typically 
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coupled together.
7
  The process of IRMPD relies on the coupling of vibrational modes and by 

the process of intramolecular vibrational redistribution (IVR), energy can be randomized 

through the vibrations of the molecule.  Upon the absorption of a photon, excitation of a 

single oscillator occurs, dependent on the number and wavelength of the absorbed photon.
23

  

If this single oscillator however, is coupled to the other vibrational modes in the molecule, 

the energy will flow to other oscillators which were not directly excited.
22

  The energy can 

therefore be completely delocalized throughout the modes which are coupled.  The process of 

IVR is considered to be faster than the time scale of molecular vibrations and therefore the 

energy is capable of being redistributed immediately.
7, 24

  A molecule can rapidly have its 

total vibrational energy increased upon the sequential absorption of multiple photons, in 

which case the process of IVR allows dissociation throughout the coupled modes in the 

species.
22

  If sufficient modes are coupled, the energy will reach the dissociation threshold of 

the weakest bond within the species and fragmentation will occur at that site.
7
  However, if 

the vibrational mode which absorbs energy does not have an efficient IVR process, most 

likely due to an inability to redistribute energy to the weakest bond, then fragmentation is 

unlikely to occur. 

 During IRMPD experiments, it is not the direct absorption of photon energy that is 

measured, but the fragmentation efficiency due to the absorption of photons.
25

  Because of 

this, the spectra obtained from these experiments are called consequence spectra and are 

considered an indirect measure of a species’ photon absorption as a function of photon 

energy.
7
  The IRMPD efficiency is therefore described by a relationship between the 

intensity of the parent ion and the fragments, and is expressed as: 
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[1.2] 

where IPARENT and IFRAGMENTS represent the intensities of the parent ion and each of the 

fragment species, respectively.  It is important to note that the relative intensities between the 

calculated and experimental spectra will vary.  Since unimolecular dissociation of the parent 

ion relies upon having sufficient energy in the mode corresponding to the reaction 

coordinate, the intensity of the experimental spectrum will be dependent upon the IVR 

efficiency of the species, but also upon the laser power which can be subject to some 

fluctuations.  The calculated vibrational spectrum is based upon the absorption intensities of 

vibrational modes for the species and does not account for the IVR process, or for 

fluctuations in laser power. 

 

1.2.2 Applications and Relevance of IRMPD  

IRMPD has become a very popular technique for the study of ions in the gas phase and is 

well suited for the study of ionic hydrogen bonds because they are ideally studied in an 

environment that effectively eliminates solvent effects.  Traditional infrared spectroscopy is a 

fundamental technique for the study of the structures of molecules, but ions prove difficult to 

study because they are typically available in small number densities. 
16, 26-27

  Infrared multiple 

photon dissociation spectroscopy makes use of the sensitivity of a mass spectrometer in order 

to trap and detect ions in the gas phase.   Recently, there have been a plethora of studies 

involving mass spectrometry and laser-induced photoactivation in order to study isolated ions 

in the gas phase.
7, 12-13, 21, 27-38
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Some of the earliest experiments, however, were performed several decades ago on 

weakly bound molecular clusters.  Weakly bound clusters (approximately <20kJ/mol) are 

often capable of having dissociation induced by the absorption of a single photon and 

therefore, relatively low power laser sources could be used.
25

  In the early 1980’s, protonated 

hydrogen and protonated water clusters were studied by Lee and coworkers
39

.  Later in the 

1980’s, more strongly bound species were able to be studied, such as several negatively 

charged complexes characterized by Beauchamp and coworkers using an FT-ICR mass 

spectrometer.
25, 40

  In 1986, Zakin and coworkers performed the first observed IRMPD 

experiments on metal cluster-adsorbate complexes.  IRMPD was used to determine the 

weakest bonds in the complex and also in order to obtain detailed information regarding the 

structures of the adsorbate, cluster and the adsorbate-cluster interactions.  A test species 

involving methanol and iron was used, and the structural characterization was successful, 

demonstrating the feasibility of using IRMPD in order to study this type of complex.
41

  In the 

1990’s, covalently bound molecules were studied by IRMPD using a free electron laser, and 

in 2000 the first IRMPD spectrum of an ionic species was published, due to the use of a free 

electron laser.  Since then, many chemically interesting species have been studied and 

trapping techniques have been further developed.  It is now possible for proton bound dimers, 

amino acids clustered with metal ions, and even an entire protein of 104 amino acid residues 

to be characterized using IRMPD.
13, 29, 42-43

  In 2006, Polfer and coworkers studied 

tryptophan complexes involving several different metal ions in order to better characterize 

their binding.
43

  IRMPD was found to characterize the metal-ligand binding superior to other 

mass spectrometry-based techniques.
43

  The purpose of the study was to determine if the 
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zwitterion was present to any significant extent and also to determine the predominant 

structure, which were both able to be answered with fairly good certainty, using IRMPD 

experiments.
43

  Today, IRMPD continues to be a popular method employed by physical 

chemists in order to characterize ions in the gas phase.     
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Chapter 2 

Experimental Methods 

 

2.1 Infrared Multiple Photon Dissociation Spectroscopy 

The experimental component of the research presented in this thesis involves infrared 

multiple photon dissociation spectroscopy.  IRMPD is a powerful and sensitive technique 

which has been proven to be very valuable in structure elucidation studies.
12, 38, 44-48

  The 

components of the experimental setup are discussed in detail in the following sections.   

 

2.1.1 Electrospray Ionization Interface 

The concept of electrospray ionization was proposed by Dole in 1968 as a potential 

mechanism for the formation of ions from large molecules.  However, it was not until 1984, 

that authentic experimental results were obtained for macromolecules and proteins of masses 

up to 40,000 Da.
49

  Yamashita, Fenn, and Aleksandrov seemingly simultaneously produced 

and published these results.
49-50

 

In original experiments involving electrospray mass spectrometry (ES-MS), a sample 

solution is prepared which contains the analyte, the desired solvent, and in some cases, the 

addition of a small amount of acid or base to aid in the formation of ions.  This sample 

solution is then introduced into the electrospray chamber through a hypodermic needle at 

ground potential using a flow rate of around 1-40 µL/min.
51

  Though the needle is not 

charged, the field surrounding the needle tip charges the surface of the liquid being sprayed 
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and scatters it into subsequently smaller, charged droplets.  These droplets are drawn to the 

entrance of the capillary due to the electric field present and enter an environment with an 

increased temperature (~350 K).
51

  As the ions enter the capillary they come in contact with a 

countercurrent flow of bath gas (generally N2) which serves to sweep away any neutral 

species in addition to the evaporating solvent vapour.  It has been suggested that as 

evaporation occurs, the charge to surface area ratio is no longer in balance due to the 

extremely small radius of curvature relative to the electric field at the droplet surface and 

Coulomb explosions can occur causing the analyte ions to desorb into the surrounding gas.
51

  

The desorbed ions then exit the capillary and pass through a skimmer into a vacuum 

chamber, allowing the ions to arrive at the mass spectrometer.   

 More recently however, the design of the electrospray source has become more 

advanced and its ionization mechanism better understood.  Due to lower flow rates (0.1-10 

µL/min), the analyte solution is simply pumped through a fine electrospray capillary (inner 

diameter ~100 µm) rather than a hypodermic needle.
49, 52

  The capillary itself is charged with 

a voltage of between 2-5 kV and the emerging liquid forms a protrusion known as a Taylor 

cone, and at a certain threshold voltage, ejects a jet of liquid and a plume in which the ions 

can transfer to the gas phase.
49

  Typically the initial droplets formed will have a diameter of 

more than 1 µm, and will therefore contain more than 150,000 analyte molecules per 

droplet.
49

  In order to determine how analyte molecules are transferred to the gas phase, there 

has been continued extensive research on electrospray ionization.  There are two widely 

proposed gas phase ion formation mechanisms, the charge-residue and ion-evaporation 

models.  It has been suggested that both may have an application in describing the gas-phase 
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ionization process, based on the size of the ions.  Although not definitively concluded, 

studies have suggested that for small ions (droplet on the order of 10
-6

 cm), the ion 

evaporation-model applies and for larger ions, the charge-residue model is more applicable.
53

   

The pairing of electrospray ionization with mass spectrometry in the 1980’s and the rapid 

development and improvement of the instrumentation have allowed for a means to analyze 

many samples that are difficult to vapourize, such as nonvolatile, polar, and thermally labile 

species.
54

 

 

2.1.2 Quadrupole Ion Trap  

The quadrupole ion trap mass spectrometer is an important tool for the qualitative and 

quantitative analysis of ions. A quadrupole ion trap is made up of three uniquely shaped 

electrodes with hyperboloidal geometry.  Two of these electrodes are end-cap electrodes, 

while the third, which is situated between the two end-cap electrodes, is shaped like a ring, 

and appropriately called the ring electrode.
55-56

  The two end-cap electrodes are shaped like 

small inverted saucers and are virtually identical except for the number of small apertures 

found on each.  The first has a single aperture allowing electrons or ions to be gated 

periodically.  The second end-cap electrode may have one or several small apertures 

depending on whether there exists an external ion source, or the ions pass through to a 

detector, respectively.
55

  The ring electrode is found symmetrically between the two end-cap 

electrodes, and can have an r.f. potential applied to it, while the two end-cap electrodes are 

grounded, thus creating a potential well from the field which exists.
55, 57

  The geometries of 

the electrodes theoretically result in an ideal quadrupole field which produces the parabolic 
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potential well for the trapping of ions, based on the assumption that the electrodes go to 

infinity, producing asymptotes at 53° 34’.
55

  The end-cap and ring electrodes are shown in 

Figure 2.1 below. 

 

 

 

 

 

 

 

 

 

 

Figure 2.1:  Images of (a) an open array of the electrodes which make up a quadrupole ion trap, 

consisting of two end-cap electrodes with a ring electrode symmetrically between them and (b) a 

cross section of the electrodes when assembled together creating the ideal geometry with asymptotes 

represented as black arrows.
55

   

 

The quadrupole ion trap cell is kept at an approximate pressure of 1 mTorr of He 

buffer gas, which serves to cool the ions and also focus them to the center of the cell.
7, 55, 58

  

The potential well created by the ion trap electrodes segregates ions in layers, similar to that 

of liquids with different densities, with the layer of least density corresponding to ions of 

lowest mass to charge (m/z) ratio.  Just as one can decant the top layer of such liquids by 

tilting the containing vessel, in a similar way, ramping the r.f. amplitude of the ring electrode 

allows for isolation of particular ions of the desired m/z by selective ejection.  As the r.f. 
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voltage is increased, ions with greater m/z ratios develop unstable trajectories and are ejected 

through the aperture in the end cap towards a detector. 
54

  The trajectories of the ions can be 

characterized by solutions to the Mathieu equations, allowing the ion motion in the 

quadrupole ion trap to be predicted, as well as whether the trajectory is stable or unstable.
54-55

  

Equations which include the parameterized coordinates for the formation of a stability 

diagram based on the Mathieu equations are shown below: 

qz = 4eV/mr0
2
Ω

2
 [2.1] 

az = -8eU/mr0
2
Ω

2 
[2.2] 

where V is the r.f. peak voltage, U is the voltage applied to the ring electrode, r0 is the 

inscribed radius of the ring electrode, Ω is the angular frequency of the r.f. voltage, m is the 

mass of the ion, and e is the charge of the ion.
54

  The parameters qz and az can then be used to 

plot a stability diagram.   

  

2.1.3 Collision-Induced Dissociation (CID) 

Collision-induced dissociation of an isolated ion species in a quadrupole ion trap is a 

powerful technique for the determination of ion structures.
55

  When a resonant excitation 

voltage is applied, the ions in the ion trap move away from the center, to a vicinity of higher 

potential and are accelerated due to the higher potential present in that region, causing an 

increase in their kinetic energies on the microsecond time-scale.  The internal energy of the 

ions is also increased upon collisions with the buffer gas He atoms, but on the millisecond 

time-scale.
55

  There must however, be a balance between the uptake of kinetic energy and the 

cumulative and rapid increase of an ion’s internal energy.  In addition to this, the ejection of 
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trapped ions and fragment ions must be minimized.  Under these conditions, the maximum 

number of fragment ions can be produced and trapped using CID. 

