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Abstract 

In this thesis, interactions and properties of novel gas-phase clusters are studied. These 

gas-phase clusters often possess unique geometries and unexpected properties, which are 

influenced by the forces and interactions between the moieties within the cluster. 

Spectroscopic methods and ion mobility methods are coupled with tandem mass 

spectrometry to elucidate the cluster properties and geometry. IRMPD provides insight 

toward the nature of the cluster by their IR fingerprints, which can be used in parallel with 

tandem mass spectrometry method such as CID to provide further information. In addition, 

ion mobility methods are used to differentiate conformational differences between isomeric 

clusters. 

In chapter 3, IRMPD and CID of deprotonated fluorinated propionic acids are studied. In 

analytical studies of short chain per- and polyfluoroalkyl substances (PFAS), the 

quantification and the identification of these carboxylic acids are done by monitoring the 

carbanion signal after the loss of CO2. The degree of fluorination influences fragmentation 

under IRMPD and CID, leading to fragmentation pathways such as formation of FCO2
ï and 

HF elimination. Fluorinated propionic acids with at least one fluorine atom bound to the 

terminal carbon yield FCO2
ï, whereas loss of HF is observed in polyfluorinated species with 

at least one fluorine bound to the Ŭ-carbon. The formation of FCO2
ï and HF elimination 

products occur through a four-membered ring transition state.  

Chapter 4 describes the study of aromatic organometallic compounds such as 

cyclopentadienyl that are known to form sandwich complexes with counter cations, because 

the dominant interactions between the cation and the anion are Coulombic interactions and 

ion-induced dipole interactions. This work focuses on studying the influence on the geometry 

of the cluster by reducing the symmetry of the aromatic compound through clustering 1,2,3ï

triazolide and 1,2,4ïtriazolide with various alkali metal cations (with an excess of one cation 

to preserve cationic states). Through a combination of IRMPD and DFT calculations, the 

primary interaction between the alkali metal cations and the triazolide is found to be 
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dominantly ion-dipole interactions and lone-pair donation interactions. This results in the 

geometry of the 1,2,3ïtriazolide clusters to be a 3D compact structure, whereas the 1,2,4ï

triazolide analogues are found to be more open with longer distances between the cations. 

Potential overtone bands or combination bands associated with the C-H wagging motion and 

ring torsion motion are found between the 1500 ï 1800 cmï1 region.  

Chapter 5 is a study on the clusters of perfluorinated dodecaborate cages, B12F12
2ï, with 

protonated diaminoalkanes H2N(CH2)nH2N (n = 2 ï 12) through a combination of IMRPD 

action spectroscopy and ion mobility spectrometry. I focus on characterizing the different 

singly-charged clusters of the form [B12F12 + H2N(CH2)nNH2 + H]
ï and doubly-charged 

clusters of the form [2(B12F12) + H2N(CH2)nH2N + 2H]
2ï (n = 2 ï 12). Three unique 

geometries are found for the singly-charged clusters, a low energy proton-bound ring 

geometry where intramolecular hydrogen bonding occurs between the two amine functional 

groups, a bidentate geometry (where both amine groups bind to the B12F12
2ï moiety), and a 

monodentate geometry.  For the doubly-charged clusters, the doubly protonated 

diaminoalkane act as a tether between the B12F12
2ï cages. The major fragmentation channels 

of the singly-charged and doubly-charged clusters are found to be: (i) proton-transfer leading 

to production of HB12F12
ï and (ii) the loss of B12F12

2ï.  Formation of HB12F12
ï likely leads to 

further gas-phase reactions that can yield compounds such as [B12F11 + N2]
ï. Travelling wave 

ion mobility spectrometry (TWIMS) analysis of HB12F12
ï finds CCSTWIMS = 142 ˶ 6.7 ¡2. 

IRMPD spectroscopy, aided by computational modelling, indicates that the bidentate 

conformation is the major sub-population in the gas-phase ensemble.  
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ï Chapter 1 ï  

Introduction 

The field of cluster science is a fascinating area of study because clusters systems lie in 

the grey area between bulk materials and smaller quantum systems. As an example, rhodium 

clusters containing up to ca. 30 atoms exhibit superparamagnetism, but bulk rhodium is non-

magnetic and atomic rhodium has a small magnetic moment of 3 mB.1 The fact that clusters 

can display drastically different properties relative to that of the bulk and atomic counterparts 

is one of the driving factors behind nanotechnology. Moreover, nanoclusters are excellent 

test systems to explore the interactions ï covalent and non-covalent ï that affect 

physicochemical properties and geometry. 

Various types of clusters are studied to provide more insight to the transition from the 

molecular regime to the bulk condensed phase regime. As an example, organometallic 

clusters are often studied in the gas-phase to probe the catalytic properties without the 

influences from solvent effects and under high vacuum conditions to stabilize reactive 

intermediates.2ï4 This reasoning can be extended for studying ionic clusters in the gas-phase 

to distinguish the intrinsic ion chemistry from solvent effects.5 However, it is not to say that 

all studies of clusters in the gas-phase are to be free from solvent effects. In the case of ion-

solvent clusters, they are often studied as a mean to provide insights to the changes in 

properties of ions under the condensed phase and the gas-phase.6ï8  

Early studies of gaseous weakly bound ionic clusters were generated through supersonic 

jet expansion. In 1980s, Y.T. Lee and coworkers recorded infrared spectra of weakly bounded 

ionic clusters of protonated hydrogen and water clusters through a ñmessenger technique.ò 

This technique is to tag the molecular ion of interest with a small molecule or rare gas atom 

to detect the absorption of infrared radiation via its dissociation.9ï11 With the development of 

more advanced laser systems such as IR free electron lasers (IR-FEL), infrared multiple 

photon dissociation (IRMPD) action spectroscopy allows for the dissociation of more 
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strongly bound species such as covalently bound molecules via absorbing multiple photons 

in succession to obtain IR action spectra for ion clusters.12ï14 These technological 

development allows for further work in studying ion clusters.  

In this thesis, I aim to examine different clusters to elucidate how changes to a component 

within a cluster impacts its physicochemical properties. As an example, how do changes to 

the cluster composition or geometry impact its fragmentation behaviour?  Thorough 

investigation of several different cluster systems is necessary to gain a deeper understanding 

in this regard. Hence, this thesis describes an exploration of gas phase ionic clusters, whereby 

mass spectrometry, ion mobility spectrometry, laser spectroscopy, and quantum chemical 

modelling were used to gain a deeper understanding of cluster structure and properties.   

Chapter 2 describes the research methods used in chapters 3 ï 5. The structure of an 

analyte can be indirectly elucidated by analysing the fragments generated from the precursor 

ion using tandem mass spectrometry techniques such as collision induced dissociation 

(CID).15ï17 However, this information is not always sufficient to determine molecular 

geometry, especially in cases where the target analyte is an ionic cluster that exhibits multiple 

conformations.18 By coupling mass spectrometry with ion mobility or spectroscopic methods, 

additional complementary information can be measured. A key method employed in this 

research is infrared multiple photon dissociation (IRMPD) action spectroscopy.19 IRMPD 

spectroscopy is a type of infrared ion spectroscopy (IRIS) that may be used to study the 

vibrational spectra (and hence geometric structures) of gas phase ionic clusters. This 

information can be used as a ñvibrational fingerprintò for distinguishing analytes and is 

particularly useful for characterizing species that are difficult to distinguish via mass 

spectrometry alone (e.g., isomers).20,21 We also employ ion mobility spectrometry to separate 

ionic species prior to mass spectrometric characterization and, in some cases, to measure 

collision cross sections (CCSs) as an additional mean of determining molecular geometry.22,23 

To aid in the interpretation of experimental measurements, electronic structure calculations 

are conducted to predict cluster geometric structures, bond energies, and fragmentation 

pathways. Owing to the complexity of the systems studied and the need to balance 
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computational accuracy and efficiency, a variety of computational methods are used. In some 

cases, it was necessary to first employ conformational search algorithms to sample the cluster 

potential energy surface and identify energy minima corresponding to candidate structures.  

Chapter 3 describes an investigation of a variety of per- and polyfluorinated propionic 

acids. These molecules belong to a class of environmental contaminants, per- and 

polyfluoroalkyl substances (PFAS), also known as ñforever chemicalsò.24 These species are 

common ingredients in various industrial, commercial, and household products.25ï27 Due to 

their links with long term detrimental impacts on human health, are now being regulated by 

governing bodies worldwide.28,29 Concomitant with the introduction of regulations for long 

chain PFAS, short chain PFAS and fluoroethers were introduced as a substitute. Moreover, 

degradation of long chain PFAS often results in the formation of shorter chain species (such 

as per- and polyfluorinated propionic acids) for which chemical information and rigorous 

analytical methods of quantification are lacking.30,31 Typically, short chain per- and 

polyfluoroalkyl carboxylic acids (PFCAs) are detected via multiple reaction monitoring 

(MRM) of the associated carboxylate anion and the carbanion produced following the loss 

of CO2.
32 In this study, IRMPD is utilized to distinguish isomeric forms of PFCAs, and we 

observed unexpected fragmentation behaviour, such as formation of FCO2
ï and loss of HF, 

depending on the degree of fluorination and location of the F atoms. Computational mapping 

of the reaction pathways leading to the formation of FCO2
ï and loss of HF is conducted to 

gain further insight to the kinetics and thermodynamics of fragmentation. 

In Chapter 4, the curious cases of sodiated and potassiated triazolide clusters are studied 

with IRMPD spectroscopy. Following the first synthesis of ferrocene in the early 1950s, 

significant effort was directed towards creating and characterizing aromatic organometallic 

complexes.33ï35 In the case of cyclopentadienyl (Cpï) complexes, cluster structures depend 

on the nature of the cation; bonding within Cpï complexes that contain relatively 

electropositive elements is mainly ionic (e.g., Cs+Cpï), whereas bonding in clusters that 

contain pïblock elements is highly covalent.36 Previous studies by Kebarle et al. 

demonstrated that the binding energy of a potassium-benzene cationic cluster has a stronger 
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binding energy than a potassium-water cationic cluster.37 Further investigations showed a 

trend of decreasing ion-benzene binding energy with increasing cation size. Recently, 

Featherstone et al. conducted a combined computational and experimental IRMPD 

spectroscopy study of the cationic [NanCpn-1]
+ (n = 2-4) complexes.38 They showed that the 

complexes exhibit inverse sandwich geometries wherein the sodium cations are located 

above and below the plane of the Cpï anion. These complexes were found to be primarily 

bound by weak Coulombic interactions and charge-induced dipole interactions which, based 

on the negligible IR spectral shifts of the bound versus the free Cpï ligands, resulted in very 

minor perturbation to the Cpï moiety. An interesting open question regarding the structure of 

gas-phase aromatic organometallic complexes is the importance of the ring symmetry. What 

would be the result if the symmetry of the Cpï moiety (D5h) is reduced by substituting 

heteroatoms such as nitrogen in place of the carbon centres? Would such a substitution 

significantly impact cluster geometry and stability, given that relatively strong ion-dipole and 

charge-transfer interaction that might now be possible? These questions underpin our 

investigation of the sodiated and potassiated clusters of 1,2,3-triazolide and 1,2,4-triazolide. 