  

2.1.4 Free Electron Laser (FEL)  

The free electron laser is unique because it involves coherent radiation produced as a result 

of oscillations of free electrons, rather than electrons bound in atoms, molecules, or crystals.
7, 

59
  The FEL is typically a linear accelerator (LINAC) based light source which can supply 

high power radiation, while providing the optical characteristics found in conventional laser 

systems.  Relativistic electrons are passed through a periodic magnetic assembly, called an 

undulator, resulting in the stimulated emission of light.
7, 59

  The period of the undulator 

magnet and the applied magnetic field determine the wavelength of radiation that is emitted, 

in addition to the energy of the electron beam.
59

  The free electron laser is distinct from other 

lasers because it can be designed to operate at essentially any wavelength.
59-60

  The period of 

the undulator magnet is by definition fixed, but its strength can be varied by altering the 

distance between the rows of magnets and the FEL is therefore tunable over an extensive 

range of wavelengths including: X-rays, ultraviolet, visible, infrared, and microwave.
7, 59-60

  

Most FELs, however, are typically operated in the wavelength range of UV to far-infrared.
60

  

The free electron laser is also capable of high output power since the electron beam is able to 

maintain high power without dissipating excess energy in the laser cavity.
59

  The FEL is 

therefore, a high-power and tunable source of coherent radiation, which can provide the 

necessary photons for IRMPD.
59, 61-63
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 Because the IRMPD process normally involves the absorption of tens to hundreds of 

photons, very powerful lasers are required in order for dissociation to occur. 
25

  Gas 

discharge lasers such as the CO2 laser have been used for IRMPD-type studies, but their use 

is limited largely because they are not tunable.  Optical parametric oscillators (OPO) can also 

be used for IRMPD-type studies and have the benefit that they are tunable; however, OPO 

lasers lack the intense power of an FEL.  Therefore, it is often ideal for a free electron laser 

to be used in IRMPD studies. 

 

Figure 2.2:  A schematic diagram of the components of a free electron laser.  The electron accelerator  

produces relativistic electrons, the undulator magnet causes the electrons to perform a transverse 

oscillation and emit radiation, and the two mirrors amplify the radiation by stimulated emission.
59

 

 

2.2 Experimental Setup 

All IRMPD experiments were performed using the infrared free electron laser (IR-

FEL) at the Centre de Laser Infrarouge d’Orsay (CLIO) facility in Orsay, France.  The IR-

FEL beam was directed into a Bruker Esquire 3000+ ion trap mass spectrometer, equipped 
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with an electrospray ionization interface.  The IR-FEL is created by emission from a 10-50 

MeV electron beam which passes through the gap between a set of periodic undulator 

magnets. By adjusting the undulator gap, the emission photon wavelength is able to be tuned 

through the mid-infrared range. The undulator is held within a 4.8 m long optical cavity. The 

laser beam is accumulated in an optical cavity and outcoupling is permitted through a 1-3 

mm hole in one of two silver mirrors, each with a diameter of 38 mm. 

 The work described here involves the use of an electron energy of 46 MeV, which 

permitted continuous scans over a frequency range of 1000 cm
-1

 to 2000 cm
-1

. The IR-FEL 

output consists of a train of 8 µs macropulses, with a repetition rate of 25 Hz. Each 

macropulse is comprised of approximately 500 micropulses, with a width of a few 

picoseconds per pulse. For an average IR power of 500 mW, the corresponding micropulse 

and macropulse energies are about 40 µJ and 20 mJ, respectively.  

 Sample solutions were prepared (specific details for each species are in the 

corresponding chapters) and ions were supplied from these solutions using an electrospray 

ionization interface. The ionic species of interest are then isolated and restricted within the 

quadrupole ion trap mass spectrometer and the IR-FEL beam is focused and introduced into 

the center of the ion trap. Following the laser irradiation, consequence mass spectra were 

recorded and an accumulation of ten spectra were obtained for each wavelength. IRMPD 

spectra were acquired by scanning the wavelength in steps of ~4 cm
-1

.  
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Chapter 3 

Computational Methods 

 

3.1 Coupling of Electronic Structure Calculations with Experimental 

Data 

Infrared multiple photon dissociation spectroscopy experiments can yield very detailed 

information about species in the gas phase and greatly aid in structural elucidation studies; 

however, though the IRMPD spectrum may contain these details, the information can often 

be difficult to decipher based exclusively on chemical intuition.  Because of this, it can be 

very useful to use electronic structure calculations in order to assist in structural 

characterization.  IRMPD spectroscopy experiments coupled with electronic structure 

calculations have proven to be an invaluable method for characterization of gas phase ion 

structures and energetics.
13, 38, 45-46, 64-65

   GAUSSIAN 03 or 09 software has been used for all 

optimization and frequency calculations.
66-67

  Electronic structure calculations can provide 

excellent approximations of thermochemical data and can also be used to generate theoretical 

infrared (IR) spectra.  Theoretical IR spectra for several isomers can be qualitatively 

compared with the experimental spectrum, and can be used to find an isomer which visibly 

best matches the experimental spectrum.  In other cases, there may be several isomers with 

similar energetics and spectra, indicating a mixture of isomers, and a combination of their 

calculated IR spectra might be determined to best match the experimental spectrum.  The 

theoretical spectra can also be useful in designating peak assignments, as GAUSVIEW 5.0 

simulates the vibrational modes corresponding to the calculated peaks.
68
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 Comparison of the calculated relative energetics of isomers can, in itself, strongly 

suggest a dominant isomer.  Small isomeric differences in structure can have a large impact 

on the interactions and reactivity of a molecule with itself and its surroundings.  The 

investigation of molecular structures for a given chemical system can provide information 

regarding isomeric abundances and reactivity in experiment or nature.  Assuming that a 

Boltzmann distribution of internal energies is possessed by the ions, the relative abundances 

of a mixture of isomers can be predicted by their relative differences in Gibbs free energies.  

Isomers or complexes which are higher in energy are less likely to form, whereas those with 

lower energies will be more prevalent.  An isomer with a relative Gibbs free energy 

difference of about +15 kJ/mol (kilojoules per mole) will be present in a ratio of 1:424 with 

respect to the lowest energy isomer at 298 K.  This relationship increases exponentially as the 

energy difference becomes greater and at approximately 30 kJ/mol, the ratio has increased to 

over 1:180,000.  Given a unimolecular reaction involving species A and B in equilibrium, the 

following equation can be used in order to determine the above relationship. 

 

   
   

   
   

      
 

    [3.1] 

Because of this, only isomers which are within about 15 kJ/mol of the lowest energy 

structure are considered to be relevant and accessible in experiment. 
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3.2 Electronic Structure Calculations 

When deciding the appropriate level of theory to use for electronic structure calculations, it is 

important to consider the combination of basis set and method which will best describe the 

system of interest.  For the content presented in this thesis, a few different levels of theory 

have been used and will be discussed in the following sections.   

 Vibrational frequencies, unless otherwise specified, are calculated using the harmonic 

oscillator approximation to describe the oscillatory motion of the bonds in a species.
69

  The 

harmonic oscillator approximates the potential energy curve for a bond as a parabola.  

Although the actual curve for potential energy verses stretching of a bond is not entirely in 

the shape of a parabola, this approximation fits fairly well near the equilibrium bond length 

since that area of the curve is well approximated by the parabola shape.
70

  Calculations 

performed using this approximation however, have been shown to consistently over-estimate 

the fundamental frequencies in comparison to experimental values by about 10%.
7, 70

  

Because the discrepancy between calculated and observed frequencies is fairly constant, 

scaling factors can be implemented in order to offset the over-approximation of the 

calculated harmonic frequencies.  Scaling factors can be determined using a least squares fit 

of the scaled harmonic frequencies verses the experimental fundamental frequencies.
71-73

  

Scaling factors are specific for the level of theory being used, and serve to correct for 

anharmonicity and other systematic errors.   

When the system being calculated is sufficiently small it is sometimes possible to 

simulate the anharmonic frequencies, though these calculations are exceedingly costly. The 

anharmonic oscillator approximation fits the potential energy curve more appropriately than 
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the harmonic oscillator because it has a greater degree of mathematical flexibility and also 

accounts for the coupling of vibrational modes.  A harmonic oscillator approximation is 

limited in flexibility by the use of a quadratic potential, which does not account for the bond 

dissociation threshold.  In addition, each mode is treated independent of the existence of 

other(s) and as such, the coupling of modes (anharmonicity) is neglected.
74

  

 

Figure 3.1:  A schematic representation of the shape of harmonic and anharmonic oscillators.   The 

parabola used in the harmonic oscillator approximation is shown in black, and the anharmonic 

oscillator in red.   

 

Single point calculations can be performed in order to better approximate the 

electronic energy of a species.  This step is normally important in order to obtain accurate 

thermochemical values for a given system.  Once a molecular structure is optimized, a 

frequency calculation is typically performed.  Once the optimization and frequency 

calculations are performed successfully, the electronic energy can be calculated at a higher 

level of theory, using the pre-optimized geometry of the species.  A single point calculation 



 

 21 

is based on the energy of electron motion about a fixed field of nuclei and is less resource 

demanding than an optimization or frequency calculation; thus, higher level methods 

incorporating electron correlation effects and larger basis sets can be employed.
7
   

 

3.2.1  Methods for Electronic Structure Calculations 

Electronic structure calculations aim to supply an approximate solution for the Schrodinger 

equation.  The Schrodinger equation is essential to describing all quantum mechanical 

problems and its solution for a given system would describe its quantum mechanical 

behavior.
69

  However, the Schrodinger equation cannot be solved without approximations if 

it is applied to anything larger than a two body system.
69

  Therefore, the Born-Oppenheimer 

approximation can be used in order to simplify and approximate the solution to the 

Schrodinger equation.  The Born-Oppenheimer approximation is based on the idea that the 

motion of the electrons are much faster than the motion of the nuclei, due to their differences 

in mass.
69

  Based on this concept, the electrons are able to immediately adjust to any change 

in position of the nuclei and therefore, the electron motion can be determined for a static 

nuclear arrangement, greatly simplifying the Schrodinger equation.
69

 

 When electronic structure calculations seek solutions to the Schrodinger equation 

without the use of any empirical parameters, they are called ab initio, which in Latin, means 

“from the beginning”.  Ab initio methods use the Born-Oppenheimer approximation, but aim 

to explicitly solve the integrals involved in the Schrodinger equation without additional 

parameters.  MP2 is an example of an ab initio method, whereas B3LYP is considered semi-

empirical.   Semi-empirical methods maintain many of the same fundamentals as ab initio 
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calculations, but replace some integrals with empirical parameters, leading the calculation to 

obtain results which mimic experimental results.
69

  The addition of these parameters, allows 

semi-empirical methods to handle larger sized molecules, which would otherwise be 

exceedingly computationally expensive.   

 

3.2.1.1 Hartree-Fock (HF) 

Calculations using the Hartree-Fock method are considered the simplest type of ab initio 

calculation.
70

  Although this method was not directly used in any of the calculations 

discussed in this thesis, components of this method have been incorporated into more modern 

electronic structure calculations which will be discussed subsequently, and therefore it is 

important to mention some background on Hartree-Fock.  The Hartree-Fock approximation 

divides up the electron motions into one-electron space wavefunctions and spin functions, 

which results in organization of the electrons into molecular orbitals.
69

  All ab initio methods 

begin with a Hartree-Fock approximation in order to organize the molecular orbitals, but as 

the level of theory increases in complexity,  additional considerations are taken into account, 

such as, electron correlation.
69

 

 

3.2.1.2  Møller Plesset Perturbation (MPn) Theory: MP2 

Before the methods based on density functional theory were as highly developed as they are 

today, the MP2 method was one of the best ways to gain accuracy while maintaining only a 

moderate increase in computational cost.
75

  This ab initio method was often used in “frontier 

studies” because it is an accurate and reliable model for a wide range of systems, which has 
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been proven to yield accurate geometry optimizations.
75

  Systems with unusual electronic 

structure can be difficult to model and often require a higher level of theory in order to be 

accurate, and in the cases where MP2 is inadequate, higher order Møller Plesset 

Perturbations can be used.  In such instances, MP4 successfully addresses many of the 

problems which MP2 cannot handle and is the common choice for a higher order calculation.  