We show that these clusters systems do not exhibit inverse sandwich geometries like those 

observed for the analogous [NanCpn-1]
+ clusters. However, as was observed for the [NanCpn-

1]
+ clusters, we observe combination bands in the spectra of the triazolide clusters, indicating 

a strong anharmonic coupling in the vibronic ground state or significant two-photon 

transition probability from the vibronic ground state.   

In chapter 5 we investigate complexes of perfluorinated dodecaborate cages, B12F12
2ï, 

with protonated diaminoalkanes, H2N(CH2)H2N (n = 2 ï 12). Perhalogenated dodecaborate 

cages are interesting systems; they are ñsuperweakò anions and have numerous condensed 

phase applications (e.g., neutron capture, energy storage),39ï41 but exhibit strong and 

unexpected interactions when isolated in the gas phase. For example, in solution B12X12
2ï (X 

= H, Halogens) dianion are weakly coordinating compared to common anions such as SO4
2ï 

and HPO4
2ï because their electron density is distributed across the surface of the boron 

cage.41,42 However, in the gas-phase, the B12F12
2ï anion was found to bind strongly with metal 
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cations, protonated trialkylamines all cis-hexafluorocyclohexane, predominantly through 

electrostatic interactions and incipient chemical bonding.40,43ï45 These works demonstrated 

that B12F12
2ï is prone to proton transfer and charge transfer reactions that can subsequently 

destabilize the dianion and result in a cascade of chemical reactions.44 Experimentally, we 

employed mass spectrometry, travelling wave ion mobility spectrometry (TWIMS), 

differential mobility spectrometry (DMS), and IRMPD action spectroscopy to explore the 

structures and properties of B12F12
2ï complexes that contain increasingly flexible 

diaminoalkane chains, including systems wherein the diaminoalkane acts as a doubly-

protonated tether between two dianion cages.45  

Ultimately, this thesis describes three studies of gas-phase ions and ionic clusters wherein 

subtly different geometric structures are probed using mass spectrometry coupled with ion 

mobility spectrometry or IRMPD spectroscopy. In chapter 3, we show that subtle differences 

in fluorination patterns dramatically influence gas phase dissociation pathways. In chapter 4, 

we describe how slight differences in triazolide isomer geometries impacts cluster structure 

and stability. In chapter 5, we reveal that minor differences in the length of a (weakly 

interacting) alkyl chain significantly impacts the thermodynamically favoured cluster 

geometry. Collectively, this work represents a significant step towards understanding the 

interrelation between cluster structures and their physicochemical properties. 
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ï Chapter 2 ï  

Methods 

2.1 Experimental Methods 

Multiple methods are used to probe and study gas-phase ionic clusters, an example being 

the use of mass spectrometry. Mass spectrometry can record mass-to-charge ratio (m/z) of a 

gas-phase cluster, giving information about the molecular weight of the cluster in the gas-

phase ensemble. In addition, tandem mass spectrometry is typically used to give clues on the 

structure of the target cluster via unimolecular dissociation. However, mass spectrometry 

alone cannot give definitive clues pertaining to the structure of the cluster or differentiate 

isomers in the gas-phase ensemble and structural information of unknown species. Thus, we 

can couple tandem mass-spectrometry techniques with orthogonal measurements such as ion 

mobility and IR ion spectroscopy. These orthogonal techniques can provide further insight 

into the physicochemical properties of the targeted clusters within the gas-phase ensemble. 

In this chapter, details regarding the experimental details will be discussed. 

2.1.1 ï Electrospray Ionization 

Electrospray ionization (ESI) is a technique commonly used to generate ions under 

atmospheric pressure for mass spectrometric analysis.46ï48 Prior to ESI, analytes are 

dissolved in a volatile polar solvent, such as methanol, acetonitrile, or a polar organic solvent 

that is miscible with water.46 To this mixture, acids or bases are added to enhance ionization 

and generate protonated or deprotonated analytes, or species that are complexed with metal 

cations.49,50 A sample schematic of ESI is provided in Figure 2.1, which shows that the ESI 

process can be thought of as a circuit containing a capacitor. The solution containing the 

analyte of choice is pumped through a charged capillary at voltages that typically range 

between 2ï6 kV at a flow rate ranging from 1ï1000 ÕL minï1.51,52 Ions within the solution 

will move under the influence of electric field within the charged capillary, creating an 

enrichment of charged ions near the surface on the solvent.46,53 The increased concentration 
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of charged particles at the surface forms a Taylor cone that leads to the dispersal of charged 

droplets upon reaching the threshold for the applied field strength.53 This results in a spray 

of charged droplets with the same polarity as the capillary voltage.54 After the charged 

droplets are dispersed from the Taylor cone, they undergo evaporation with the aid of an inert 

nebulizing gas such as N2 or He at high temperatures for thermal evaporation.
51,54  

Multiple models exist for ion generation after the droplet dispersal, but I will focus on the 

ion evaporation model as it is more relevant for low weight ions.48,55,56 The ion evaporation 

model describes the ejection of small solvated ions from the surface of the charged droplet 

caused by the Coulombic repulsion between the charges on the surface of the droplet.57 Upon 

reaching the Rayleigh stability limit, where the repulsive force of the charges on the droplet 

surface is greater than the surface tension of the droplet, the droplets undergo Columbic 

explosion to generate smaller ion-solvent clusters and the evaporation process continues.57,58 

When the ions have escaped from the solvent droplet, they are guided to the mass 

spectrometer via a counter-electrode with the opposite polarity of the target analyte. 

 

Figure 2.1. Example of electrospraying positively charged ions into the mass spectrometer 

via an electrospray ionization (ESI) source. The ions are guided into the mass spectrometer 

by both gas flow and attracting Coulombic forces from the counter-electrode.  



  8 

 

 

After generating the ions, tandem mass spectrometry is often used to analyse the content 

of the ESI mixture. Various activation methods are used to energize the target analytes to 

promote a reaction that dissociates the precursor ions into smaller fragments.59 By studying 

the relationship between the smaller fragments generated from the precursor analyte, 

structural differences and localized modifications between isomeric species can be elucidated. 

This is usually done by first mass-selecting the ions (e.g., in an ion trap), then inducing 

fragmentation via collisions with an inert gas (e.g., N2, Ar) or via photodissociation (e.g., by 

absorption of resonant photons).  

2.1.2 ï Collision Induced Dissociation  

Collision induced dissociation (CID) is a tandem mass spectrometry technique that can 

aid in structural analysis for a wide range of analytes (e.g., pharmaceutical drugs, peptides, 

and proteins).60ï62 The CID process begins by passing the target analyte through a collision 

cell containing an inert collision gas such as N2 or Ar. As collisions occur, the internal energy 

of the analyte increases until the analyte ion dissociation threshold is reached, which results 

in a unimolecular dissociation.63 Low energy CID usually consist of at least one collision 

with energy in the range of 1ï100 eV.54 The internal excitation caused by the collisions are 

initially vibrational in nature, with an interaction times on the order of picoseconds, prior to 

statistical distribution of energy across all accessible quantum states.64 The redistribution of 

vibrational energy among all the internal modes of the ion leads to preferential cleavage at 

the weakest bond. Owing to this energy redistribution process, relatively large molecules (i.e., 

those with a relatively large number of atoms) require more time and energy to dissociate 

than do small molecules.65 

2.1.3 ï Infrared Multiple Photon Dissociation 

One can also induce dissociation of a target analyte via photodissociation (i.e., 

photoexcitation followed by dissociation). An example of this process that is pertinent to this 

thesis is infrared multiple photon dissociation (IRMPD). IRMPD is a technique that can be 

used to measure the vibrational fingerprint of a gas phase ion by inducing dissociation via IR 
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photon absorption. The vibrational fingerprints region and functional group region of a 

molecule are the unique set of vibrational transitions that occur in the ca. 600 ï 4000 cmï1 of 

the electromagnetic spectrum.66ï68 One can probe these transitions by monitoring the IRMPD 

efficiency as a function of probe laser wavenumber. Thus, the spectral intensity reflects the 

IR absorption cross section and the photodissociation efficiency of the analyte. IRMPD 

spectroscopy is a form of action spectroscopy that may be used to study a wide variety of 

molecular clusters, and this technique has been employed in targeted and untargeted 

proteomics, lipidomics, and metabolomics.21,69ï72 When conducted in tandem with 

computational simulations, IRMPD spectroscopy is a powerful tool for the elucidation of 

ionic structures. The IRMPD action spectra presented in this thesis were recorded at the Free 

Electron Lasers for Infrared eXperiments (FELIX) facility at Radboud University, Nijmegen, 

Netherlands.  

For the IRMPD spectroscopy experiments described in this thesis, an IR free electron laser 

(FEL) is used to produce the necessary IR photons. A schematic of the main components of 

the IR-FEL is shown in Figure 2.2. A pulsed beam of electrons is generated by an electron 

gun and is accelerated to kinetic energies in the range 10 ï 50 MeV before entering an 

undulator (i.e., a stack of movable magnets that have alternating polarity). As the electron 

beam passes through the undulator, the alternating magnetic fields induce a sinusoidal beam 

path that generates coherent radiation (viz. photons) within the FEL optical cavity via the 

synchrotron effect.73,74 The wavelength of the photons can be adjusted by changing the 

magnetic field and the kinetic energy of the electrons. For IR-FELs, specifically for the 

FELIX beamline, emission usually occurs over the spectral range of 66 ï 3600 cmï1. After 

the electron beam exits the undulator, the beam is directed to a beam dump and the photons 

are redirected to an experimental end-station (e.g., a mass spectrometer). Additional details 

of free electron laser systems are available in references 74ï77.74ï77 



  10 

 

 

 

Figure 2.2. Schematic of the FEL at the FELIX laboratory. IR photons are generated via the 

synchrotron emission from the ñwigglingò electron beam. 

 

To acquire the IRMPD spectra described in this thesis, ions were generated by ESI at a 

voltage of 3-5 kV and a temperature of 453 K, with a typical flow rate of 4 ÕL secï1 (can vary 

with experiment). The ions were then held in position in a Bruker Amazon ion trap mass 

spectrometer, which employs a radio-frequency field of 400 ï 800 Vpp oscillating at 781 kHz, 

and they were cooled to approximately room temperature via collisional cooling in 10ï3 mbar 

pressure of helium. The trapped ions were then irradiated with the tunable output the FELIX 

laser within the range of 600 ï 3600 cmï1.14,78  When resonant with a vibrational transition, 

the FEL excites the ions to a higher vibrational energy state (e.g. n = 0 Ÿ 1). This excited 

vibrational state couples to other óquasi-continuumô vibrational energy states, known as bath 

states, resulting in a redistribution of energy via a process known as intramolecular 

vibrational energy redistribution (IVR). When IVR occurs, the ion is de-excited in the 

absorbing mode, enabling absorption of another photon of the same energy.14,79,80 This 

process enables repeated absorption of IR photons until the ionôs internal energy surpasses a 

dissociation threshold and it fragments. The depletion of the parent ion and appearance of the 
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fragment ions were monitored by the mass spectrometer as a signal of photon absorption. 

Figure 2.3 provides a schematic of the IVR process, indicating how the process repeats until 

a thermodynamic dissociation threshold is met for the ion. Note that IRMPD is a stepwise 

multiple photon process, rather than a concerted multi-photon process; the v = 2 level is 

below the two-photon level associated with the n = 0 Ÿ 1 resonance owing to vibrational 

anharmonicity, a situation that is exacerbated for higher vibrational levels. 

 

Figure 2.3. The IVR process. A photon excites the vibrational ground state (n = 0) of an ion 

to an excited state (n = 1). Energy transfer to the bath states de-excites the absorbing mode 

while maintaining the total internal energy of the ion. Repeated IR absorption followed by 

IVR raises the internal energy of the ion until a dissociation threshold is met and the ion 

fragments. 

 

At FELIX, the IR photons are produced in 5-10 Õs macropulses that are generated at a 

frequency of 10 Hz. The macropulses consist of a pulse train of 6 ps micropulses that are 

separated by 1 ns (i.e., produced at 1 GHz). Each macropulse has an energy of  40 ï 100 mJ.78 

The IRMPD spectrum is generated by plotting the fragmentation efficiency of the analyte ion 
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as a function of FEL wavenumber. The fragmentation efficiency, Feff, is defined as the 

logarithmic ratio between the intensity of the precursor ion (Ὅ  ) and the total ion 

intensity (i.e., sum of the precursor and fragment ion intensities {Ὅ }), as described 

equation 2.1.  

Ὂ  ÌÎ
ВὍ

ВὍ Ὅ
 

(2.1) 

 
 

2.1.4 ï Ion mobility 

Ion mobility spectrometry (IMS) is a chromatographic technique often employed in 

conjunction with mass spectrometry to separate ions based on their mobilities through a 

gaseous environment prior to MS analysis. There are several variant of IMS, but most employ 

the same underlying principle ï an ionôs mobility in an inert gaseous environment, and is 

determined by its size/shape, mass, charge, and by the applied electric field.81 For example, 

in drift-tube (DT) IMS experiments, ions are pulsed into a cell that contains an inert buffer 

gas (usually N2 or He) and across which a low-field voltage ramp is applied. The electric 

field pushes the analyte ions through the buffer gas, and the ions will exit the drift-tube with 

arrival time distributions that depend on their respective mobilities.82,83 The Mason-Schamp 

equation (equation 2.2) describes the relationship between an ionôs mobility (K) and its 

collision cross-section (CCS, W) under low electric field conditions (< 10 Td; 1 Td = 10ï21 V 

Ām2). In equation 2.2, mion is the mass of the target analyte, the mass of the buffer gas is mgas, 

z refers to the charge of the ion, e is the elementary charge, and kbT is the Boltzmann constant 

multiplied by the temperature. Finally, N refers to the number density of the buffer gas. The 

CCS of an analyte is the orientationally averaged collision area between itself and a buffer 

gas particle. Ions with relatively large CCSs experience more collisions during transit through 

the mobility cell than do ions with relatively small CCS, which results in decreased mobility 

and longer drift times for the larger species. Thus, in instances where two isomers (or isobars) 
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are present in a gas phase ensemble of ions, the smaller of the two isomers elutes from the 

DT-IMS cell before the larger isomer. 
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2.1.4.1 ï Travelling Wave Ion Mobility Spectrometry 

In chapter 5, we employ travelling wave ion mobility spectrometry (TWIMS) to measure 

the mobilities of ion clusters that contain the B12F12
2ï dianion. TWIMS, like DT-IMS, can be 

used to determine CCSs, although in this case a set of calibration molecular are required. 

Figure 2.4 shows a schematic of a TWIMS device. The TWIMS cell is made up of a stacked 

ring electrode ion guide, arranged in sequence with opposite RF phases applied to 

consecutive rings. This implementation radially confines ions within an effective potential 

well.81 On top of the confining potential, a series of direct current waves are applied to push 

ions through the gas-filled ion guide. Ions above a certain mobility threshold will surf on a 

single wave through the TWIMS cell, whereas ions that are below the mobility threshold 

experience both forward and reverse field of the travelling DC pulse. As the waveform travels 

forward in the TWIMS cell, the ion species spends more time experiencing the forward field 

than the reverse field, and so is propelled to the exit of the drift cell. Thus, mobility separation 

in TWIMS is driven by the velocities of the ions as they surf the electric field through the 

collision cell; ions of relatively low mobility take longer to traverse the TWIMS cell than  

high mobility species.84ï86 The net drift velocity in TWIMS scales quadratically with mobility, 

whereas the drift velocity in DT-IMS scales linearly.87 Moreover, because wave 

characteristics are tunable, TWIMS can manipulate ions into long path length separations 

without major signal loss or the need for high voltages.81  
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Figure 2.4. Schematic of a TWIMS cell. The large blue rings are the stacked ring electrod 

ion guide that confines the ions. The black lines across the image represents the travelling 

wave electric field. The purple circle represents an ion with a larger CCS than the red circle. 

(Panel 1) The ions introduction into the TWIMS cell. (Panel 2) The difference in CCSs (viz. 

mobility) causes the larger (purple) ion to lag in position compared to the smaller (red) ion.  

(Panel 3) The ions are fully separated as they exit the drift cell.     

 

Because ions experience a changing electric field in the TWIMS cell, the Mason-Schamp 

relationship (equation 2.2) does not hold in this environment.88,89 Following the 

recommendations by Gabelica et al.,90 to determine the CCS of an analyte using TWIMS, a 

calibration curve must be generated using known CCSs that have been determined via DT-

IMS measurements. To generate these CCS calibration curves, the DT-IMS CCS values of 

each ion in the set of calibration standards are converted to a CCSᴂ value by equation 2.3. 

Here, Õ is the reduced mass of the buffer gas and target analyte system, and z is the charge 

of the analyte. 

ὅὅὛᴂ
ὅὅὛЍ‘

ᾀ
 (2.3) 

The CCSᴂ  values are then plotted against a function tᴂ  (given by equation 2.4) which is 

determined by subtracting the square root of the mass-to-charge ratio multiplied by the 
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constant c from the arrival time, tA. The constant c is dependent on the voltage used by the 

transfer optics.  

ὸ ὸ ὧ
ά

ᾀ
 (2.4) 

With this treatment, we obtain a relationship for the calibration curve as shown in equation 

2.5. An undetermined time offset, t0, is used to account for systematic delays to the arrival 

time for improved accuracy. A and N is the fit parameter of the power function. 

ὅὅὛ ὃὸ ὸ  
(2.5) 

 
 

2.1.4.2 ï Differential Ion Mobility Spectrometry 

Differential (ion) mobility spectrometry, referred to as DMS, DIMS, or FAIMS, can be 

used to separate regioisomers, conformers, and even tautomers prior to MS analysis.91ï96 For 

the SCIEX Selexion system used in this research, the DMS cell is at atmospheric pressure 

and the vacuum of the mass spectrometer (orifice positioned at the exit of the DMS cell) is 

used to create a carrier gas flow in which the analyte ions are entrained. Two parallel, planar 

electrodes are position on either side of the carrier gas flow axis and an asymmetric RF 

waveform, referred to as the separation voltage (SV) is applied across the electrodes. The 

waveform is a sum of sinusoids such that one-third of the period is at high-field and two-

thirds is at low-field (see Figure 2.5). Because of the non-linear dependence of ion mobility 

on the electric field, ions exhibit different mobilities under the high- and low-field conditions. 

In an inert environment (e.g., N2, Ar, He) under the low-field limit, the ion temperature 

equilibrates to that of the carrier gas. Above the low-field limit, the ionôs effective 

temperature is a sum of that of the carrier gas and the temperature induced by acceleration 

caused by the applied electric field. Equation 2.6 describes the field-dependent mobility, 

K(E/N), of the ion; the alpha function, Ŭ(E/N), scales the low-field mobility, K0, as a function 
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of the reduced electric field strength of (E/N), where E is the electric field strength and N is 

the number density of the carrier gas.97 

 ὑ ὑ ρ ‌   (2.6) 

To increase separation of ions in the DMS cell, a volatile solvent modifier is often 

introduced to the carrier to increase separation. For example, some commonly used protic 

modifiers such as isopropyl alcohol or methanol or aprotic modifiers such as acetonitrile are 

introduced at a 1.5 molar percent into the carrier gas.98,99 The introduction of the modifiers 

changes the dynamic clustering behaviour of the target analyte in the DMS cell, as the analyte 

can interact with the modifiers through stronger intermolecular interactions such as charge-

dipole interactions and hydrogen bonding interactions that are not possible in a pure nitrogen 

environment. The strength of the ion-solvent interaction for any ions can usually be 

approximated by the magnitude of the dipole moment of the solvent molecule. However, ion-

solvent-cluster geometries and solvent-solvent interactions can influence this correlation. A 

simple example of this can be seen from a case of tetramethyl ammonium.100 Doping the pure 

nitrogen environment with polar protic modifiers such as water, methanol, or isopropyl 

alcohol results in a weakly clustering type B clustering behaviour, whereas a polar aprotic 

modifier such as acetone or acetonitrile results in a strong clustering type A behaviour. Water 

is found to show the weakest clustering behaviour while having a larger dipole moment than 

isopropyl alcohol, which demonstrates that the magnitude of the dipole may not always be 

the dominant interaction influencing the clustering behaviour. This shows that the affinity of 

the microsolvation partner for a target analyte versus another depends on factors such as the 

number of solvent molecules accrete onto the analyte, the geometries of the microsolvated 

cluster, and the strength of the intermolecular interaction between the solvent molecule and 

the target analyte. The dissimilar clustering behaviours translate in the unique DMS 

behaviours that can be used to elucidate properties of the target analyte. 
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Figure 2.5. Schematic of a DMS cell. (Red) The path of the analyte without any CV 

correction to an applied SV. (Blue) The path of the analyte following the application of an 

appropriate CV to correct the ion trajectory and steer it onto the transmission axis. 

 

As can be seen in Figure 2.6, the differential mobility between the high- and low-field 

portions of the DMS waveform causes the ions to migrate off-axis (e.g. away from the orifice 

of the mass spectrometer) in a zig-zag motion as they transit the DMS cell. To remedy the 

ion path, a DC static potential, referred to as the compensation voltage (CV), is applied to 

the electrodes. The CV necessary to steer the ion onto the transmission axis encodes the ionôs 

differential mobility. In general, the CV required to correct the ion path depends on the ionôs 

m/z, its field-dependent CCS, the magnitude of the SV, and the conditions within the DMS 

cell (i.e., temperature, pressure, gas composition). 