MP3 is not often used because it is more computationally costly, but rarely accounts for any 

of the short comings encountered when using MP2.
75

 

The second order Møller-Plesset perturbation (MP2) method is considered to be a 

relatively high level of theory which can adequately describe the electronic and 

thermochemical properties of a wide variety of systems.  The MP2(full) parameter can be 

included to correlate the core and valence electrons rather than exclusively the valence 

electrons.  The theory behind the MP2 method begins by considering a small perturbation to 

the Hartree-Fock Hamiltonian scaled by a dimensionless parameter.
7
  The zeroth-order wave 

function is then the unperturbed operator and the perturbation is the correlation potential.  If 

these are then expressed as an infinite series, they can be substituted into the time-

independent Schrodinger equation.
76

    

  

3.2.1.3 Density Functional Theory (DFT): B3LYP  

Density functional theory methods have dramatically grown in popularity over the recent 

years due to the fact that they are capable of achieving significantly greater accuracy than 

Hartree-Fock calculations with only a very slight increase in computational cost.
75

  DFT is a 

semi-empirical method and is capable of this notable accuracy to cost ratio because it 
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includes electron correlation effects in a much less computationally demanding manner than 

traditional correlated methods.
75

  The electron correlation effects are calculated using general 

functionals of the electron density and are separated into several components: kinetic energy, 

electron-nuclear interaction, the Coulomb repulsion, and an exchange-correlation term which 

are calculated separately.  Hybrid functionals of the DFT method also exist and have been 

shown to be superior to the traditional functionals because they  have greater accuracy with 

no additional cost.
75, 77

  A hybrid functional incorporates a portion of exact exchange from 

Hartree-Fock theory with exchange and electron correlation from other sources.
78

  An 

example of a hybrid DFT functional is the B3LYP (Becke 3-Parameter, Lee, Yang and Parr) 

method, which is the outcome of mixing Hartree-Fock theory and local density functional 

theory.   This hybrid method has been used extensively in the research presented in this 

thesis, and has been proven to show good performance for a very large range of chemical 

systems and properties.
64, 79-80

   In fact, it has become the most popular DFT method to this 

day and has been called the “workhorse of quantum chemistry”.
80-81

  The B3LYP method has 

proven, in a variety of applications, to be more efficient and accurate than MP2, especially 

with respect to the calculation of infrared vibrational spectra.
7, 81

 

   

3.2.1.4 Density Functional Theory: B2PLYP 

The B2PLYP method is considered a double-hybrid density functional and is based on the 

B3LYP method discussed previously, but with a perturbative second-order correlation 

component (from MP2) included.
82

  It therefore has electron correlation from local density 

functional theory, Hartree-Fock exchange, and a second-order perturbation correlation 
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constituent.  Thus, it acquires its name B2PLYP by the number of parameters and the order 

of perturbation being “2”,  “P” represents perturbative correlation, and  “LYP” denotes the 

LYP density functional.
82

  During its initial testing, it was found to have mean absolute 

deviations smaller than any of the other density functionals and because of this, the creator 

boldly stated that it could be the best general purpose density functional for molecules.
82

  In 

addition to this, the B2PLYP method has been declared to be a very robust and efficient 

method which could be used practically in a wide range of applications.
82

    Although, 

B2PLYP is a fairly new method, it has been found to be a competitive alternative to B3LYP 

and was found to perform as well or better in most test sets, with only a moderate increase in 

computational demand.
80

   

 

3.2.2 Basis Sets for Electronic Structure Calculations 

The approximate total electronic wavefunction of a system is a combination of the orbitals 

which can be mathematically described using a basis set.  Larger basis sets are able to better 

approximate the orbitals in a system because they have parameters that provide the electrons 

with more freedom to move around in space.  The size of the basis set required for the study 

of a given system greatly depends upon the atoms that make up the species, as well as the 

complexity of the interactions.  Standard basis sets employ linear combinations of Gaussian 

functions to form the orbitals and are often named based on the number and type of basis 

functions they use.   A basis set involves a group of basis functions for each atom in a species 

in order to approximate the orbitals, which are also based on a linear combination of 

Gaussian functions, and are individually called primitives.
75
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 There are a wide variety of basis sets available which differ in size and the number of 

restrictions placed on the locations of the electrons in space.  Minimal basis sets are small 

and use only the minimal number of basis functions required for each atom, calculated using 

fixed-size atomic-type orbitals.
75

  An example of a minimal basis set is STO-3G which is a 

Slater-type orbital that uses three Gaussian primitives per basis function.  Another type of 

basis set is the split valence basis set in which the number of basis functions per atom is 

increased and certain orbitals differ in size.
75

  The notation for split-valence basis sets was 

created by John Pople, and therefore, they are also often referred to as Pople-style basis sets.  

An example of a split valence basis set would be 6-311G, which has six sets of basis 

functions for the core electrons and three sets for the valence, which includes three basis 

functions for the first and one for each of the other two sets.   

 Another way in which a basis set can increase in size is by adding polarization 

parameters that give the orbitals freedom to change in shape.  Polarized basis sets remove 

limitations on shape by adding orbitals with angular momentum in excess of what is required 

for the ground state.
75

  Polarization parameters can allow d functions on carbon atoms, f 

functions on transition metals, and can also be used to add p functions to hydrogen atoms 

when needed.  An example of a polarized basis set is 6-311G(d,p), in which the “(d,p)” 

parameter adds d functions to heavy atoms and p functions to hydrogen atoms.  This 

parameter is also often indicated by either * or ** for the addition of d functions and the 

addition of both d and p functions, respectively.  In addition, a basis set such as 6-31G(2d) 

would indicate that two d functions are added per heavy atom. 
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 Diffuse functions can also be added to a basis set in order to allow the orbitals to 

reside in a larger area of space. This is an important parameter for systems in which the 

electrons are located somewhat farther away from the nucleus, as found in molecules with 

lone pairs, anions, excited states, etc.
75

  Basis sets with diffuse functions include 6-

311+G(d,p) and 6-311++G(d,p) in which the single + indicates the addition of diffuse 

functions on the heavy atoms, and the ++ corresponds to diffuse functions on both the heavy 

atoms and the hydrogen atoms.   

 

3.2.2.1 Pople-Style Basis sets: Specifically, 6-311+G(d,p) 

The 6-311+G(d,p) basis set is a split valance basis set that is triple zeta with 6 sets of basis 

functions for the core electrons, and three sets for the valence, including 3 basis functions for 

the first and one for each of the other two sets.  In addition, this basis set has polarization 

parameters that place d functions on the heavy atoms and p functions on the hydrogen atoms.  

There are also diffuse functions on the heavy atoms.   

This basis set was used in combination with the B3LYP method for the optimization and 

frequency calculations performed in Chapters 5 and 6.  For both projects, the optimization 

and frequency calculations were performed at the B3LYP/6-311+G(d,p) level of theory with 

a scaling factor of 0.9679.
71, 83-88

 This level of theory has been shown to provide superior 

calculated infrared vibrational spectra, in addition to having an excellent balance between 

accuracy and cost.
75, 79, 81

  Diffuse functions were not included on the hydrogen atoms as it 

has been shown that this rarely leads to a significant difference in accuracy.
75
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3.2.2.2 Correlation Consistent, Polarized Valence, x-Zeta Basis sets: 

Specifically, aug-cc-pVTZ 

The aug-cc-pVTZ basis set is augmented with diffuse functions on both the heavy atoms and 

the hydrogen atoms, which allows for the size of the orbital to increase as needed in the 

calculation.  This parameter is indicated by “aug” in the name of the basis set.  The 

abbreviation “cc-pVTZ” stands for correlation-consistent polarized valence triple zeta.  As 

the zeta factor increases, the calculations become increasingly accurate as well as 

increasingly computationally demanding.  Triple zeta forms all molecular orbitals from linear 

combinations of three sizes of functions for each orbital type.  Correlation consistent basis 

sets add subsequent shells of functions to a core set of atomic Hartree-Fock functions and 

each shell contributes approximately the same amount of correlation energy.
89

   

 The aug-cc-pVTZ basis set was used in combination with the MP2 method for the 

calculations in Chapter 4 and in combination with the B2PLYP method for the single point 

calculations in Chapter 5 on 5-fluorocytosine.  This basis set is fairly large and therefore was 

chosen with the MP2 method because it would lead to very accurate results and provide 

reliable thermochemical data.  For calculations in Chapter 4, the MP2(full)/aug-cc-pVTZ 

level of theory was used with a scaling factor of 0.969.
90-91

  The “full” parameter was 

included in order to include the core electrons in the correlation energy. 

In Chapter 5, this basis set was also chosen for single point calculations with the 

B2PLYP method because in addition to being well fitted for the systems being studied, it is 

recommended for use with the new double hybrid functional since the parameters in the 

functional were fit using this basis set.
92
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3.2.3 Conclusions 

 The calculations in Chapter 4 were performed using MP2(full)/aug-cc-pVTZ because 

this level of theory has been found to provide excellent optimization geometries and 

generally be quite accurate.
75, 93

  It is also a reasonably high level of theory and since uracil 

and 5-fluorouracil are fairly rigid molecules, and the cluster molecules are small enough, the 

balance between computational cost and accuracy could favour accuracy.  Geometry 

optimization and frequency calculations for the subsequent studies involving 5-

fluorocytosine and ferulic acid, however, were performed at the B3LYP/6-311+G(d,p) level 

of theory because it has proven to provide an accurate vibrational analysis, in addition to its 

excellent compromise between accuracy and cost.
79

  All in all, the best level of theory to use 

for a certain system or type of systems is a learning process.  In the case of the studies 

presented in this thesis, all systems involve relatively small biological molecules in the gas 

phase.  In the opinion of the author, the B3LYP/6-311+G(d,p) level of theory with the 

scaling factor of 0.9679, has proven itself to be superior for the calculation of energetics and 

infrared vibrational spectra in these types of systems.  This has been deduced primarily 

because of the exceptional matches that have been obtained between experimental and 

calculated IR spectra and also because the calculations at the MP2(full)/aug-cc-pVTZ level 

of theory proved to be much higher in computational cost, and in some instances failed to 

converge.  The coupling of IRMPD spectroscopy experiments with electronic structure 

calculations at the B3LYP/6-311+G(d,p) level of theory has been reported to give excellent 

results in the literature as well.
13, 38, 64, 80, 94
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Chapter 4 

Characterization of Uracil and 5-Fluorouracil in the Gas 

Phase by IRMPD and Electronic Structure Calculations  

 

4.1 Introduction 

Uracil is one of the five nucleic acid bases, and is classified as a pyrimidine along with 

cytosine and thymine.  Uracil is a component of RNA that base pairs with adenine and in 

DNA is replaced by thymine.
95

  Uracil can be fluorinated at position five to form 5-

fluorouracil (5-FU), which is commonly used today in the pharmaceutical industry as an anti-

cancer drug.  5-Fluorouracil was proposed and developed by rational drug design as a 

potential anti-cancer drug in 1957 and has since then become one of the most useful 

antitumor agents.
96

  5-Fluorouracil has been used for over forty years in the battle against 

colorectal, pancreatic, skin, and certain aggressive forms of breast cancer.
97-98

  The drug has 

several modes of action in the body, the principle mode being a thymidylate synthase 

inhibitor; however, there are many additional ways in which this drug acts that are still not 

fully understood.
97-98

  In the body, 5-fluorouracil can also be incorporated into RNA in place 

of uracil, leading to problems in the affected RNA strands.
98-99

  No matter the method of 

action taking place, disruption of DNA synthesis is the ultimate outcome, leading to its anti-

cancer activity. 

 Characterization of the structures and energetics of these species on their own and in 

clusters with various small molecules, will allow for a better understanding of their 
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interactions with common functional groups found biologically.  Because there are several 

mechanisms of action relating to 5-fluorouracil which are not yet understood, knowledge of 

structure and functionality will allow for a deeper understanding of how this drug works and 

potentially how it could be enhanced in the future.   

 

4.2 Methods 

4.2.1 IRMPD of Uracil and 5-Fluorouracil 

IRMPD spectroscopy experiments were attempted as described in Chapter 2 in order to 

characterize uracil and 5-FU.  Solutions were prepared by mixing the corresponding solid in 

an 80:20 mixture of acetonitrile and water.  A small amount of ammonium hydroxide was 

added in order to aid in deprotonation where appropriate.  These species however, could not 

be studied by IRMPD as we were unable to fragment them.  It is suggested that the IRMPD 

process was not efficient enough to overcome the lowest-energy dissociation threshold of the 

species.  A similar situation was encountered by Fridgen and coworkers when performing 

IRMPD experiments on [PbGly-H]
+
.
100

   

 

4.2.2 Electronic Structure Calculations 

Geometry optimization and frequency calculations have been performed on uracil and 5-

fluorouracil at the MP2(full)/aug-cc-pVTZ level of theory with a scaling factor of 0.969, as 

described in detail previously.   The nosymm specification was included in order to ensure 

that no assumptions were made regarding symmetry in the molecule.   
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 For both uracil and 5-fluorouracil, optimization calculations were performed on 

neutral isomers and deprotonated isomers.  The relevant deprotonated species were then 

clustered with water, methanol, ammonia, and methylamine.  These small molecules were 

chosen in order to provide model interactions for some common functional groups found 

biologically.  Water illustrates an interaction with itself and methanol further illustrates this 

interaction with an R-OH group.  Ammonia and methylamine contain NH3 and R-NH2 groups 

respectively, which provide a model for biological interactions involving nitrogen.   