DMS instruments can be operated in one of three modes: (i) narrow-pass filter, (ii) CV 

scan, or (iii) full scan. By setting the SV and CV to optimal values for transmission of an 

analyte of interest, one creates a narrow-pass filter (mode i) that can exclude most other ions 
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from a complex matrix. Alternatively, one can fix the SV and scan the CV (mode ii) while 

monitoring a particular m/z to create an ionogram (see Figure 2.6A), which is a DMS 

measurement that is analogous to a TWIMS or DT-IMS arrival time distribution. In this case, 

though, rather than temporal separation, separation is spatial in nature. By plotting the 

optimal CV for ion transmission as a function of SV (mode iii), one generates a dispersion 

curve for the ion in the given DMS environment. In full scan mode, ions typically adopt one 

of three common behaviours, referred to as Types A, B, and C (see Figure 2.6B). Type A 

behaviour is associated with strong interactions (usually dynamic ion-solvent clustering 

behaviour) between the analyte and the collision gas. This behaviour leads to higher mobility 

at high-field compared to low-field conditions, requiring increasingly negative CVs with 

increasing SV to correct ion trajectories. In contrast, Type C behaviour is associated with 

óhard sphereô scattering behaviour. Under these conditions, ions experience lower mobility at 

high-field than at low-field (as dictated by the kinetic theory of gases) and so increasingly 

positive CVs are required to correct ion trajectories as the SV increases. Type B behaviour is 

intermediate to Types A and C. In this case, ions require increasingly negative CV correction 

with increasing SV (like Type A) up to some critical point whereupon that trend reverses, and 

increasingly positive CVs are required (like Type C). This behaviour is normally associated 

with relatively weak dynamic ion-solvent clustering; at low SV values, dynamic clustering 

and de-clustering occurs as the ions experience the oscillating field-dependent heating and 

cooling, but when SVs are too high the ions experience so much heating that clustering 

cannot occur during the low-field portion of the waveform. Further details on the operations 

and theories on the DMS can be found in references 101 and 102.101,102 
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Figure 2.6. (A) Example of an ionogram at SV = 3800 V. (B) Common dispersion curve 

types observed in DMS experiments. 
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2.2 Computational Methods 

To interpret the data obtained by ion mobility and spectroscopic measurements, 

computational modelling using electronic structure methods such as density functional theory 

(DFT) are often required. For molecular clusters in the gas-phase, multiple conformations 

may exist simultaneously within the ensemble.103,104 Consequently, IRMPD spectra or ion 

mobility data may represent a convolution of multiple signals. These convolved signals can 

sometimes be disentangled by comparison with, for example, the computed vibrational 

spectra of geometry optimized cluster isomers. Moreover, identifying a reasonable match 

between experiment and theory can inspire confidence in additional computed properties 

such as bond dissociation energies geometric structures for the target analytes. 

To study any analyte computationally, one typically begins with some intuitive ñguessò 

structures for the analyte. These candidate structures are then treated with sampling 

algorithms such as CREST to identify possible local minima on the potential energy 

surface.105 CREST output structures are sorted by their relative energies and pruned based on 

geometric similarity, and the lowest energy candidates (typically 5 ï 10 structures) are re-

optimized using higher level DFT methods. These computational methods are available in 

software such as ORCA or Gaussian 16.106,107 If the energetics of the cluster are especially 

important, electronic energy calculations may be further refined at the coupled cluster level 

of theory (i.e. CCSD(T)), although this may be impractical for large species owing to the 

need to calculate correlation for all electron-electron pairs within the system. DLPNO-

CCSD(T), a domain-based local pair natural orbital method that is available in ORCA may 

be able to address this limitation to some extent, but it still carries a significant computational 

cost.108,109 Brief summaries of each of the above mentioned computational methods are 

provided in the following sections.  
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2.2.1 ï CREST 

The CREST algorithm is an iterative conformational searching algorithm created by 

Pracht, Bohle, and Grimme to generate unique conformers using meta dynamic simulations 

that are coupled with molecular dynamics (MD) calculations.110 The algorithm uses a root-

mean-square-deviation (RMSD) based meta-dynamic algorithm (MTD) employing a set of 

collective variables and presence of a history-dependent potential that fills the minima on the 

potential energy surface to overcome energy barriers. Further details of the MTD algorithm 

are provided in reference 111.111 Multiple structures are generated by the MTD, which are 

sorted by their relative energies calculated by the GFN2-xTB semi-empirical method. In the 

case that a new minimum structure is found during the search, the new structure is re-

introduced to the algorithm as a new starting point. MD simulations are then performed on 

the six lowest energy conformers to identify rotamers and to more extensively sample the 

local surroundings on the potential energy surface. The algorithm distinguishes conformers 

and rotamers based on their total energy, the rotational constants of the molecule, and the 

Cartesian RMSD between the conformations. 

For the research performed in this thesis, the CREST algorithm is used along with the 

semi-empirical Extended Tight-Binding program package.112 In Chapters 4 and 5, cluster 

geometries are generated by CREST algorithm using the ñGFN2-xTBò keyword. In our study 

of triazolide clusters (described in Chapter 4), the ñ-nciò flag is used specifically to sample 

non-covalent interactions between the deprotonated triazolide and alkali metal cations within 

the clusters. This keyword enhances the identification of different conformations for non-

covalently bound complexes, wherein the arrangement of the ions within the cluster is 

important. For this method, an ellipsoidal potential is used to counteract the minimized MTD 

bias potential that may lead to dissociation of the complex. After sorting the output from the 

CREST algorithm, the remaining geometries are optimized further with DFT.  
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2.2.2 ï Density Functional Theory 

Density Functional Theory (DFT) is a useful (and common) method for calculating 

electronic energies and thermochemical properties, and for determining molecular structures 

with accuracy that is comparable to higher levels of theory (e.g., MßllerïPlesset perturbation 

theory of second order; MP2).113 Moreover, DFT can accomplish this performance at a 

relatively low computational cost. This speed increase stems from treatment of the spatially 

dependent electron density rather than the individual electron wavefunctions. In the basic 

form of DFT defined by Kohn and Sham, the electronic density is a universal density function 

described as the approximation of the summation of the kinetic energy, electron-nuclear 

interaction energy, Coulomb energy, and the exchange/correlation energy.114 Modification of 

these energies and inclusion of additional terms such as damping functions or dispersion 

corrections have spawned a plethora of DFT functionals.  

The Minnesota 06-2X (M06-2X) functional that we used in Chapter 3 was chosen for its 

accuracy when treating simple fluorocarbon species;115,116 significant accuracy is achieved 

for binding energy calculations without requiring more computationally expensive levels of 

theory as the dispersion is implicitly accounted for through parametrization and without an 

explicit empirical correction. In addition to this, the M06-2X functional yields relatively 

accurate harmonic vibrational spectrum predictions, which are useful for assigning 

vibrational modes in experimental IRMPD spectra. 

In Chapters 4 and 5, we employed the Modified Becke 97 exchange-dipole moment 

(wB97X-D3) functional with damping function.117,118 The damping function is used to model 

the short-range behaviour of a dispersion interactions, avoiding near-singularities for small 

distances between atoms and double-counting effects of electron correlations at intermediate 

distances. This method was found to be one of the most accurate for calculating energies in 

a comparison of 5000 data points computing using 200 different DFT methods.113 In Chapter 

5, the wB97X-D3BJ approach is used because it performs better than D3 damping for 

thermochemical problems that are sensitive to medium-range correlation effects.119,120 This 
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is true for the B12F12
2ï dianion cages that we study in Chapter 5; in these systems, the 

negative charge density is delocalized about the surface of the cage. Computational results 

for Chapter 3 ï 5 are available on the iochem database. 

It should be noted that the basis set used to represent the atomic orbitals also plays a large 

role in DFT calculation accuracy when computing optimized geometries and energies.121 In 

general, if the target analyte is a protonated cation, a polarized basis set is used, such as the 

def2-TZVPP basis set.122 This is to account for the change in polarization of the molecule 

after protonation. For an anion, a diffused augmented basis set, such as def2-TZVPPD,123 

should be used to account for wavefunctions that extend far beyond the nuclei (since the extra 

electron(s) is(are) usually relatively weakly bound compared to other valence electrons.124  

2.2.3 ï Nudged Elastic Band 

The Nudged Elastic Band (NEB) method is an important computational tool for 

determining transition state (TS) geometries. We used NEB to identify TSs in the dissociation 

pathways of the deprotonated fluorinated propionic acid derivatives discussed in Chapter 3. 

NEB was first described by Henkelman et al.125 and implemented in the ORCA 

computational suite.126  The goal of NEB calculations is to determine the minimum energy 

path (MEP) connecting two local minima (e.g., product and reactant) on the associated 

potential energy surface. For each point along the MEP, the energy is at a minimum with 

respect to all orthogonal directions, but at a maximum along the minimum energy path. 

Following the definition in transition state theory, the energy maximum on the MEP should 

be the energy barrier for the transition, i.e., the TS. NEB is an iterative optimization method 

that generates a guess reaction path via discretized intermediate structures (usually referred 

as images) between the two linked minima. Multiple approaches can be used to generate this 

initial guess reaction path between the two minima. For example, one can utilize linear 

interpolation in the Cartesian coordinates between pairs of atoms in the starting and ending 

structure, while matching the distances between the pair as closely as possible in a least-

square sense. The intermediate images iteratively converge toward the MEP by considering 
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the component of the atomic forces that are perpendicular to the current reaction path 

(estimated from the tangent to the path at each image with the end points of the path being 

fixed). This allows for parallelization of the calculation, where electronic structure 

computation can be distributed to different cores in the processor.  

For the research reported in this thesis, the energy weighted NEB-TS method is used to 

determine the transition state geometry for the formation of FCO2
ï and the elimination of HF 

from fluoropropionic acids (see Chapter 3). For all energy weighted NEBs, the density of 

images is higher around the energy maximum on the MEP. Before initializing the NEB-TS 

calculation, a NEB-CI (i.e., climbing image) calculation with looser convergence criteria is 

conducted. The NEB-CI calculation has its energy maximized with respect to one degree of 

freedom along the direction of the tangent, while minimizing the energy with respect to the 

other degrees of freedom. After finding the maximum point along that reaction path, it is then 

used as a guess structure for a TS optimization using the tangent at the CI to select the 

eigenvector that should be followed. As the tangent estimate provides an accurate 

approximation to the saddle point on the potential energy surface which guides the algorithm 

to determine the transition state of the MEP.  
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ï Chapter 3 ï  

Fluorinated Propionic Acids Unmasked 

Chapter 3 was published in the Journal of Physical Chemistry Letters. For the original 

publication, see Lee, A. E.; Featherstone, J.; Martens, J.; McMahon, T. B.; Hopkins, W. S. 

Fluorinated Propionic Acids Unmasked: Puzzling Fragmentation Phenomena of the 

Deprotonated Species. J. Phys. Chem. Lett. 2024, 15 (11), 3029ï3036. 

https://doi.org/10.1021/acs.jpclett.3c03400. 

3.1 ï Introduction 

Per- and polyfluoroalkyl substances (PFAS) have emerged as a subject of concern in 

recent years due to their widespread usage and potential adverse effects on human 

health.127,128 These man-made chemicals, which have some or all of the hydrogen atoms in 

their carbon chains replaced with fluorine atoms, possess exceptional stability and resistance 

to degradation.  Consequently, PFAS have found extensive application in various industrial, 

commercial, and household products, ranging from firefighting foams to nonstick 

cookware.25ï27 As mounting evidence raises serious questions about the potential long-term 

consequences of PFAS exposure, long-chain PFAS such as perfluorooctanesulfonic acid 

(PFOS) and perfluorooctanoic acid (PFOA) are being phased out of production and many 

industries are shifting their focus to short chain PFAS and fluoroether replacements. 

Legacy PFAS such as PFOS and PFOA have been extensively studied, and their structures 

and properties are well-characterized.131 However, the PFAS class of compounds has more 

than 9000 members, and characterization of emerging short chain PFAS is limited.132ï134 

Moreover, common degradation methods of long-chain PFAS often result in production of 

shorter chain species for which chemical information and rigorous analytical quantification 

methods are lacking.135ï137 Of pertinence to this study is the gas-phase fragmentation 

behaviour of short-chain per- and polyfluoroalkyl carboxylic acids (PFCAs). Typically, 

https://doi.org/10.1021/acs.jpclett.3c03400
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PFCAs are detected via mass spectrometric multiple reaction monitoring of the carbanion 

produced following CO2 loss from the deprotonated parent molecule.
138 This fragmentation 

behaviour is well documented for carboxylate anions and the energetics of decarboxylation 

have been thoroughly investigated for a variety of analytes.139 However, the impact of 

fluorination on the gas-phase fragmentation behaviour of carboxylic acids is not well 

understood. 

Here we investigate the fragmentation of fluorinated propionic acid derivatives using 

infrared multiple photon dissociation (IRMPD)140 and collision induced dissociation (CID). 

In addition to the loss of CO2, the presence of fluorine in PFCAs gives rise to the possibility 

of accessing additional product channels such as those associated with HF elimination and 

the formation of the fluoroformate anion, FCO2
ï, which is produced by the reductive 

derivatization of carbon dioxide. In spite of its well-known stability, FCO2
ï has only recently 

been characterized spectroscopically in an IRMPD study by von Helden and co-workers.141 

McMahon et al. first generated FCO2
ï via fluoride ion transfer and studied its 

thermochemistry in an ion cyclotron resonance instrument.142,143 They determined a bond 

dissociation enthalpy of DH298 = 133 Ñ 8 kJ mol
ï1 which, although significantly weaker than 

typical CïF bonds (ca. DH298 > 400 kJ mol
ï1),143,144 indicates that FCO2

ï could be a 

reasonably stable product of gas-phase dissociation of PFCAs. Such a process might be akin 

to the fluoride transfer mechanism that was observed in early attempts to deprotonate ethyl 

fluoride and determine its gas-phase acidity.144    

3.2 ï Methods  

IRMPD spectra were recorded at the FELIX free electron laser (FEL) laboratory.140 2-

monofluoropropionic acid, 3-monofluoropropionic acid, 3,3,3-trifluoropropionic acid, 

3,3,2,2-tetrafluoropropionic acid, 3,3,3,2-tetrafluoropropionic acid, and pentafluoro-

propionic acid were sourced from Oakwood Chemicals and Enanmine at greater than 95% 

purity. Each sample was prepared in a 50:50 methanol-water mixture at a concentration of 

10 ÕM. Ions were generated using electrospray ionization and were mass selected using a 
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modified quadrupole ion trap mass spectrometer (Bruker Amazon) interfaced with the output 

of the FELIX IR beam. Following mass selection of the precursor ions, fragment ions were 

produced via IRMPD across the 600 ï 1850 cmï1 region. Vibrational spectra were then 

generated by recording the precursor fragmentation efficiency as a function of the tuneable 

FEL output.   

To complement IRMPD experiments, CID experiments were conducted using a Thermo 

Scientific LTQ Linear Ion Trap system at the University of Waterloo. 2-monofluoropropionic 

acid, 3-monofluoropropionic acid, 2,2-difluoropropionic acid, 3,3-difluoropropionic acid, 

3,2,2 trifluoropropionic acid, 3,3,3-trifluoropropionic acid, 3,3,3,2-tetrafluoropropionic acid, 

3,3,2,2-tetrafluoropropionic acid, and pentafluoropropionic acid were purchased from 

Enanmine at greater than 95% purity. Each sample was prepared in a 50:50 methanol-water 

mixture at a concentration of 10 ÕM.  Ions were generated using electrospray ionization and 

were mass selected prior to interrogation. CID were monitored for collision energies of 10 ï 

20 eV with a step size of 5 eV between 20 eV to 30 eV with a step size of 2.5 eV to generate 

the breakdown curves. 

Computational investigations were carried out with the ORCA computational suite, using 

the Minnesota 06-2X (M06-2X) functional with the def2-tzvp basis set.145  This level of 

theory was selected due to its documented accuracy and efficiency for treating fluorinated 

species.146ï149 We have further supplemented the frequency calculation with M06-2X/aug-

cc-pVTZ level of theory, and energy calculation with DLPNO-CCSD(T) /aug-cc-pVTZ level 

of theory with the corresponding auxiliary basis set.150ï153 In addition to computing energetic 

along reaction pathways, the nudged elastic band (NEB) method was used to identify 

transition states (TSs) associated with production of the fluoroformate anion and loss of 

hydrogen fluoride (HF).154 The ORCA implemented NEB-TS method is utilized to generate 

transition states. In the case that the climbing image calculated by the NEB algorithm cannot 

optimize to a TS. Further TS optimization cycles are computed until a single negative 

frequency is achieved and verified by a frequency calculation. The initial guess structures for 

the TSs are required as inputs; structures were manually generated wherein the fluoroformate 
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anion was complexed with the associated fluoroethylene derivative via an anionḯ  

interaction. All NEB calculations were energy weighted with 32 individual points along the 

potential energy surface and geometries located around the predicted TSs. The TSs identified 

via the NEB method were subsequently optimized at the M06-2X/def2-tzvp level of theory 

to ensure they were local maxima and to accurately compute relative energies. Intrinsic 

reaction coordinate calculations (IRC) are used to verify NEB results. 

3.3 ï Results and Discussion 

Traditional mass spectrometry techniques have difficulties in separating isomeric analytes 

which can be solved by coupling to a spectroscopic technique such as IRMPD. Similar to 

identifying compounds with FT-IR by their IR fingerprints, IRMPD can serve a similar 

purpose for gas-phase ions. As an example, Figure 3.1 shows the experimental IRMPD 

spectra of the deprotonated 3,3,3,2-tetrafluoropropioic acid and the 3,3,2,2-

tetrafluoropropioic acid. Although the geometrical differences between the two propionic 

acids are small, the resulting IMRPD spectra are significantly different from each other. By 

inspection, the 3,3,2,2-tetrafluoro has IR signatures between 1000 ï 1300 cmï1, which is 

different from the location of the signature peak for the 3,3,3,2-tetrafluoro in the range of 

1200 ï 1500 cmï1. In addition to differentiating the compounds via IR fingerprints, we can 

study the IRMPD spectrum of the individual product channels, as the fragmentation 

efficiency between the isomeric precursor ions are likely to be different.  
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Figure 3.1. Experimental IRMPD spectra of the deprotonated 3,3,3,2-tetrafluoropropionic 

acid and the 3,3,2,2-tetrafluoropropionic acid. (A) 3,3,3,2-tetrafluoropropionic acid with its 

signature IR region in red and (B) 3,3,2,2-tetrafluopropionic acid with its signature IR region 

in blue. 
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3.3.1 ï IRMPD spectrum of the deprotonated 3,3,3,2-tetrafluoropropionic 

acid.  

   The IRMPD spectrum of deprotonated 3,3,3,2-tetrafluoropropionic acid is shown in 

Figure 3.2 along with the computed vibrational spectrum. The IRMPD and computed 

vibrational spectra for deprotonated 3-monofluoropropionic acid, 2-monofluoropropionic 

acid, 2,2-difluoropropionic acid, 3,3,3-trifluoropropionic acid, 3,3,2,2-tetrafluoropropionic 

acid, and pentafluoropropionic acid are provided in Appendix A (Figure A1ïA6). Computed 

vibrational spectra employ a scaling factor of 0.95, in alignment with literature 

convention.155,156 IRMPD of the various fluorinated derivatives yielded fragments associated 

with four product channels: (1) loss of CO2, (2) loss of HF, (3) loss of HF + CO2, and (4) 

production of FCO2
ï. Although the loss of CO2 is typically the dominant product channel for 

carboxylate ions, it was observed for only the three most highly fluorinated propionic acid 

derivatives and was the major product channel only for the 3,3,2,2-tetrafluoro and 

pentafluoro species. Interestingly, the 3-monofluoro, 3,3,3-trifluoro, 3,3,2,2-tetrafluroro, and 

3,3,3,2-tetrafluoro species all exhibited production of an ion at m/z 63, which we confirmed 

to be FCO2
ï by conducting IRMPD spectroscopy on the isolated product. The IRMPD 

spectrum of FCO2
ï, which is provided in Figure A7 of Appendix A, agrees with that reported 

by von Helden.141 In contrast with the other fluorinated derivatives, the 2-monofluoro and 

2,2-difluoro species exhibited only HF loss via IRMPD. Table 3.1 provides a summary of 

the product branching ratios observed for each parent ion. 
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Figure 3.2. IRMPD and computed harmonic vibrational spectra for 3,3,3,2-

tetrafluoropropionic acid. (A) total fragmentation efficiency, (B) CO2 loss channel, (C) 

FCO2
ï channel, and (D) calculated spectra. The computed spectrum was scaled by a factor 

of 0.95.  
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Table 3.1. Product branching ratios observed following IRMPD of 2-monofluoropropionic 

acid (2-F), 3-monofluoropropionic acid (3-F), 2,2-difluoropropionic acid (2,2-F2), 3,3,3-

trifluoropropionic acid (3,3,3-F3), 3,3,2,2-tetrafluoropropionic acid (3,3,2,2-F4), 3,3,3,2-

tetrafluoropropionic acid (3,3,3,2-F4), and pentafluoropropionic acid (F5). 

Precursor Ion 
IRMPD Product Branching Ratio 

Loss HF Loss CO2 Loss HF + CO2 Form. FCO2
ï 

2-F 1 0 N/A* 0 

3-F 0 0 N/A* 1 

2,2-F2 1 0 0 0 

3,3,3-F3 0 0 0 1 

3,3,2,2-F4 0 0.9997 0 0.0003 

3,3,3,2-F4 0 0.3333 0 0.6667 

F5 0 1 0 0 

*The loss of HF + CO2 from the 2-F and 3-F derivatives yields a product with m/z less than 

the lower detection limit of the Bruker Amazon mass spectrometer and so could not be 

quantified. 

 

The IRMPD branching ratios given in Table 3.1 suggest two interesting trends. First, it 

appears that HF elimination only occurs when a hydrogen atom is bound to the ɓ-carbon and 

a fluorine atom is bound to the Ŭ-carbon. A notable exception to this trend is that HF 

elimination was not observed for the 3,3,2,2-tetrafluoro derivative. The second apparent trend 

is that FCO2
ï production is only possible when a fluorine atom is bound to the ɓ-carbon. 

However, the fact that the fluoroformate ion is not produced via IRMPD of the pentafluoro 

derivative and only in minor quantities for the 3,3,2,2-tetrafluoro derivative indicates that a 

more detailed investigation of the thermodynamics and/or kinetics of the unimolecular 

decomposition reaction is warranted. For these reasons, we computed the various reaction 

pathways at the DFT level of theory, the results of which are discussed below. 
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The IRMPD spectra of the fluorinated propionic acid derivatives all exhibit intense bands 

associated with the asymmetric stretch of the carboxylate moiety at ca. 1700 cmï1. As the 

degree of fluorination increases, this band shifts from 1644 cmï1 for the 3-monofluoro 

derivative up to 1729 cmï1 for the pentafluoro derivative. Vibrational bands associated with 

ὅ᷁ὅὅ  bending of the alkyl chain, Ὂ᷁ὅὅ  and Ὂ᷁ὅὊ  bending motions, and CïF stretching 

motions are observed in the ca. 1000 cmï1 to 1350 cmï1 region. These vibrations, while 

formally associated with specific functional groups, are highly coupled and all exhibit 

displacements of the fluorine atoms. Like the carboxylate asymmetric stretch, these bands 

also exhibit blue shifts that correlate with increasing degrees of fluorination. In contrast, the 

ὕ᷁ὅὕ  scissoring band at ca. 800 cmï1 shifts to lower wavenumber with increasing 

fluorination. DFT calculations show that removing electron density from the -CO2 group 

reduces the vibrational mode force constant resulting in the observed shift. The observed 

bands for each fluorinated propionic acid derivative and their assignments are provided in 

the Appendix A Table A1-A7.  