 

 

4.3 Structures and Energetics of Uracil and 5-Fluorouracil 

4.3.1 Characterization of Uracil and 5-Fluorouracil 

Both uracil and 5-fluorouracil have been characterized by electronic structure calculations.  

All relevant isomers which have been optimized for uracil, 5-fluorouracil, and their analogs 

are provided in Appendix A, along with their relative Gibbs free energies (298 K).  In the 

following section only 5-fluorouracil will be discussed in detail since similar results have 

been obtained for both uracil and 5-FU.   

 

4.3.2 Neutral 5-Fluorouracil 

Neutral isomers of 5-fluorouracil have been optimized and are shown below in Figure 4.1.  

The relative Gibbs free energies (298 K) of these species indicate a single energetically 

relevant neutral isomer, FU-Neutral 01.  FU-Neutral 01 is a diketo structure with a proton on 
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each of the nitrogen atoms.  The other neutral isomers are significantly higher in energy than 

FU-Neutral 01 and will therefore not be considered experimentally accessible, as they would 

likely be present in a very small ratio relative to FU-Neutral 01.   

 

 

 

Figure 4.1:  Calculated neutral isomers of 5-fluorouracil with relative Gibbs free energies (298 K) in 

kJ/mol.   

 

4.3.3 Deprotonated 5-Fluorouracil  

Based on energetic considerations, FU-Neutral 01 should be the principle isomer that is 

observed experimentally; therefore, only deprotonated forms of this isomer have been 

considered.  Isomers of deprotonated 5-FU have been optimized and are shown below in 
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Figure 4.2.  Deprotonation of FU-Neutral 01 can occur by removal of either of the protons on 

the nitrogen atoms.  Removal of the proton at site A, on the nitrogen found between the two 

carbonyl oxygens, has been calculated to be much less favourable than removal of the proton 

at site B. 

Because uracil is an important biological molecule, its acidity in the gas phase has 

been established previously and the nitrogen at site B is recognized as the most acidic site, 

which is in agreement with the calculations performed for uracil, and remains true for the 

calculations of 5-fluorouracil.
101-102

  Biologically it is the nitrogen at site B where uracil 

becomes covalently bonded to a carbon of the ribose sugar in RNA.
102

  If the addition of 

fluorine had altered the most favourable site of deprotonation, it could have an effect on the 

covalent bond which is required to form with ribose at this site, in order to be incorporated 

into RNA.   The incorporation of 5-fluorouracil in place of uracil in RNA is one of the 

primary mechanisms in which 5-FU is an anti-tumor agent.   

Because of the significant difference in energy between the two deprotonated 

isomers, FU-01-H2 will be considered to be the dominant deprotonated isomer, and will be 

considered for involvement in the subsequent cluster interactions.   
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Figure 4.2: Calculated deprotonated isomers of 5-fluororacil.  Relative Gibbs free energies (298 K) 

are shown in kJ/mol.  The carbonyl oxygens are labeled for reference in the following sections.  

 

4.3.4 Deprotonated 5-Fluorouracil Clustered with Water 

Calculations have been performed on deprotonated 5-FU clustered with water at a variety of 

different sites and orientations.  The calculated lowest energy isomer for the cluster of 

deprotonated 5-fluorouracil with water is shown in Figure 4.3.  Based on the relative 

energetics of the calculated isomers the lowest energy interaction, found in isomer FU-H2Oa, 

occurs at the site of deprotonation.  In this isomer, water interacts with deprotonated 5-

fluorouracil in a bidentate interaction between the deprotonated nitrogen and the adjacent 

carbonyl oxygen O2.  In the second lowest energy calculated isomer, water is involved in a 

monodentate interaction with the carbonyl oxygen adjacent to the site of deprotonation, 

resulting in a higher relative Gibbs free energy (298 K) by 3.4 kJ/mol.    Five calculated 

isomers have relative energetics within 15 kJ/mol of the lowest energy isomer (Appendix A) 

and therefore, based on the relative energetics, FU-H2Oa should be the most abundant 
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isomer, but a mixture of the other relevant isomers would likely be present in experiment as 

well.   

 

 

Figure 4.3:  The calculated lowest energy isomers for deprotonated 5-fluorouracil clustered with 

water.  Relative Gibbs free energies (298 K) are shown in kJ/mol.   

 

4.3.5 Deprotonated 5-Fluorouracil Clustered with Methanol 

Deprotonated 5-fluorouracil has also been clustered with methanol in order to model an 

interaction with an R-OH group.  Cluster interactions between deprotonated 5-FU and 

methanol have been calculated at a variety of different sites and orientations.  The calculated 

lowest energy isomer, FU-MeOHa, is shown in Figure 4.4 below, and contains an ionic 

hydrogen bond interaction between methanol and the deprotonated nitrogen of 5-FU.  There 

are four low energy isomers that have been calculated for this cluster (Appendix A); 

however, the next lowest energy isomer is 5.3 kJ/mol higher in energy.  The relative Gibbs 

free energies (298 K) of the calculated isomers indicate that FU-MeOHa will be the dominant 

isomer among a mixture of the other calculated isomers.   
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Figure 4.4:  The calculated lowest energy isomer of deprotonated 5-fluorouracil clustered with 

methanol.   

 

4.3.6 Deprotonated Uracil Clustered with Ammonia 

Interactions of deprotonated 5-fluorouracil and ammonia have been calculated and the lowest 

energy isomer is shown in Figure 4.5.  The relative energetics of the other calculated isomers 

are shown in Appendix A, and indicate that FU-NH3c will be the dominant isomer.  This 

species includes a bidentate interaction with ammonia at the site of deprotonation, between 

the deprotonated nitrogen and the adjacent carbonyl oxygen O2.  The next lowest energy 

isomer, with a relative energy of 2.6 kJ/mol, also involves a bidentate interaction between the 

deprotonated nitrogen and carbonyl oxygen O2, but ammonia is in a different spatial 

configuration, forming a diastereomer of FU-NH3c.  Because of the small difference in 

relative Gibbs free energy (298 K) between FU-NH3c and FU-NH3a these two isomers will 

likely be present in similar abundance; however, it is probable that a mixture of the other low 

energy isomers will be present in experiment as well.   
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Figure 4.5:  The calculated lowest energy cluster of ammonia with deprotonated 5-fluorouracil.  

Relative Gibbs free energies (298 K) are shown in kJ/mol. 

 

4.3.7 Deprotonated 5-Fluorouracil Clustered with Methylamine 

Calculations of deprotonated 5-fluorouracil clustered with methylamine have also been 

performed.  The two lowest energy calculated isomers for this species are shown in Figure 

4.6 below.  The lowest energy isomer, FU-MeNH2a involves a bidentate interaction at the 

site of deprotonation between the deprotonated nitrogen and carbonyl oxygen O2.  However, 

methylamine also forms a different bidentate interaction in isomer FU-MeNH2c, which is 

only 1.6 kJ/mol higher in relative Gibbs free energy (298 K).  Five calculated low energy 

isomers for the cluster of deprotonated 5-FU with methylamine are within 10 kJ/mol of the 

lowest energy isomer, FU-MeNH2a, and therefore will likely be present to some degree in 

experiment (Appendix A); however, FU-MeNH2a and FU-MeNH2c are expected to be the 

most abundant.  
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Figure 4.6:  The two calculated lowest energy isomers for the cluster of methylamine and 

deprotonated 5-fluorouracil.  Above each isomer is an additional image further depicting the ionic 

hydrogen bond interactions found in that structure.  Relative Gibbs free energies (298 K) are reported 

in kJ/mol. 

 

4.4 Conclusions 

Calculations have been performed on uracil and 5-fluorouracil to obtain lowest energy 

isomers of the neutrals and deprotonated species, in addition to interactions involving 

deprotonated uracil clustered with either water, methanol, ammonia, or methylamine.  For 

each cluster interaction calculated lowest energy isomer(s) have been determined; however, 

due to the number of isomers within 15 kJ/mol it is likely that in each case, a mixture of 

isomers would be observed in experiment.  Bidentate interactions have formed whenever 
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possible and are present in the lowest energy isomers of clusters involving water, ammonia, 

and methylamine.  It is unfortunate that the IRMPD spectroscopy experiments were 

unsuccessful, as they may have greatly helped define the dominant species for each cluster.  

Nevertheless, with the calculated relative energetics as they are, it is likely that each of the 

lowest energy isomer(s) would have been dominant among a mixture of the other low energy 

isomers.   
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Chapter 5 

Characterization of 5-Fluorocytosine and Related Analogs 

in the Gas Phase by IRMPD and Electronic Structure 

Calculations 

 

5.1 Introduction  

The pyrimidine 5-fluorocytosine (5-FC) is a fluorinated analog of the DNA nucleobase 

cytosine.  5-FC, as a pharmaceutical, is sometimes referred to as Flucytosine or is sold as the 

drug Ancobon®, and is the only antifungal agent available that acts as an antimetabolite 

drug.
9
  Its mechanism of action has been debated over the years and is thought to be a 

combination of two or more processes which interfere with pyrimidine metabolism.
103-105

  

Conversion of 5-fluorocytosine to 5-fluorouracil can occur within the fungal cells.
106

  There 

are two main mechanisms proposed, first, an analog of 5-fluorouracil functionally inhibits the 

enzyme thymidylate synthase, the sole source of de novo synthesis of thymine in the body.
107

  

Secondly, another possible mechanism involves a 5-fluorouracil analog being incorporated in 

place of uridylic acid in fungal RNA, disrupting subsequent protein and carbohydrate 

synthesis.
103

   

5-Fluorocytosine has also been used in recent cancer research involving suicide gene 

therapy, in what is considered an experimental approach to tumor cell death.  This process 

involves 5-fluorocytosine being activated to 5-fluorouracil inside the tumor, which 
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subsequently inhibits thymidylate synthase, leading to reduced DNA synthesis and 

consequently a decrease in tumor growth.
108

 

 

5.2 Methods 

5-Fluorocytosine has been characterized using infrared multiple photon dissociation 

(IRMPD) spectroscopy as described in Chapter 2.  Solutions of 5-fluorocytosine were 

prepared by mixing solid 5-fluorocytosine in an 80:20 mixture of acetonitrile and water.  For 

the cationic dimer experiments involving protonated 5-FC, a small amount of formic acid 

was added.  Deprotonated 5-FC was produced for the anionic dimer experiments by adding a 

small amount of ammonium hydroxide.  To solutions prepared for the 5-FC clusters with 

chloride and trimethylammonium, NaCl and trimethylammonium chloride were added, 

respectively.   

 As described in Chapter 3, all geometry optimization and frequency calculations were 

performed at the B3LYP/6-311+G(d,p) level of theory, with the harmonic frequencies scaled 

by a factor of 0.9679.
71, 86, 109-110

   Single point calculations were performed on relevant low 

energy isomers for a better approximation of the electronic energy (B2PLYP/aug-cc-pVTZ).  

Anharmonic frequencies have been calculated at the B3LYP/6-311+G(d,p) level of theory for 

the 5-fluorocytosine cluster with chloride. 
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5.3 Structures and Energetics of 5-Fluorocytosine and Related 

Analogs 

5.3.1 Neutral 5-Fluorocytosine 

Four neutral isomers of 5-fluorocytosine have been optimized and are shown in Figure 5.1 

below.  For reference in the following sections, neutral isomers will be referred to as FC-

Neutral 01, 02, 03, or 04 and will be referring to those species shown here.  Due to the 

significantly higher relative Gibbs free energy (298 K) of Neutral 02, it can generally be 

considered to be negligible under the experimental conditions.  However, for subsequent 

optimization calculations, FC-Neutral 02 was still considered, where appropriate, for 

completeness, but the relative energetics containing Neutral 02 were always found to be quite 

high.   

 

 

 

Figure 5.1:  Neutral isomers of 5-fluorocytosine.  Relative Gibbs free energies (298 K) are shown in 

kJ/mol.  
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5.3.2 5-Fluorocytosine Clusters with Trimethylammonium 

Trimethylammonium (TMA) has been chosen to cluster with 5-fluorocytosine, as it may 

provide a model for cationic interactions with 5-FC which exist in biological systems.  Both 

planar and non-planar isomers of the trimethylammonium-5-FC cluster have been 

considered.  A set of calculated lowest energy isomers are shown in Figure 5.2 below.   

 

 

 

 

 

 

 

Figure 5.2:  The lowest energy calculated isomers for the trimethylammonium-5-FC cluster.  Relative 

Gibbs free energies (298 K) are shown in kJ/mol. 