The IRMPD spectrum for the deprotonated 3,3,3,2-tetrafluoro derivative, which was the 

only species that exhibited appreciable competition between two dissociation pathways, 

could be extracted for each of the individual product channels (i.e., loss of CO2 versus 

formation of FCO2
ï). These spectra are plotted in Figures 3.2B and 3.2C. Although the same 

vibrational bands are observed via both product channels, there are notable differences 

between the observed spectra with respect to band intensities. Specifically, the bands 

associated with displacement of the fluorine atoms are relatively more intense in the FCO2
ï 

product channel when compared to those observed in the CO2 loss channel. Similar behaviour 

was also observed for the 3,3,2,2-tetrafluoro derivative but, because FCO2
ï production was 

observed in such minor quantities for this species, conclusions drawn based on relative 

intensities are more tenuous in this case. The observed differences in band intensities might 

indicate that exciting vibrations which bring a fluorine atom into closer proximity of the 

carboxylate moiety promotes formation of FCO2
ï. To explore further the possibility, a 

computational search for the transition state(s) leading to FCO2
ï production was conducted; 
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a transition state geometry resembling a fluorine transfer to the -CO2 group would provide 

some evidence for this speculative notion. The results of our computational study are 

discussed below. 

To compare with the fragmentation behaviour observed via IRMPD, the unimolecular 

decomposition of the fluorinated propionic acid derivatives was also investigated with CID. 

Table 3.2 provides a summary of CID results. In general, the loss of CO2 is more pronounced 

via CID than IRMPD. In our discussion of Figure 3.2, we hypothesized that exciting 

vibrational modes corresponding to the movement of fluorine atoms results in a higher yield 

of the FCO2
ï anion. In the case of CID, vibrational mode selection is not possible because 

the analyte is heated stochastically via collision. Interestingly, although the production of 

FCO2
ï is the dominant product channel for deprotonated 3,3,3,2-tetrafluoropropionic acid 

via IRMPD, FCO2
ï is only produced to a minor degree via CID (see Table 3.2). Moreover, 

at no collision energy does the production of FCO2
ï become the dominant product channel. 

CID breakdown curves are provided for all species studied in Appendix A Figure A8ïA16.  

The 2-monofluoro and 2,2-difluoro derivatives both exhibit a relatively high degree of HF 

loss via CID as was observed in IRMPD experiments. However, CO2 loss is the dominant 

fragmentation pathway for the 2,2-difluoro derivative in CID experiments. Unfortunately, 

CO2 loss from the 2-monofluoro derivative was below the low-mass threshold of our 

instrument and so could not be quantified. To explore further the impact of fluorination sites 

on the loss of HF, we expanded our study to include CID experiments on the 3,3-difluoro and 

3,2,2-trifluoro derivatives, both of which exhibited detectable, but very minor, amounts of 

HF production. These results further support the hypothesis that HF elimination 

predominantly involves a fluorinated a-carbon and suggests that any degree of fluorination 

of the terminal methyl group effectively closes the HF product channel because the 

competition from the fluoroformate production. 

Interestingly, FCO2
ï is the dominant product observed via CID for the 3-monofluoro, 3,3-

difluoro, 3,2,2-trifluoro, and 3,3,3-trifluoro derivatives. However, for the tetrafluoro and 
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pentafluorinated species, FCO2
ï production is negligible and CO2 loss dominates CID. This 

behaviour aligns with expectations based on IRMPD experiments with the notable exception 

of 3,3,3,2-tetrafluoropropionic acid. Considered collectively, CID results indicate that FCO2
ï 

production requires fluorination of the b-carbon and that higher degrees of fluorination close 

this product channel in favour of CO2 loss. Electronic structure calculations were conducted 

to explore this behaviour in more detail. 
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Table 3.2. Product branching ratios observed following CID at Normalized collision energy 

of 22.5 eV of 2-monofluoropropionic acid (2-F), 3-monofluoropropionic acid (3-F), 2,2-

difluoropropionic acid (2,2-F2), 3,3-difluoropropionic acid (3,3-F2), 3,2,2-trifluoropropionic 

acid (3,2,2-F3), 3,3,3-trifluoropropionic acid (3,3,3-F3), 3,3,2,2-tetrafluoropropionic acid 

(3,3,2,2-F4), 3,3,3,2-tetrafluoropropionic acid (3,3,3,2-F4), and pentafluoropropionic acid 

(F5). 

Precursor Ion 

CID Product Branching Ratio 

Loss HF Loss CO2 Loss HF + CO2 Form. FCO2
ï 

2-F 1 N/A* N/A* 0 

3-F 0 N/A* N/A* 1 

2,2-F2 0.1536 0.8464 N/A* 0 

3,3-F2 0.0031 0.2313 N/A* 0.7655 

3,2,2-F3 0.0015 0.0908 0.0454** 0.8622** 

3,3,3-F3 0 0.2223 0** 0.7777** 

3,3,2,2-F4 0 0.9994 0.0002 0.0004 

3,3,3,2-F4 0 0.9840 0.0001 0.015 

F5 0 1 0 0 

*The loss of CO2 and the loss of HF + CO2 from the 2-F and 3-F derivatives yields a 

product with m/z less than the lower detection limit of the Thermo LTQ mass spectrometer 

and so could not be quantified. 

**Fragment m/z for the loss of CO2 + HF is equivalent to the m/z of FCO2
ï. A Waters 

Synapt G2-Si was used to verify the fragmentation as the two products differ in exact mass 

by 0.02 m/z (see Appendix A figure A17 and A18). 
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3.3.2 ï Competition between FCO2
ï and CO2 formation pathways.  

To investigate the FCO2
ï formation mechanism, the nudge elastic band (NEB) algorithm 

was used to identify transition states along the reaction pathway of the various deprotonated 

fluorinated propionic acid derivatives. In all cases, NEB calculations identified a four-

membered ring transition state formed between the carboxylate carbon atom and a fluorine 

atom bound to the b-carbon. Figure 3.3A shows the transition state en route to FCO2
ï 

formation for the deprotonated 3,3,3,2-tetrafluoro derivative. In general, the transition states 

associated with FCO2
ï production exhibit elongated CaïCO2

ï bonds (ca. 3.0 ¡) and CbïF 

bonds (ca. 1.9 ¡), and a FÅÅÅCO2
ï distance of ca. 2.2 ¡ compared to the equilibrium geometry 

of the intact parent (ca. 1.6 ¡, ca. 1.3 ¡, and ca. 3.0 ¡, respectively). Concomitant with 

FÅÅÅCO2
ï bond formation, the F2CbïCaHF moiety adopts a planar geometry and shortened 

CbïCa bond length expected for the fluorinated ethene co-fragment. Transition state 

structures and reaction pathways for all species studied are provided in Appendix A Figure 

A17ïA29. 

Figure 3.3B plots the computed dissociation pathway for deprotonated 3,3,3,2-

tetrafluoropropionic acid. DFT calculations indicate an interesting competition between 

pathways leading to the formation of FCO2
ï and the loss of CO2. Formation of CO2 was 

found to proceed by barrierless dissociation of the CaïCO2
ï bond. At standard temperature 

and pressure, Gibbs energy, zero-point corrected energy, and electronic energy calculations 

indicate that CO2 loss is favoured. Note that the formation of FCO2
ï is thermodynamically 

favoured for both 3,3-difluoropropionic acid and 3,3,3-trifluoropropionic acid in most cases. 

For 3,3,3-trifluoro, the Gibbs energy for the formation of FCO2
ï calculated at standard room 

temperature and pressure are higher than the CO2 loss threshold. The fact that the CO2
 loss is 

the dominant product channel observed for CID of the 3,3,3,2-tetrafluoro derivative suggests 

that the conditions in our mass spectrometer are such that the barrier along the reaction 

pathway leading to FCO2
ï is indeed higher than the CO2 loss threshold. 
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 Table 3.3 provides a comparison of the computed thresholds for CO2 production and the 

barriers to FCO2
ï production for all species studied. In general, computational predictions of 

the preferred dissociation pathway align with CID experimental observations. We find that 

higher degrees of fluorination (i.e., tetrafluoro and pentafluoro substitution) yields relatively 

high barriers to FCO2
ï production, thus favouring CO2 production, and that lower degrees of 

fluorination yield relatively low barriers to FCO2
ï production. However, there are two notable 

exceptions to this trend: the 3-monofluoro and the 3,2,2-trifluoro derivatives. Calculations 

indicate that CO2 production is strongly favoured for the 3-monofluoro derivative. This 

behaviour was not observed in IRMPD experiments and CID experiments were inconclusive 

in this regard because the CO2 loss channel was below our lower mass limit. In the case of 

the 3,2,2-trifluoro derivative, FCO2
ï production was the predominant channel observed via 

CID, but calculations suggest a slight preference for CO2 production. Whether the 

discrepancy between experiment and theory for these species is due to calculation accuracy, 

experimental conditions, or a combination of both is not clear. It is also worth noting that our 

computational results indicate that CO2 production is favoured for the 3,3,3,2-tetrafluoro 

derivative, and that this behaviour is observed in CID, but not in IRMPD experiments (which 

yield a FCO2
ï to CO2 branching ratio of ca. 2:1). This further supports the hypothesis that 

one can exert some control over the unimolecular dissociation process for the 3,3,3,2-

tetrafluoro derivative via resonant IR photoexcitation. A detailed investigation of the photo-

chemical dynamics associated with the IRMPD process for deprotonated 3,3,3,2-

tetrafluoropropionic acid would certainly be interesting but is beyond the scope of this study.   
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Figure 3.3. (A) Computed transition state geometry for production of FCO2
ï from 

deprotonated 3,3,3,2-tetrafluoropropionic acid. (B) Computed dissociation pathways for 

deprotonated 3,3,3,2-tetrafluoropropionic acid. (Black trace) relative standard Gibbs energy, 

(red trace) relative zero-point corrected energy, and (blue trace) relative electronic energy. 

Calculations were conducted at the M06-2X/aug-cc-pVTZ level of theory with single point 

energy calculated with DLPNO-CCSD(T)/aug-cc-pVTZ. 
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Table 3.3. Calculated thresholds for production of CO2 and FCO2
ï for deprotonated 3-

monofluoropropionic acid (3-F), 3,3-difluoropropionic acid (3,3-F2), 3,2,2-

trifluoropropionic acid (3,2,2-F3), 3,3,3-trifluoropropionic acid (3,3,3-F3), 3,3,2,2-

tetrafluoropropionic acid (3,3,2,2-F4), 3,3,3,2-tetrafluoropropionic acid (3,3,3,2-F4), and 

pentafluoropropionic acid (F5). Calculations were conducted at the M06-2X/aug-cc-pVTZ 

level of theory with single point energy calculated with DLPNO-CCSD(T)/aug-cc-pVTZ. 

Energies are given in kJ molï1. Other deprotonated fluorinated propionic acids with only 

computational results are provided in Appendix A Table A8.  

Precursor Ion 

CO2 loss FCO2
ï TS FCO2

ï Production 

DEelec DEzpe DGÁ DEelecỜ DEzpeỜ DGỜÁ DEelec DEzpe DGÁ 

3-F 190 159 116 177 162 159 33.8 18.7 -24.6 

3,3-F2 198 181 139 142 126 122 47.8 35.1 -12.2 

3,2,2-F3 216 203 159 235 221 218 67.5 55.7 48.4 

3,3,3-F3 176 160 114 156 142 135 108 97.6 45.1 

3,3,2,2-F4 170 158 111 226 213 205 118 108 54.5 

3,3,3,2-F4 185 171 128 186 173 168 150 140 89.0 

F5 161 150 102 250 238 218 194 186 130 

    

3.3.3 ï Competition between HF and CO2 formation pathways 

The NEB algorithm was employed to investigate the HF formation mechanism for the 

deprotonated 2-monofluoro-, 2,2-difluoro-, and 3,3,2,2-tetrafluoropropionic acid derivatives. 

As expected, HF elimination proceeds via a four-membered ring transition state en route to 

generating the CbïCa double bond of the associated deprotonated propenoic acid 

derivative.157 Figure 3.4A shows the calculated transition state for deprotonated 2,2-

difluoropropionic acid. In general, the transition states along the HF formation pathway 
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exhibit elongated CaïF bonds (ca. 2.0 ¡) and CbïH bonds (ca. 1.3 ¡) for nuclei associated 

with the nascent HF moiety, and a shortened FÅÅÅH (ca. 1.4 ¡) compared to the equilibrium 

geometry of the intact parent (ca. 1.4 ¡, ca. 1.1¡, and ca. 2.6 ¡, respectively). Transition 

state structures and reaction pathways for the deprotonated 2-monofluoro- and 3,3,2,2-

tetrafluoropropionic acid derivatives are provided in Appendix A. 

   Figure 3.4B plots the computed dissociation pathway for deprotonated 2,2-

difluoropropionic acid. DFT calculations suggest a competition between pathways leading to 

the formation of HF and the loss of CO2; the CO2 loss pathway is slightly favoured over the 

HF loss pathway. Although CO2 loss is also favoured for the 3,3,2,2-tetrafluoro derivative, 

HF loss is favoured for the 2-monofluoro derivative. Thus, the trend that higher degrees of 

fluorination favour CO2 production is again observed computationally (as was the case when 

investigating the FCO2
ï formation pathway). The energetics for HF and CO2 production for 

the deprotonated 2-monofluoro-, 2,2-difluoro-, and 3,3,2,2-tetrafluoropropionic acid 

derivatives, all of which align with the results of CID experiments, are summarized in Table 

3.4. Note, though, that for the deprotonated 2-monofluoro derivative, the CO2 loss channel 

is below our instrumentôs lower mass limit. Consequently, we cannot make a definitive 

statement regarding CO2 production via CID and its alignment with theoretical predictions. 

It is also worth noting that CO2 production is favoured for the 2,2-difluoro derivative, and 

that although this behaviour is observed in CID, IRMPD exclusively yields HF. This apparent 

selectivity via resonant IR photoexcitation parallels our observations for production of FCO2
ï 

and further underscores the need for a detailed investigation of IR-induced photochemical 

dynamics in these systems. 

  



  42 

 

 

 

Figure 3.4. (A) Computed transition state geometry for production of HF from deprotonated 

2,2-difluoropropionic acid. (B) Computed dissociation pathway for HF loss from 

deprotonated 2,2-difluoropropionic acid. (Black trace) relative standard Gibbs energy, (red 

trace) relative zero-point corrected energy, and (blue trace) relative electronic energy. 

Calculations were conducted at the M06-2X/aug-cc-pVTZ level of theory with single point 

energy calculated with DLPNO-CCSD(T)/aug-cc-pVTZ. 

 

Table 3.4. Calculated thresholds for production of CO2 and HF for deprotonated 2-

monofluoropropionic acid (2-F), 2,2-difluoropropionic acid (2,2-F2), and 3,3,2,2-

tetrafluoropropionic acid (3,3,2,2-F4). Energies are given in kJ mol
ï1. Calculations were 

conducted at the M06-2X/aug-cc-pVTZ level of theory with single point energy calculated 

with DLPNO-CCSD(T)/aug-cc-pVTZ. 

Precursor 

Ion 

CO2 loss HF loss TS HF loss product 

DEelec DEzpe DGÁ DEelecỜ DEzpeỜ DGỜÁ DEelec DEzpe DGÁ 

2-F 280 263 221 187 147 171 77.1 60.1 22.0 

2,2-F2 236 222 179 250 232 232 101 85.6 48.0 

3,3,2,2-F4 170 158 111 208 199 196 122 105 64.0 
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The loss of CO2 to yield the associated fluorinated carbanion is the commonly known 

fragmentation pathway for per- and polyfluorinated carboxylic acids (i.e., PFCAs), we find 

this to be the case only for fluorinated propanoic acids exhibiting a relatively high degree of 

fluorination. Mono-, di-, and tri-fluorinated species with fluorine atoms bound to the beta-

carbon atom instead predominantly yield FCO2
ï via both CID and IRMPD. In further contrast, 

mono-, di-fluorinated species with fluorine atoms bound to the Ŭ-carbon atom exhibit HF 

loss.  

   Interestingly, significant differences in product branching ratios are observed for some 

fluorinated propionic acid derivatives depending on whether fragmentation occurs via CID 

or IRMPD. For example, the 2,2-difluoropropionic acid exhibits only HF loss via IRMPD, 

whereas via CID the loss of CO2 is favoured over the loss of HF by nearly 6:1. Similarly, in 

the case of 3,3,3,2-tetrafluoropropionic acid, CID yields predominantly CO2 (>99%) whereas 

IRMPD produces FCO2
ï and CO2 with a branching ratio of approximately 2:1. 

Computational modelling of the reaction pathways revealed that the observed CID behaviour 

can be explained in terms of the barrier to HF (or FCO2
ï) production relative to the threshold 

for CO2 loss. The cases for which IRMPD outcomes differ from those observed via CID 

suggests that resonant IR photoexcitation and the subsequent energy redistribution 

selectively accesses specific product channels via non-stochastic processes dissimilar from 

that of a thermal mechanism. Mode specific fragmentation ratios can be found in Table A9 

and A10 in Appendix A. It is also an interesting open question as to whether the degree of 

fluorination affects similar variability in fragmentation for other sub-classes of PFAS, such 

as per- and polyfluorinated sulfonic acids. 

  



  44 

 

 

3.4 ï Conclusions 

A result summary for all the deprotonated propionic acids is in Table 3.5. All propionic 

acids access two product channels depending on its isomeric form, molecules with a higher 

degree of fluorination favour the CO2
 loss product channel in CID. The FCO2

ï product 

channel is hypothesized that a fluorine atom must be bonded to the b-carbon for the reaction 

to be accessible. Comparing the fragmentation results between CID and IRMPD of the 

3,3,3,2-tetrafluoropropionic acid, the IRMPD facilitates the yield of FCO2
ï more than the 

loss of CO2 compared to the CID fragmentation which primarily yields the loss of CO2. 

Further computational investigations reveal that the transition state for the FCO2
ï formation 

to be a four-membered ring transition state comprised of the three carbon atoms and a fluorine 

atom bonded to the b-carbon. In contrast, the HF elimination pathway is only experimentally 

observed from the 2-monofluoro, 2,2-difluoro, and the 3,3,2,2-tetrafluoro species. Thus, we 

believed that a fluorine bonded to an a-carbon and hydrogen bonded b-carbon must be 

present. DFT calculations show that the transition state geometry for the HF elimination is 

comprised of the a- and b- carbon, the fluorine atom bonded to the a-carbon, and a hydrogen 

bonded to the b-carbon. Differences between CID and IRMPD can be seen again from the 

2,2-difluoro, where HF elimination is the dominant fragmentation channel under IRMPD, 

but CO2 loss is the dominant fragmentation channel under CID. The fragmentation 

differences between CID and IRMPD suggests that resonant IR excitation and the subsequent 

energy redistribution may not be stochastic in nature compared to a thermal mechanism. 
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Table 3.5. Summary for the result and method used to study the different deprotonated 

fluorinated propionic acids.  

For Formation of FCO2
ï 

Precursor 

Ion 

Method used for studying IRMPD Experiment 

Favours 

CID Experiment Favours 

IRMPD CID Computational Loss of 

CO2 

Formation of 

FCO2ï 

Loss of 

CO2 

Formation of 

FCO2ï 

3-F V V V  V V  

3,2-F2   V N/A N/A 

3,3-F2  V V  V  V 

3,2,2-F3  V V N/A  V 

3,3,2-F3   V N/A N/A 

3,3,3-F3 V V V  V  V 

3,3,2,2-F4 V V V V  V  

3,3,3,2-F4 V V V  V V  

F5 V V V V  V  

 

For HF Elimination 

Precursor 

Ion 

Method used for studying IRMPD Experiment 

Favours 

CID Experiment Favours 

IRMPD CID Computational Loss of 

CO2 

HF 

Elimination 

Loss of 

CO2 

HF 

Elimination 

2-F V V V  V  V 

2,2-F2 V V V  V V  

3,3,2,2-F4 V V V V  V  

 

Although there are more than 9,000 unique PFAS listed in EPA CompTox database, 

standardized methods for detection and quantification exist for only a few dozen, and there 

is limited knowledge regarding the structures and properties of transformation products. 

Future studies of other short-chain PFAS and PFAS from other chemical classes such as 

fluorotelomers (e.g., ADONA) and fluoroethers (e.g., GenX) will help remedy these 
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shortcomings and may provide insights with respect to trends in reactivity, which in turn will 

guide the development of methods for treatment and analysis. This work highlights an 

important consideration for researchers interested in the treatment, detection, and 

quantification of PFAS. During treatment, it is expected that longer-chain PFAS are 

converted into shorter-chain species and that the degree of fluorination is reduced.136,137,158 

To assess treatment efficiency and elucidate reaction mechanisms, it is necessary to 

accurately quantify the contaminants and the transformation products. Owing to typical 

environmental concentrations for these species, quantification most often is achieved using 

mass spectrometry. However, the application of mass spectrometry alone can lead to 

ambiguous results when it comes to isomeric species. For example, as demonstrated above 

the deprotonated 3,3,3-trifluoro and 3,2,2-trifluoropropionic acid derivatives exhibit the 

same m/z ratio, and both yield FCO2
ï + 1,1-difluoroethene upon dissociation. Similarly, 2,2-

difluoropropinoic acid yields predominantly the loss of CO2 with minor production of HF. In 

contrast, 3,3-difluoro yields predominantly FCO2
ï via CID with minor loss in CO2. If CO2 

loss is used in multiple reaction monitoring to monitor the difluoroproionic acid, much of the 

quantitation of the 3,3-difluorofluoropropionic acid isomer will be lost. Consequently, 

orthogonal separation and/or characterization techniques (e.g., ion mobility, liquid 

chromatography) are required to unambiguously characterize these analytes. Moreover, as 

underscored by this study, even for a particular sub-class of PFAS (e.g., PFCAs), chemistry 

can vary significantly with substitution pattern and degree of fluorination.  