 

Comparison of the calculated relative Gibbs free energies (298 K) of the isomers 

shown in Figure 5.2 suggests that the dominant isomer should exist with the structure of 

TMA-I.  TMA-I is bound by an ionic hydrogen bond formed between trimethylammonium 

and the carbonyl oxygen of 5-fluorocytosine.  The proton involved in the ionic hydrogen 

bond of this species lies more closely to trimethylamine than 5-fluorocytosine since the 

calculated bond lengths of O1 to H1 and H1 to N3 are 1.59 Å and 1.07 Å, respectively.  The 

proton affinity for 5-fluorocytosine has been calculated to be 941 kJ/mol (B2PLYP/aug-cc-

pVTZ//B3LYP/6-311+G(d,p)) and the established proton affinity for trimethylamine is 948.9 

Figure 5.2:   
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kJ/mol.
111

  During the original optimization procedures, starting structures of several 

additional isomers converged through proton transfer tautomerism, to isomer TMA-I, the 

lowest energy isomer.  All other calculated species for the trimethylammonium-5-FC cluster 

have relative Gibbs free energies (298 K) in excess of 30 kJ/mol in comparison to TMA-I, 

and are therefore considered to be negligible under the experimental conditions.  Values of 

∆G° (298 K) for the formation of each of the isomers in Figure 5.2 is shown in Table 5.1 

below.  These values are based on formation as follows: 

TMA
+
 + 5-FC    [TMA-5-FC]

+
 [5.1] 

  

Table 5.1:  Thermochemical values (298 K) for the formation of several trimethylammonium-5-FC 

clusters.  Values have been calculated at the B2PLYP/aug-cc-pVTZ//B3LYP/6-311+G(d,p) level of 

theory and are reported in kJ/mol for ∆G° and ∆H°, and in J/mol K for ∆S°. 

TMA Isomer ∆H°  ∆S°  ∆G°  

I -140 -139 -98.7 

II -113 146 -69.3 

III -140 -149 -95.5 

IV -86.5 -133 -46.8 

 

 

 Calculated harmonic spectra for TMA isomers I, II, III, and IV are shown in 

comparison with the experimental spectrum in Figure 5.4.  The experimental spectrum has 

significant peaks arise at 1621 and 1660 cm
-1

, which are revealed by computational analysis 

as a R-C=O---H-N
+
-R3 carbonyl stretch in asymmetric motion with the proton of 
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trimethylammonium.  These peaks are found to match well in the calculated TMA-I and 

experimental spectrum, strongly suggesting that TMA-I is the species being observed in 

experiment.  An image of TMA-I is shown in Figure 5.3 with the relevant atoms labeled for 

reference.   

 

 

Figure 5.3:  The lowest energy trimethylammonium-5-FC isomer, TMA-I, with relevant atoms 

labeled.  Ionic hydrogen bond lengths are stated in Angstroms (Å).  For the purpose of reference, the 

same atom labels will be used when describing other isomers as well, where appropriate.    

 

Calculated vibrational spectra corresponding to the higher energy isomers, TMA-II, -

III, and –IV have peaks indicating alternate sites of interaction between 5-FC and 

trimethylammonium and do not approximate the experimental spectrum as closely.  TMA-II 

has a large peak at 1478 cm
-1

 from the H1 proton rocking between N3 and N2 and this peak 

is red-shifted in comparison to peaks found in the experimental spectrum.  A peak at 1270 

cm
-1

 in the calculated TMA-III spectrum corresponds to H1 rocking between trimethylamine 

and N2 of 5-FC and less closely approximates peaks in the experimental spectrum.  Finally, 

the calculated spectrum of TMA-IV has a larger peak at 1093 cm
-1

 compared to the other 
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calculated spectra, which corresponds to NH2 rocking in addition to the rocking of the O1 

hydroxyl group found in this isomer.  There is also a peak at 1460 cm
-1

, which is 

characteristic of the site of interaction, arising from the H1 proton rocking between N1 on 5-

FC and N3 on trimethylammonium.  The calculated TMA-I spectrum, however, is found to 

match the experimental spectrum exceptionally well.  Therefore, from analysis of both 

spectra and energetics, TMA-I is suggested to be the dominant isomer for the 

trimethylammonium-5-FC cluster, with the site of interaction occurring between the oxygen 

atom of 5-FC and the nitrogen atom of trimethylammonium. 
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Figure 5.4:  A comparison of the harmonic calculated spectra for several isomers of the 

trimethylammonium-5-FC cluster with the experimental spectrum. Harmonic spectra were calculated 

at the B3LYP/6-311+G(d,p) level of theory with a scaling factor of 0.9679. 
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5.3.3 5-Fluorocytosine Clusters with Chloride 

5-Fluorocytosine has been chosen to cluster with chloride as it may provide a model for 

anionic interactions with 5-FC which exist in biological systems.  Calculations of chloride 

interacting with a variety of different sites on each energetically relevant neutral 5-FC isomer 

were calculated.  Based on relative Gibbs free energies (298 K), there appears to be five 

isomers which can be considered experimentally accessible.  Optimized isomers of the 

chloride-5-FC cluster are shown in Figure 5.5 along with their relative Gibbs free energies 

(298 K).   

 

Figure 5.5:  Structures and relative Gibbs free energies (298 K) for several isomers of the chloride-5-

FC cluster. Relative Gibbs free energies (298 K) are reported in kJ/mol.    

 

Calculated thermochemical values (298 K) for the formation of several chloride-5-FC 

isomers are shown in Table 5.2.  These values are based on formation of the 5-fluorocytosine 

cluster with chloride as follows: 

 Cl
-
 + 5-FC    [Cl-5-FC]

-
  [5.2] 
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Table 5.2:  Thermochemical values (298 K) for the formation of several chloride-5-FC isomers. 

Values have been calculated at the B2PLYP/aug-cc-pVTZ//B3LYP/6-311+G(d,p) level of theory and 

are reported in kJ/mol for ∆H° and ∆G° and in J/mol K for ∆S°. 

Chloride Isomer ∆H° ∆S° ∆G° 

I -95.3 -93.3 -67.5 

II -107 -99.5 -77.1 

III -87.3 -94.9 -59.0 

IV -91.4 -89.8 -64.7 

V -92.1 -93.3 -65.2 

 

 

The lowest relative energy isomer is Cl-II and is shown in Figure 5.7 with relevant 

atoms labeled.  Isomer Cl-II situates the chloride ion furthest away from the electronegative 

heteroatoms in the molecule and contains an ionic hydrogen bond interaction between the 

chloride ion and H1 with a bond length of 2.19 Å.  In the other four relevant structures, 

chloride is in association with the amino group of 5-FC, and this difference consequently 

yields a unique vibrational spectrum for Cl-II.   
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Figure 5.6: The lowest energy chloride-5-FC isomer, Cl-II, with relevant atoms labeled.  For the 

purpose of reference, the same atom labels will be used when describing other isomers as well.  Ionic 

hydrogen bonds are represented as black dotted lines and bond lengths are reported in Angstroms (Å). 

  

The calculated spectrum for each of the five lowest energy isomers is shown in 

comparison with the experimental spectrum in Figure 5.8 below.  For isomers Cl-V, -IV, and 

–III, O1 is present in the enol form and has chloride associating with the amino group of 5-

FC.  There are no carbonyl peaks in the spectra corresponding to these isomers; however, 

each contains a relatively red-shifted peak in the region of approximately 1700 cm
-1

, present 

from Cl---NH2 scissoring.  Each of the related spectra for these isomers also contains a peak 

at approximately 1500 cm
-1

, representing an O1-H rocking motion within the enol 

functionality.  In addition, Cl-V does not account for a peak found experimentally at 1316 

cm
-1

, which likely corresponds to the in-plane rocking of H1 in association with chloride.  

The calculated spectrum of the lowest energy isomer, Cl-II, closely matches the experimental 

spectrum and indicates that Cl-II is likely the most prevalent isomer found in experiment.  



 

 52 

Calculated peaks at 1197 and 1317 cm
-1

 arise from N1-H1 in-plane bending in the presence 

of the chloride ion.  In addition, there are carbonyl stretching and NH2 scissoring modes 

calculated at 1734 and 1618 cm
-1

, respectively.  The calculated Cl-I spectrum is also a close 

match to the experimental spectrum.  In this isomer, the O1 carbonyl stretch is apparent at 

1728 cm
-1

, along with the Cl---NH2 scissoring at 1647 cm
-1

.  The experimentally observed 

peak at approximately 1450 cm
-1

 however, does not appear in the Cl-I spectrum.  This peak 

arises from the interaction between chloride and H1 as observed in the Cl-II calculated 

spectrum.  Nevertheless, based on the calculated energetics, it is probable that isomer Cl-I 

also exists to some extent under the experimental conditions.   

 The calculated harmonic, anharmonic and experimental spectra are shown in 

comparison in Figure 5.9.  Calculated harmonic peaks from the in-plane bending of N1-H1 in 

the presence of the chloride ion located at 1197 and 1317 cm
-1

 have shifted to 1059 and 1277 

cm
-1

, respectively, and the carbonyl stretching and NH2 scissoring modes at 1734 and 1618 

cm
-1 

have shifted to 1707 and 1574 cm
-1

, respectively, in the anharmonic spectrum.  The 

vibrational modes at higher photon energies appear to be better approximated by the 

anharmonic calculation, whereas the vibrational modes at lower photon energy may be more 

harmonic in nature.  Nevertheless, the calculated anharmonic spectrum is visibly red-shifted 

from the harmonic spectrum and thus, for many vibrational modes, allows for a better 

approximation of the experimental spectrum.
112-115
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Figure 5.7:  A comparison of the experimental spectrum with the harmonic calculated spectra for 

several isomers of the chloride-5-FC cluster.  Harmonic spectra were calculated at the B3LYP/6-

311+G(d,p) level of theory with a scaling factor of 0.9679. 
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Figure 5.8:  Calculated harmonic and anharmonic spectra in comparison with the experimental 

spectrum for Cl-II, the lowest energy isomer.  Harmonic and anharmonic spectra were calculated at 

the B3LYP/6-311+G(d,p) level of theory, and harmonic frequencies were scaled by a factor of 

0.9679. 

 

 

5.3.4 5-Fluorocytosine Anionic Dimer 

The IRMPD spectrum of the anionic dimer formed between deprotonated and neutral 5-FC 

has been obtained.  Therefore, in order to begin geometry optimization calculations on this 

species, relevant deprotonated 5-FC isomers had to first be determined.  Deprotonated 

isomers of 5-FC were optimized at the B3LYP/6-311+G(d,p) level of theory in order to 

obtain the energetically relevant deprotonated 5-FC isomers.  By comparison of the relative 
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Gibbs free energies (298 K) of the deprotonated species, one energetically relevant 

deprotonated isomer was obtained; however, both FC-DP01 and FC-DP02 (Figure 5.10) 

were considered for the anionic dimers of 5-FC. 

 

Figure 5.9:  The two lowest energy calculated isomers of deprotonated 5-fluorocytosine.   Relative 

Gibbs free energies (298 K) are reported in kJ/mol. 

 

Over thirty-five combinations of deprotonated and neutral species were submitted for 

geometry optimizations.  Combinations included FC-DP01 or FC-DP02 in association with a 

neutral (01, 03, or 04) in both planar and non-planar spatial conformations.  Relative Gibbs 

free energies (298 K) of the calculated isomers for the 5-FC anionic dimers are shown in 

Figure 5.11 with the data indicating that a mixture of isomers is likely to be observed in 

experiment.  The large number of energetically relevant isomers for the anionic dimer is not 

surprising due to the extensive number of possible combinations of deprotonated and neutral 

isomers.   
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Figure 5.10:  The nine energetically relevant 5-FC anionic dimers are shown with their relative Gibbs 

free energies (298 K) in kJ/mol.  Ionic hydrogen bonds are indicated by dotted lines. 

 

The calculated thermochemical data (298 K) of formation for several 5-FC anionic 

dimers is shown in Table 5.3.  Values are based on formation as follows: 

 5-FC
-
  +  5-FC    [5-FC-5-FC]

- 
[5.3] 
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Table 5.3:  Thermochemical values (298 K) for formation of several isomers of the 5-fluorocytosine 

anionic dimer.  Values have been calculated at the B2PLYP/aug-cc-pVTZ//B3LYP/6-311+G(d,p) 

level of theory.  ∆H° and ∆G° values are reported in kJ/mol, ∆S° values are reported in J/ mol K. 

Anionic Isomer ∆H° ∆S° ∆G° 

I -95.3 -134 -55.5 

II -110 -148 -65.7 

III -106 -142 -63.7 

IV -94.2 -129 -55.7 

V -99.2 -134 -59.4 

VI -98.0 -137 -57.3 

VII -97.0 -132 -57.6 

VIII -95.0 -133 -55.4 

IX -97.2 -133 -57.7 

 

 

 The lowest energy calculated isomer is Anionic-II; however, eight other isomers have 

relative Gibbs free energies (298 K) within 15 kJ/mol of Anionic-II.  All nine of the 

energetically relevant isomers involve bidentate interactions between the carbonyl oxygen of 

FC-DP01 and either FC-Neutral 01 or 04.  The infrared spectra of the five lowest energy 

isomers are shown in Figure 5.12.  For clarity, the 5-FC anionic dimers are labeled with the 

deprotonated species as species “A” and the neutral as species “B”.  The experimental 

spectrum appears to contain several isomers due to the extensive number of peaks found in 

the spectrum, which can be expected due to the similarity in energies of the calculated 

isomers.   
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Figure 5.11:  A comparison of the experimental and calculated harmonic spectra for the 5-

fluorocytosine anionic dimer.  The experimental spectrum is in black and the calculated spectra are in 

color.  Harmonic spectra were calculated at the B3LYP/6-311+G(d,p) level of theory with 

frequencies scaled by a factor of 0.9679.  Beside each spectrum, the corresponding 5-FC anionic 

dimer isomer is shown with hydrogen bonds indicated by dotted black lines.  Relevant heteroatoms 

and hydrogens are labeled with numbers.   

 

 It is expected that a mixture of isomers is being observed in experiment.  Based on 

the results of the harmonic calculations at the B3LYP/6-311+G(d,p) level of theory (scale of 
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0.9679), it is likely that spectral signatures of several isomers are contributing to the IRMPD 

spectrum of the anionic dimer of 5-FC.  Peak assignments for the harmonic calculated 

spectra corresponding to Anionic-II, -III, and –V are listed in Tables 5.4, 5.5, and 5.6. 

 

Table 5.4:  Peak assignments for the anionic dimer of 5-fluorocytosine, Anionic-II. 

Peak Location(s) (cm
-1

) Description Atoms Involved 

1104, 1171, 1620 NH2 in-plane bending N3b 

1113, 1164, 1574 NH2 in-plane bending N3a 

1215, 1270, 1481 Asymmetric in-plane stretch of 

ionic hydrogen bonding protons 

H1, H2 

1574 Carbonyl stretch Carbonyla 

1732 Carbonyl stretch Carbonylb 

1692 Symmetric in-plane stretch of 

ionic hydrogen bonding protons 

H1, H2 
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Table 5.5:  Peak assignments for the anionic dimer of 5-fluorocytosine, Anionic-III. 

Peak Location(s) (cm
-1

) Description Atoms Involved 

1103, 1171, 1620 NH2 in-plane bending N3b 

1114, 1155, 1190, 1635 NH2 in-plane bending N3a 

1264 Asymmetric in-plane stretch of 

ionic hydrogen bonding protons 

H1, H2 

1339, 1498 Symmetric in-plane stretch of 

ionic hydrogen bonding protons 

H1, H2 

1561 Carbonyl stretch Carbonyla 

1733 Carbonyl stretch Carbonylb 

 

 

Table 5.6:  Peak assignments for the anionic dimer of 5-fluorocytosine, Anionic-V. 

Peak Location(s) (cm
-1

) Description Atoms Involved 

1052 NH2 in-plane bending N3b 

1115, 1166 NH2 in-plane bending N3a 

1559, 1677 NH2 scissoring N3b 

1574 Carbonyl stretch Carbonyla 

1625 NH2 scissoring N3a 

1730 Carbonyl stretch Carbonylb 

 

 

 It can be seen that the spectra do not vary greatly between each of the calculated 

isomers.  This can be expected due to similarities in many of the low energy calculated 
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isomers.  For example, the lowest energy isomer, Anionic-II involves an association between 

carbonyla and N1a of FC-DP01 and H1 and H2 of FC-Neutral 01.  The next lowest energy 

isomer, Anionic-III, is very similar but involves interaction with N2a instead of N1a.  This 

small change leads to a relative energy 2.2 kJ/mol higher than Anionic-II.  Many of the 

calculated low energy isomers for the anionic dimer of 5-FC have only small differences, 

leading to small increases in their relative Gibbs free energies (298 K). The lowest energy 

interactions involve FC-DP01 and FC-Neutral 01, and calculations indicate that there are 

many ways in which these two species can interact within a small energy difference.  

Because of the great similarities in structure, energetics, and spectra of the calculated low 

energy isomers, it is likely that Anionic-II and Anionic-III are the most prevalent in 

experiment, among a mixture of some other calculated low energy isomers.   

 

5.3.5 5-Fluorocytosine Cationic Dimer 

The cationic dimer of 5-fluorocytosine has proven to be the most interesting of any of the 5-

FC analogs studied.  The cationic dimer is composed of one protonated species and one 

neutral species interacting through ionic hydrogen bonding interactions.  Energetically 

relevant isomers of protonated 5-fluorocytosine have therefore been optimized in order to be 

considered for involvement in the cationic dimers.  Each site of protonation on each of the 

neutral isomers of 5-FC has yielded only two isomers which will be considered 

experimentally accessible.  All other calculated isomers for protonated 5-FC were in excess 

of 30 kJ/mol higher in relative Gibbs free energy (298 K).  The two relevant protonated 

isomers are shown below in Figure 5.13.   
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Figure 5.12:  The energetically relevant protonated isomers of 5-fluorocytosine.  Relative Gibbs free 

energies (298 K) are reported in kJ/mol.   

 

Both FC-P01b and FC-P01c were considered for involvement in the cationic dimer of 

5-FC, in combination with a relevant neutral isomer. Monodentate, bidentate, and tridentate 

interactions have been considered and optimized, in addition to both planar and non-planar 

complexes.  Several calculated isomers are shown in Figure 5.14.  The calculated Gibbs free 

energies (298 K) of these optimized structures strongly indicate Cationic-IV, a planar 

complex containing a tridentate interaction, will exist predominantly under the experimental 

conditions.   
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Figure 5.13:  Structures of several isomers of the 5-fluorocytosine cationic dimer.  Relative Gibbs 

free energies (298 K) are reported in units of kJ/mol 

 

Calculated thermochemical values (298 K) for the formation of several cationic dimer 

isomers is shown in Table 5.7 below.  Values are based on formation as follows: 

 5-FCH
+
  +  5-FC    [5-FC-H-5-FC]

+ 
[5.4]
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Table 5.7:  Thermochemical values (298 K) for the formation of several isomers of the 5-FC cationic 

dimer. Values have been calculated at the B2PLYP/aug-cc-pVTZ//B3LYP/6-311+G(d,p) level of 

theory and are reported in kJ/mol for ∆H° and ∆G° and in J/mol K for ∆S°. 

Cationic Dimer ∆H° ∆S° ∆G° 

I -154 -145 -78.1 

II -154 -158 -77.7 

III -141 -142 -66.0 

IV -187 -184 -99.7 

V -130 -140 -60.7 

 

 

The tridentate ionic hydrogen bonding interaction found in this species is distinct due 

to the linear arrangement of all three ionic hydrogen bonds, leading to a very large calculated 

binding energy.  Cationic-IV is shown in Figure 5.15 below with relevant heteroatoms 

labeled and hydrogen bonds represented by black dotted lines.  Currently, the strongest 

known ionic hydrogen bond is found in [F-HF]
-
, experimentally determined to be -192 (±6.7) 

kJ/mol.
116

  The binding energy obtained for Cationic-IV is calculated to be 180 kJ/mol 

(B2PLYP/aug-cc-pVTZ//B3LYP/6-311+G(d,p)), suggesting that Cationic-IV may be a 

contender amongst some of the strongest ionic hydrogen bonds known.  The magnitude of 

the calculated binding energy associated with this unique tridentate interaction convincingly 

suggests that the ionic hydrogen bonds involved in the formation of Cationic-IV are 

exceedingly strong!   
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Figure 5.14:  The lowest energy isomer, Cationic-IV, for the 5-FC cationic dimer.  Heteroatoms and 

relevant hydrogens are labeled and hydrogen bonds are represented by black dotted lines.   

 

 Calculated bond lengths, relating to the three ionic hydrogen bonds of Cationic-IV, 

are shown in Table 5.8.  The H1 ionic hydrogen bond between N1 and O1 has the shortest 

distance from heteroatom to heteroatom, suggesting that it is the strongest of the three ionic 

hydrogen bonds.  In comparison, the H2 and H3 ionic hydrogen bonds grow subsequently 

farther apart by 0.12 Å and 0.28 Å, respectively.   
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Table 5.8:  Theoretical bond lengths involved in the tridentate ionic hydrogen bond interaction of the 

cationic dimer isomer, Cationic-IV.  Values are reported in Angstroms (Å). 

Atoms Involved Bond Length 

Hydrogen bond of H1 

N1 to O1 

 

2.70 

N1 to H1 1.05 

H1 to O1 1.66 

Hydrogen bond of H2 

N2 to N3 

 

2.82 

N2 to H2 1.06 

H2 to N3 1.75 

Hydrogen bond of H3 

O2 to N4 

 

2.98 

O2 to H3 1.97 

H3 to N4 1.02 

 

 

 Experimental and calculated vibrational spectra for several isomers of the 5-FC 

cationic dimer are shown in Figure 5.16.  Many of the isomers are very similar in structure, 

simply varying by the site, orientation, or number of ionic hydrogen bonding interactions 

taking place.  Each of the five lowest energy isomers shown in Figure 5.12 involves FC-

Neutral 01 interacting with either FC-P01b or FC-P01c. Cationic-I, -II and –IV each have 

FC-Neutral 01 interacting with FC-P01b.  Cationic-V involves an association between FC-

Neutral 01 and FC-P01c, is a non-planar isomer, and is higher in energy than the other four 
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isomers.  Therefore, due to the great similarity in structure between the calculated isomers for 

the 5-FC cationic dimer, the calculated spectra do not unambiguously assign a dominant 

isomer for this species.  The relative Gibbs free energies (298 K) of these species however, 

do strongly indicate that Cationic-IV is the likely species observed in experiment.  Cationic-

III has a relative Gibbs free energy (298 K) of 17.6 kJ/mol and is the next lowest energy 

isomer in comparison to Cationic-IV.  Although several isomers may be present under the 

experimental conditions, Cationic-IV should be the most abundant.  The peak assignments 

corresponding to the calculated Cationic-IV spectrum are shown in Table 5.9.   
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Figure 5.15:  The experimental spectrum for the 5-FC cationic dimer in comparison with harmonic 

calculated spectra from several isomers.  The experimental spectrum is represented in black and the 

calculated spectra are in color.  Harmonic spectra were calculated at the B3LYP/6-311+G(d,p) level 

of theory with frequencies scaled by a factor of 0.9679. 
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Table 5.9:  Vibrational spectrum peak assignments for the 5-fluorocytosine cationic dimer isomer, 

Cationic-IV. 

Peak Location(s) (cm
-1

) Description Atoms Involved 

1237. 1517, 1647 NH2 in-plane rocking N1 

1558, 1576,1647, 1671, 1716, 

1738, 1815 

Orthogonal proton motion    

     between N2 and N3 

H2 

1303, 1540, 1671, 1716 NH2 in-plane rocking N4 

1738 Symmetric carbonyl stretch O1, O2 

1815  Carbonyl stretch O2 

 

 

5.4 Conclusions 

IRMPD spectroscopy in combination with electronic structure calculations has again been 

shown to be a valuable tool for structural elucidation.  For each of the 5-fluorocytosine 

analogs considered, a single predominant species has been proposed, except for the anionic 

dimer, in which a mixture of isomers is determined to be most probable.  The B3LYP/6-

311+G(d,p) level of theory used for all geometry optimizations has provided calculated 

spectra which approximate the experimental spectra exceptionally well, and thus has also 

facilitated the characterization of each species of interest.  Single point calculations at the 

B2PLYP/aug-cc-pVTZ level of theory were used to more accurately approximate the 

electronic energies of each of the systems investigated and thus, should provide more 

accurate thermochemical values.   
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 Trimethylammonium is observed to associate with 5-fluorocytosine at the carbonyl 

oxygen of 5-FC, as observed in isomer TMA-I.  The proton involved in the ionic hydrogen 

bond interaction of this cluster has been calculated to reside closer to the nitrogen of 

trimethylamine rather than the oxygen atom of 5-FC.  The calculated spectrum for TMA-I 

has significant peaks at 1621 and 1660 cm
-1

, corresponding to the carbonyl stretch in 

asymmetric motion with the proton of trimethylammonium.  Calculated spectra of other 

trimethylammonium-5-FC clusters yield peaks which are shifted from the experimental 

spectrum, due to their ionic hydrogen bonding interactions occurring at alternate sites.  

Overall, the calculated spectra of TMA-I matches the experimental spectrum remarkably 

well.   

 For the cluster involving chloride in association with 5-FC, a set of potentially 

relevant isomers has been calculated based on their relative energetics.  The calculated 

spectrum for the lowest energy isomer, Cl-II, qualitatively matches the experimental 

spectrum more so than the calculated spectra from the other isomers.  The peak around 1710 

cm
-1

 in the experimental spectrum appears to be from the carbonyl stretch and is found only 

in the calculated spectra of Cl-II and Cl-I, since in the other isomers, the oxygen is not in 

keto form.  Because of their equally close match in calculated spectra, isomers Cl-II and Cl-I 

are likely both present in experiment; however, based on their relative energetics, Cl-II is 

likely to be the most abundant.  

 In experiment, the anionic dimer of 5-fluorocytosine likely exists as a mixture of 

several isomers.  Over thirty 5-FC anionic dimer isomers were optimized and nine were 

determined to be energetically relevant.  All nine of the energetically relevant isomers 
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involve bidentate interactions between the carbonyl oxygen of FC-DP01 and a nitrogen atom 

on either FC-Neutral 01 or FC-Neutral 04.  A mixture of isomers appears to be present in the 

experimental spectrum due to the substantial number of spectral signatures observed that 

cannot be attributed to a single dominant isomer.   

 The cationic dimer of 5-FC is found to likely exist as a single dominant species with a 

very interesting tridentate ionic hydrogen bonding interaction.  The three ionic hydrogen 

bonds formed in this dimer are very efficient and result in an exceptionally large calculated 

binding energy (B2PLYP/aug-cc-pVTZ//B3LYP/6-311+G(d,p)), with a value of 180 kJ/mol.  

Due to the similarity in structure of many of the lower energy calculated isomers, the spectra 

for these species do not irrefutably identify the species being observed in experiment; 

however, the relative Gibbs free energies (298 K) of the 5-FC cationic dimers do indicate that 

Cationic-IV, which contains the tridentate ionic hydrogen bonding interaction, should be the 

dominant isomer in experiment.   
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Chapter 6 

A Parallel and Sequential Fragmentation Mechanism of 

Protonated Ferulic Acid by IRMPD Spectroscopy and 

Electronic Structure Calculations 

 

6.1 Introduction  

Ferulic acid is a derivative of phenylalanine and cinnamic acid found in the cell walls of 

plants.  Due to its conjugation and rigidity, it is a vital structural component and gives 

strength to the cell wall of many plant species.
117-119

  The presence of ferulic acid has also 

been associated with defense mechanisms against viruses, insects, and pathogens, in addition 

to protection against enzymatic hydrolysis.
119

  The concentration of ferulic acid in plant cells 

can have an effect on the speed of decay relating to plant organic matter in the soil, due to 

ferulic acid’s inhibition of plant pathogens.
120

   

In addition to ferulic acid being a vital component in the tissues of many plants, it is widely 

used in therapeutic products due to its strong UV absorption abilities and for its antioxidant 

properties.
121-124

  Ferulic acid has been employed in the use of therapeutics relating to cancer, 

diabetes, and aging as well as cardiovascular and neurodegenerative disease.
124

   The UV 

absorption abilities of ferulic acid are due to its effective reactivity with free radicals.  

Reactive oxygen species (ROS) such as the superoxide anion, hydroxyl radical, and hydrogen 

peroxide can be scavenged and prevented by ferulic acid’s antioxidant action.
124
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Ferulic acid is commercially used as a bitterness inhibitor in order to mask the bitterness of 

several artificial sweeteners such as saccharin and acesulfame K.
125

  The addition of ferulic 

acid to consumable materials also inhibits lipid peroxidation and consequent spoiling due to 

oxidation.
122, 124

  It is typically desirable to use natural rather than synthetic antioxidants in 

foods, and ferulic acid and its derivatives are considered to be some of the most important 

antioxidants obtained from oats.
126

   

 

6.2 Methods 

IRMPD spectroscopy experiments were performed as described in Chapter 2.  Solutions of 

protonated ferulic acid with a concentration of approximately 10
-6

 M were prepared by 

dissolving solid ferulic acid in a 1:1 mixture of acetonitrile and water, and a small amount of 

formic acid.   

 All geometry optimization and frequency calculations were performed at the 

B3LYP/6-311+G(d,p) level of theory, with the harmonic frequencies scaled by a factor of 

0.9679.
71, 86, 109-110

  Anharmonic frequencies have been calculated at the same level of theory 

for the lowest energy isomers Fer1b and Fer2a, corresponding to ions of m/z 195 and 177, 

respectively.   

 

6.3 IRMPD of Protonated Ferulic Acid 

Due to its extensively conjugated structure, IRMPD experiments involving protonated ferulic 

acid resulted in a very unique and interesting fragmentation mechanism, since several stable 
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fragment ions can be formed.  Following IRMPD, protonated ferulic acid (m/z 195) gives 

rise to three fragment ions that can be observed simultaneously (m/z 177, 163, and 149).  

Fragmentation mechanisms for the IRMPD of protonated ferulic acid have been proposed 

and will follow.   

 

6.4 Neutral Ferulic Acid   

Calculated isomers of neutral ferulic acid are shown below in Figure 6.1.  FA-Neutrals 01 

and 03 have been calculated to be energetically favourable, likely because the hydrogen 

attached to the OH group of the acid is directed away from the side chain sp
2
 hydrogen 

atoms, reducing steric hindrance.   

 

Figure 6.1:  The calculated neutral isomers of ferulic acid with relative Gibbs Free energies (298 K) 

shown in kJ/mol. 
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Since protonated ferulic acid is being observed in the IRMPD experiments, it is 

important to first consider the site of protonation on neutral ferulic acid.  Electronic structure 

calculations in combination with the IRMPD spectrum of protonated ferulic acid have been 

used in order to determine if protonation occurs at the carbonyl or hydroxyl oxygens of the 

acid functional group, the methoxy group, or the phenolic group.  Several isomers were 

calculated for each site of protonation and a lowest energy isomer was found for each, shown 

below in Figure 6.2.   

 

Figure 6.2:  The lowest energy calculated isomers for each potential site of protonation on ferulic 

acid.  Relative Gibbs free energies (298 K) are shown in kJ/mol. 
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Proton affinities and gas basicities have been calculated for each potential site of protonation 

and are shown in Table 6.1.  The carbonyl at site B has the highest calculated proton affinity.  

 

Table 6.1:  The calculated proton affinities and gas basicities (298 K) of several relevant sites on 

neutral ferulic acid in kJ/mol.  Heteroatom sites are labeled on the neutral structure to the left.   

 

 

Heteroatom 

Site 

Proton 

Affinity 

Gas  

Basicity 

A 860 843 

B 896 863 

C 746 723 

D 774 745 

 

 

 The IRMPD spectrum of protonated ferulic acid (m/z 195) strongly suggests that the 

initial site of protonation is at the carbonyl oxygen of the acid functional group.  The lowest 

energy isomer for each site has been compared with the IRMPD spectrum of protonated 

ferulic acid (Figure 6.3).  Isomer Fer1b, corresponding to protonation at site B on the 

carbonyl oxygen of the acid has been determined to best match the experimental spectrum.  

The harmonic calculated spectra corresponding to isomers Fer1d, Fer1a, and Fer1c each have 

significant peaks which are characteristic of their conformation, but differ from the 

experimental spectrum.  The calculated spectrum of Fer1d has such a peak at 1421 cm
-1

 

which results from the proton rocking on the methoxy group.  In addition to this, there is the 

beginning of a large peak at 1801 cm
-1 

that corresponds to carbonyl stretching motion.  This 

peak is not seen in the experimental spectrum, further indicating that the carbonyl oxygen is 
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the site of protonation.  For isomer Fer1a, the large peak at 1150 cm
-1

 in the experimental 

spectrum is not accounted for.  This missing peak corresponds to rocking of the alcohol in 

the COOH group, which in isomer Fer1a has been protonated to form water.  Because 

protonation at this site forms water which likely dissociates instantly, a carbonyl peak is not 

seen in this species.  The calculated spectrum of Fer1c however, does have a carbonyl peak at 

1800 cm
-1

, since this species does not involve protonation of the hydroxyl or carbonyl 

oxygen atoms, but protonation of the phenolic oxygen.  The spectrum of Fer1c also has peaks 

at 1027 and 1535 cm
-1

 resulting from the symmetric and asymmetric rocking of the R-
+
OH2 

hydrogens, respectively.  Another peak calculated to occur at 1080 cm
-1

, arises from the R-

+
OH2 stretch; however, this signature is not observed in the IRMPD spectrum.  Therefore, 

because of these differences, the calculated spectrum of Fer1b matches the experimental 

spectrum most closely.  Peak assignments for Fer1b are shown in Table 6.2. 

 

Table 6.2:  Peak assignments for isomer Fer1b of m/z 195. 

                                           Peak (cm
-1

) 

                 Harmonic                                  Anharmonic                                 Description 

1167, 1199 1130, 1149 COOH2
+
 rocking 

1369 1339 Phenolic stretch 

1509 1474 Methoxy scissoring 

1610 1572 Rocking of the phenolic and 

acid OH groups 
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Figure 6.3:  A comparison of the experimental and harmonic calculated spectra for protonated ferulic 

acid (m/z 195).  The experimental spectrum is represented in black and the calculated spectra are in 

color.  Harmonic spectra were calculated at the B3LYP/6-311+G(d,p) level of theory with 

frequencies scaled by 0.9679. 
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Figure 6.4:  The experimental m/z 195 spectrum in comparison with the calculated (A) harmonic and 

(B) anharmonic spectra for isomer Fer1b.  Harmonic and anharmonic spectra were calculated at the 

B3LYP/6-311+G(d,p) level of theory, harmonic frequencies were scaled by a factor of 0.9679. 

 

Both the harmonic and anharmonic calculated spectra for isomer Fer1b are found to 

best match the experimental spectrum (Figure 6.4).  Characteristic peaks resulting from 

asymmetric rocking of the two hydroxyl groups in the COOH2
+
 functionality are located at 

1199, 1149, and 1157 cm
-1

, for the calculated harmonic, anharmonic, and experimental 

spectra, respectively.  The calculated anharmonic spectrum matches the experimental 

spectrum very closely, further suggesting that the carbonyl protonated species is being 

observed in experiment.  
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 In addition to spectral comparisons, isomer Fer1b has been calculated to be the 

lowest energy isomer for protonated ferulic acid based on the relative Gibbs free energies 

(298 K) calculated for a number of isomers for each potential site of protonation, as shown in 

Figure 6.2.  Based on the calculated Gibbs free energies (298 K) of additional calculated 

isomers, it is found that ferulic acid is consistently lowest in energy when all of the atoms lie 

in a single plane.  Table 6.3 contains the relative thermochemical values (298 K) of the 

lowest energy isomer for each potential site of protonation on ferulic acid.  Isomer Fer1b, 

corresponding to protonation on the carbonyl oxygen, has been calculated to be 

approximately 20 kJ/mol lower in Gibbs free energy (298 K) than the hydroxyl protonated 

species, which is the next lowest energy structure found.  Therefore, based on both spectra 

and energetics, it is expected that neutral ferulic acid is protonated on the carbonyl oxygen. 

 

Table 6.3:  Calculated relative energetics for the lowest energy m/z 195 isomers corresponding to 

each site of protonation.  Values were calculated at the B3LYP/6-311+G(d,p) level of theory and are 

reported in kJ/mol for ∆Grel° and ∆Hrel° and in J/mol K for ∆Srel°. 

Isomer Site of 

Protonation 

∆H rel° ∆S rel° ∆Grel° 

Fer1a A 35.3 -52.6 19.7 

Fer1b B 0.0 0.0 0.0 

Fer1c C 149.6 -32.7 139.9 

Fer1d D 122.0 -14.5 117.7 

 

 

Protonation on the carbonyl oxygen has been calculated to be most favourable; 

however, in addition to isomer Fer1b, there are two other energetically relevant isomers 
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corresponding to protonation at this site, shown in Figure 6.5 below.  Based on the relative 

Gibbs free energies (298 K) of the isomers, Fer1b is likely the most abundant isomer of 

protonated ferulic acid; however, the other isomers shown may also be present to some 

extent.   

 

 

 

Figure 6.5:  The energetically relevant isomers of protonated ferulic acid.  Relative Gibbs free 

energies (298 K) are shown in kJ/mol. 

 

6.5 Proposed Mechanism 

Two parallel fragmentation mechanisms are proposed for the formation of the three fragment 

ions (m/z 177, 163, and 149) observed during the IRMPD of protonated ferulic acid.  Scheme 

1 (Figure 6.6) shows the formation of m/z 177 and 149 due to loss of water and carbon 

monoxide, respectively.   
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6.5.1 Scheme 1 – The mechanism of formation for the ions of m/z 177 

and 149 

 

Figure 6.6:  Scheme 1 of the proposed fragmentation mechanism for ferulic acid.  IRMPD leads to 

proton transfer and loss of water, resulting in an ion of m/z 177.  Subsequent IRMPD leads to loss of 

carbon monoxide, forming an ion of m/z 149.

 

                                                      

 A special thanks to Dr. Rick Marta for his help with the proposed mechanisms. 
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Proton transfer occurs from the initial site of protonation on the carbonyl oxygen to the 

hydroxyl oxygen of the acid group.  The endothermic loss of water (35.6 kJ/mol) leads to an 

ion of m/z 177 which can be considered to be a resonance hybrid between acylium (-C≡O
+
) 

and ketene (-C
+
=C=O) structural moieties.  Several starting structures of the ion of m/z 177 

were considered, however, all calculated isomers converged to two isomers, Fer2a and 

Fer2a2.  Fer2a and Fer2a2 are shown below in Figure 6.7 with their relative Gibbs free 

energies in kJ/mol. 

 

 

 

Figure 6.7:  The calculated isomers of m/z 177 shown in acylium-type form. Relative Gibbs free 

energies (298 K) are shown in kJ/mol.  Relevant atoms are labeled by number.   

 

These two isomers are very similar; however, based on their relative Gibbs free 

energies (298 K) differing by only 1.5 kJ/mol, both species will likely be present in 

experiment.  Comparisons of the calculated and experimental spectra are shown in Figure 

6.8.  The harmonic calculated spectrum of isomer Fer2a has a peak at 1221 cm
-1

 

corresponding to rocking of the phenolic and methoxy groups.  Stretching of the sp
2
 carbons 

in the molecule gives rise to a peak at 1535 cm
-1

 and the large peak located at 2260 cm
-1
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results from the stretching motion of the acylium moiety.  These peaks are located, 

respectively, at 1192, 1494, and 2220 cm
-1

 in the calculated anharmonic spectrum. The 

anharmonic spectrum is found to be red shifted relative to the calculated harmonic spectrum 

and also, match the IRMPD spectrum more closely.  This seems reasonable since the 

vibrational modes in this molecule are likely more anharmonic in nature due to protonated 

ferulic acid being a heavily conjugated molecule.   
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Figure 6.8:  A comparison of the experimental m/z 177 spectrum with (A) the harmonic calculated 

Fer2a2 spectrum and (B) the harmonic calculated Fer2a spectrum.  In (C), the calculated anharmonic 

Fer2a spectrum is shown in comparison with the experimental spectrum.  Harmonic and anharmonic 

spectra were calculated at the B3LYP/6-311+G(d,p) level of theory and harmonic frequencies have 

been scaled by 0.9679. 
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Calculated bond lengths for the Fer2a isomer of m/z 177 are shown below in Table 

6.4 and indicate that the acylium ion structure is most representative of the resonance hybrid.  

A carbon-carbon single bond (in the presence of an aromatic ring) and simple double bonds 

are typically around 1.53 and 1.34 Å, respectively.
9
  Carbon-oxygen single, partial double, 

double, and partial triple bonds are typically around 1.43, 1.36, 1.26, and 1.20 Å, 

respectively.
9
 

 

Table 6.4:  The bonds and calculated bond lengths for the Fer2a isomer of m/z 177.  Atoms are 

labeled in Figure 6.7 and bond lengths are shown in Angstroms (Å).   

Atoms  Bond Length 

O1 – C1 1.32 

C2 – C3 1.40 

C3 – C4 1.40 

C4 – C5 1.35 

C5 – O2 1.14 

C8 – O3 1.35 

 

 

 Following IRMPD, ion m/z 177 subsequently loses carbon monoxide to form a 

fragment of m/z 149.  In order to probe the structure and mechanism of formation of this 

product, m/z 177 was formed by collision induced dissociation (CID) and subsequently 

subjected to IRMPD.  Presuming that the m/z 177 formed by CID is identical to that resulting 

from IRMPD, the subsequent loss of CO can be considered.
127-129

  Three possible isomers for 

this ion have been successfully optimized and are shown in Figure 6.6; however, due to the 
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significant ring strain present in the three and four membered ring containing structures, the 

allene structure is favoured, and therefore, the most likely species to exist under the 

experimental conditions.  An isomer containing an 8-membered ring was considered; 

however, upon optimization, the 8-membered ring collapsed to a 4-membered ring.  The 

relative energetics of the three calculated m/z 149 isomers are shown in Table 6.5 below.   

 

 

Table 6.5:  Relative energetics for the three calculated m/z 149 isomers reported in kJ/mol for ∆Hrel° 

and ∆Grel°, and in J/mol K for ∆Srel°.  Values have been calculated at the B3LYP/6-311+G(d,p) level 

of theory. 

Isomer ∆Hrel° ∆Srel° ∆Grel° 

Mz149-A (3-Membered) 105.8 -7.8 108.2 

Mz149-B (4-Membered) 105.6 -14.5 109.9 

Mz149-C (Allene) 0.0 0.0 0.0 

  

 

 Simple bond cleavage to lose CO thus gives rise to an allene-like structure for m/z 

149.  The structure and relevant bond lengths of the allene-like isomer for m/z 149 are shown 

in Table 6.6.  Ideally, the structure of m/z 149 would also have been probed by IRMPD; 

however, there was insufficient intensity in this fragment to make it feasible.   
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Table 6.6  Structure and bond lengths for the allene-like isomer of m/z 149.  Bond lengths are 

reported in Angstroms (Å).   

Structure Atoms Bond Length 

 O1 – C1 1.31 

C1 – C2 1.41 

C2 – C3 1.37 

C3 – C4  1.44 

C4 – C5 1.35 

C5 – C6 1.29 

C4 – C7 1.44 

C7 – C8 1.37 

C8 – C1 1.44 

C8 – O2 1.35 
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6.5.2 Scheme 2 – The mechanism of formation for the ion of m/z 163 

 

Figure 6.9:  Scheme 2 of the proposed fragmentation mechanism for ferulic acid.  IRMPD leads to 

proton transfer and loss of methanol, resulting in an ion of m/z 163.  Loss of methanol accompanies a 

rearrangement from a 6-membered ring to a 5-membered ring.   

 

A second, independent, fragmentation pathway also exists in which protonated ferulic acid 

undergoes loss of methanol to form an ion of m/z 163.  Since direct protonation on the 

methoxy group is quite unfavourable (Figure 6.2), it is likely that proton transfer takes place.  

This presumably involves transfer of the phenolic proton to the adjacent methoxy group.  

Proton transfer directly from the COOH2
+ 

group of the side chain by forming a “scorpion-
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like” tail was also considered and successfully optimized (∆Grel° = 48.5 kJ/mol compared to 

Fer1b for m/z 195); however, it was found that the tail would not facilitate such a proton 

transfer.   

Following proton transfer, a concerted rearrangement of the phenyl ring leads to 

formation of a five-membered ring, accompanying the loss of methanol.  All attempts to find 

a six-membered ring structure of m/z 163 led spontaneously to collapse to the five-membered 

ring structure.  The proposed structure and bond lengths of the 5-membered ring species are 

shown in Table 6.7 below.  The bond lengths shown indicate that the resonance hybrid of m/z 

163 is best represented by an acylium-type structure.   

 

Table 6.7:  The proposed structure for ion m/z 163 is in resonance between a ketene and acylium type 

species, and contains a five-membered ring.   Significant atoms are labeled with numbers and bond 

lengths are shown in Angstroms (Å). 

 

 

 

 

 

 

 

 

 

 

 

Atoms Bond Length 

O1 – C1 1.14 

C1 – C2 1.35 

C2 – C3 1.42 

C3 – C4 1.41 

C4 – C5 1.41 

C5 – C6 1.39 

C6 – C7 1.39 

C7 – O2 1.31 

C7 – O3 1.32 
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6.6 Conclusions 

In summary, IRMPD spectroscopy experiments have shown that protonated ferulic acid 

produces three stable fragment ions of m/z 177, 149, and 163.  The experimental IRMPD 

spectrum of this extensively conjugated species is matched exceptionally well by the 

anharmonic spectrum calculated at the B3LYP/6-311+G(d,p) level of theory.  Protonated 

ferulic acid has been observed to undergo two unique fragmentation mechanisms during 

IRMPD experiments.  In both fragmentation pathways, ferulic acid is initially protonated on 

the carbonyl oxygen.  Scheme 1 shows that following IRMPD, proton transfer from the 

carbonyl to hydroxyl oxygen results in the loss of water, yielding an ion of m/z 177.  Further 

isolation of the ion of m/z 177, followed by IRMPD, results in the loss of carbon monoxide 

to form an allene-like ion of m/z 149.  In scheme 2, protonated ferulic acid undergoes proton 

transfer from the phenolic OH to the adjacent methoxy group, resulting in the loss of 

methanol and rearrangement to a five-membered ring.  This work has again demonstrated 

that IRMPD spectroscopy, coupled with electronic structure calculations, can be a powerful 

technique for determining the mechanism of dissociation and the structure of ions in the gas 

phase.   
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Appendix A 

The Complete Set of Calculated Low Energy Isomers ( Within 15 

kJ/mol of the Lowest Energy Isomer) for Uracil and 5-Fluorouracil 

All geometry optimization and frequency calculations in Appendix A were performed at the 

MP2(full)/aug-cc-pVTZ level of theory. 

 

The calculated isomers of neutral uracil.   

Relative Gibbs free energies (298 K) are shown in kJ/mol. 
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The relevant calculated isomers of deprotonated uracil.   

Relative Gibbs free energies (298 K) are shown in kJ/mol. 
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The calculated lowest energy isomers for deprotonated uracil clustered with water.   

Relative Gibbs free energies (298 K) are shown in kJ/mol. 
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The calculated lowest energy isomers for deprotonated uracil clustered with methanol.   

Relative Gibbs free energies (298 K) are shown in kJ/mol. 

 

 

 

 

 

 

 

 

 

 



 

 98 

 

 

The calculated lowest energy isomers for deprotonated uracil clustered with ammonia.   

Relative Gibbs free energies (298 K) are shown in kJ/mol. 
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The calculated lowest energy isomers for deprotonated uracil clustered with methylamine.   

Relative Gibbs free energies (298 K) are shown in kJ/mol. 

 

 

 

 

  

 

 

 

 

 

 

 



 

 100 

 

 

The calculated lowest energy isomers for deprotonated 5-fluorouracil clustered with water.   

Relative Gibbs free energies (298 K) are shown in kJ/mol. 
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The calculated lowest energy isomers for deprotonated 5-fluorouracil clustered with methanol.   

Relative Gibbs free energies (298 K) are shown in kJ/mol. 

 

 

 

 

 

 

 

  

 



 

 102 

 

 

The calculated lowest energy isomers for deprotonated 5-fluorouracil clustered with ammonia.   

Relative Gibbs free energies (298 K) are shown in kJ/mol. 
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The calculated lowest energy isomers for deprotonated 5-fluorouracil clustered with methylamine.   

Relative Gibbs free energies (298 K) are shown in kJ/mol. 
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Appendix B 

Electronic Structure Calculations: A Sample Input File  

 

%mem=12GB 

%nproc=8 

#mp2(full)/aug-cc-pvdz opt freq scale=0.969 nosymm 

 

5-Fluorouracil cluster with water 

 

-1 1 

 C                 -1.19577200   -0.23790400   -0.86040500 

 N                 -1.01001000   -1.59738000   -0.86716600 

 C                  0.22815400   -2.04012700   -0.54894900 

 C                  1.31865400   -1.25969500   -0.21126300 

 C                  1.21926900    0.16533900   -0.17573800 

 N                 -0.07054100    0.56816400   -0.52037700 

 H                  0.37005600   -3.12805200   -0.55766500 

 O                 -2.26718300    0.34670300   -1.12177400 

 O                  2.11180700    1.00342200    0.12723900 

 F                  2.52643300   -1.85299900    0.09406300 

 H                 -0.24313500    1.57069300   -0.50084100 

 H                  0.50263500    1.72838100    2.65485100 

 O                  1.19177400    2.35774600    2.40866700 

 H                  1.57255400    1.95954600    1.59691000 
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