Computational Geometries are available through the following link:  

http://dx.doi.org/10.19061/iochem-bd-6-431  

  

http://dx.doi.org/10.19061/iochem-bd-6-431
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ï Chapter 4 ï  

Gas-phase Triazolide Complexes 

 

4.1 ï Introduction 

Since ferrocene was first synthesized in the early 1950s,33,159 much effort has gone into 

creating and characterizing aromatic organometallic complexes.34,35 For example, heavy 

analogues of the cyclopropenyl cation,160,161 benzene and its homologues,162ï164 and oxazole 

and thiazole have been reported.165,166 Researchers have also explored the impact of the 

cationic moiety in cyclopentadienyl (Cpï) complexes, and have found that a variety of 

structures arise depending on the nature of the cation;36 bonding in Cpï complexes containing 

relatively electropositive elements are considered to be mainly ionic (e.g., Cs+Cpï), whereas 

bonding in complexes containing p-block elements is highly covalent. It is the degree of ionic 

versus covalent bonding, in conjunction with the nature of orbital overlap (referred to as 

ñhapticityò for transition metals), that yields the observed structural diversity of these 

compounds. 

Quantitative studies of aromatic complexes in the gas-phase were first reported by Kebarle 

et al., who demonstrated that the binding energy of 80 kJ molï1 for the potassium benzene 

cation, K+[C6H6], exceeds that of K
+[H2O] (~75 kJ molï1).37 Armentrout and coworkers 

extended this work to study the series of alkali cation-benzene complexes, and observed the 

expected trend of decreasing binding energy with increasing cation size.167 This trend can be 

satisfactorily explained in terms of cation-quadrupole and cation-induced dipole interactions 
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that dominate ñcation-pò interactions. Many studies have since invoked cation-p interactions 

as driving forces in determining molecular and cluster geometries, particularly in the context 

of aromatic amino acids.168ï172 

There have been relatively few studies of gas-phase complexes containing metal ions and 

Cpï ligands.173ï178 Foster and Beauchamp investigated ion-molecule reactions involving 

ferrocene and observed the Fe3Cp3
+ complex, which they suggested might exhibit a ñtriple 

decker sandwichò geometry.173 Beauchamp and coworkers followed up on this by studying 

nickelocene via ion cyclotron resonance mass spectrometry, whereby they identified similar 

behaviour to ferrocene for these anologus nickel complexes.174 More recently, Featherstone 

et al. conducted a combined computational and experimental infrared multiple photon 

dissociation (IRMPD) spectroscopy study of complexes of the general form [NanCpnï1]
+.38 

The largest complex that they characterized experimentally was the [Na4Cp3]
+ cluster, which 

may be visualized as Beauchampôs triple-decker sandwich but capped with sodium ions on 

either end. The authors referred to these clusters as ñinverse sandwich complexesò, but noted 

that this term had been previously coined for compounds containing a central dianion and 

two cationic aromatic rings as ligands.179,180 Featherstone concluded that the gas-phase 

[NanCpnï1]
+ complexes were bound primarily by ion-ion and ion-induced dipole interactions, 

based on relatively minor IR spectral shifts of the bound versus free Cpï ligands and 

negligible computed orbital overlap between the Na+ and Cpï moieties. They also highlighted 

the fact that several vibrational bands, which were observed experimentally but not computed 

via DFT modelling, were consistent with overtone or combination bands associated with Cï

H out-of-plane bending and NaïCpïNa bending. 
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An interesting open question with respect to the structures and properties of gas-phase 

aromatic organometallic complexes is the importance of ring symmetry. For example, how 

does lowering the symmetry of the Cpï moiety (D5h) by substituting heteroatoms (e.g., N) in 

place of the carbon centres impact cluster geometry and stability? Such a substitution would 

introduce ion-dipole interactions and the possibility of charge-transfer of lone pair electron 

density to the metal cation, but Kebarleôs work on K+[C6H6] and K
+[H2O] suggested that 

cation-p interactions might still be the dominant influence on cluster geometry.37 Here, we 

investigate sodium and potassium clusters of 1,2,3-triazolide and 1,2,4-triazolide (see Figure 

4.1), which have dipole moments of approximately 3.3 D and 1.4 D, respectively, thus 

bracketing the dipole moment of H2O (ca. 1.84 D). Mass spectrometry, infrared multiple 

photon dissociation (IRMPD) action spectroscopy, and quantum chemical calculations are 

employed to study the structures and properties of these species. 

 

Figure 4.1. (left) deprotonated 1H-1,2,3-triazole and (right) deprotonated 1H-1,2,4-triazole. 

Molecular dipoles were computed at the ɤB97X-D/def2-tzvpp level of theory. 
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4.2 ï Methods 

IRMPD spectra were recorded at the FELIX free electron laser laboratory.78 1H-1,2,3-

triazole and 1H-1,2,4-triazole were sourced from Sigma Aldrich at 97% and 98% purity, 

respectively. Solutions for electrospray ionization were prepared in a 50:50 methanol:water 

mixture at a concentration of 10 ÕM with 1 ÕM of sodium hydroxide or potassium hydroxide 

added to deprotonate the triazole molecules and to provide the alkali metal cation to form the 

gas-phase ionic clusters of interest. Following electrospray ionization, complexes of interest 

were mass selected using a modified quadrupole ion trap mass spectrometer (Bruker 

Amazon) interfaced with the output of the FELIX IR beam. Parent clusters were irradiated, 

and fragment ions were produced via IRMPD across the 600 ï 1850 cmï1 region. Vibrational 

spectra were then generated by recording the precursor fragmentation efficiency (eq. 2.1) as 

a function of the tunable free electron laser output.   

Computational investigations were carried out using the ORCA computational suite and 

the CREST conformation sampling algorithm. Several different input structures were 

manually generated for conformer search via the CREST algorithm using the ñnciò 

keyword.106,110 Geometry optimizations were conducted at the ɤB97 level of theory and 

employing the D3 dispersion corrections with the def2-tzvpp basis set for the lowest energy 

conformers identified by CREST.117,181 This level of theory was selected due to its 

documented accuracy and efficiency.182,183 Frequency calculations were then carried out at 

the same level of theory and basis set for comparison with the experimental IRMPD spectrum 

and to obtain thermal corrections for binding energy calculations. Electronic energy 

calculations were completed with the DLPNO-CCSD(T)/def2-tzvpp level of theory with the 

tightPNO parameter.184,185 Natural bonding order (NBO) calculations are completed on the 

Gaussian computational suite, using the ɤB97X-D/def2-tzvpp level of theory to analyze the 

bonding character between the cation and anion.107 
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4.3 ï Results and Discussion 

Under the conditions employed for experiments, the deprotonated 1H-1,2,3-triazole 

(hereafter 123T) and 1H-1,2,4-triazole (hereafter 124T) species were observed to cluster with 

Na+ and K+ to form complexes with stoichiometries of [M3(123T)2]
+, [M4(123T)3]

+, 

[M3(124T)2]
+ and [M4(124T)3]

+ where M = Na or K. In the case of [Na3(124T)2]
+, the parent 

ion signal was too low to record a reliable IRMPD spectrum. We also attempted to explore 

the analogous M = Cs species (using CsOH in the ESI mixture) but these were challenging 

to produce; the signal for [Cs3(124T)2]
+ was insufficient for analysis. However, we were able 

to record the spectrum for [Cs2(124T)]
+ and [K5(124T)4]

+ (see Figure 4.2 and Figure 4.7 

respectively). The lowest energy geometry of the [M2(124T)]
+ are found to have to the metal 

cation located along the symmetry axis of the 124T. Geometry discussion for the larger 124T 

clusters is in section 4.3.2.  

 

Figure 4.2. (Blue) IRMPD spectrum (red) computed spectrum for the [Cs2(124T)]
+ cluster, 

with its lowest energy geometry located on the top left corner of the graph. 
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4.3.1 ï 1,2,3-triazolide complexes 

The major product channels accessed via IRMPD for the [Na3(123T)2]
+ (m/z 205) and 

[K3(123T)2]
+ (m/z 253) species are formation of [Na2(123T)]

+ (m/z 114) and [K2(123T)]
+ 

(m/z 146) via loss of a neutral Na(123T) or K(123T) fragment, respectively. Upon 

dissociation, the larger [Na4(123T)3]
+ (m/z 296) cluster yields [Na3(123T)2]

+ (m/z 205) and 

[Na2(123T)]
+ (m/z 114) in a branching ratio of approximately 7:93, presumably by loss of 

neutral Na(123T) or Na2(123T)2 fragments. The analogous [K4(123T)3]
+ cluster exhibits 

analogous dissociation product channels with the similar branching ratios.  

Figure 4.3 shows the IRMPD spectra recorded for [Na3(123T)2]
+, [Na4(123T)3]

+, 

[K3(123T)2]
+, and [K4(123T)3]

+; immediately apparent upon inspection are the similarities 

between their spectra. Although there are some differences in relative band intensities, the 

band positions are the same (within measurement error) from one cluster to another. In their 

study of [NanCpnï1]
ï
,
38 Featherstone et al. reported similar invariance of band position with 

degree of clustering. This invariance suggests that clustering with Na+ or K+ negligibly 

perturbs the vibrational structure (viz. bonding) of the associated anions in these systems. The 

red traces overlayed on Figure 4.3 are the computed harmonic vibrational spectra for the 

lowest energy conformers of the various clusters. The agreement between the computed and 

measured spectra is good. Based on these calculations and a FT-IR/Raman study of the bare 

123T anion by Tºrnkvist et al.,186 we can assign the most intense features in the IRMPD 

spectra (see Table 4.1). Interestingly, we also observe three weak spectral features in the 

1600 ï 1800 cmï1 region which are not reported by Tºrnkvist or computed via DFT 

modelling; these bands are most prominent in the [K4(123T)3]
+ spectrum and are completely 

absent in the [Na3(123T)2]
+ spectrum. Featherstone et al. reported similar observations for 

[NanCpnï1]
ï and suggested that such features might be associated with vibrational overtones 

or combination bands. In this case, only the C-H out-of-plane bending mode (fundamental at 

ca. 805 cmï1) could generate an overtone in this region. An alternative possibility is that these 

vibrational bands are combination bands involving those observed in the 950ï1150 cmï1 

region and the ring torsion mode (fundamental band at 628 cmï1).186 A future spectroscopic 
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study of isotopically labelled 123T might provide a more concrete assignment of these 

features. 

 

Figure 4.3. IRMPD spectra for (A) [Na3(123T)2]
+, (B) [Na4(123T)3]

+, (C) [K3(123T)2]
+, and 

(D) [K3(123T)3]
+. Computed IR spectra for the lowest energy conformation, which are 

overlayed in red, are scaled by 0.95 in accordance with literature convention.187,188 The inset 

green traces show a zoom of the 1500 ï 1900 cmï1 region. 
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Table 4.1. Assignments for the average observed IRMPD bands for the [Nax(123T)y]
+ and 

[Kx(123T)y]
+ species (intensities; w = weak, m = medium, s = strong, vs = very strong). FT-

IR band positions and symmetry assignments are those reported in reference 186 under a 

0.5M NaOH environment.186  

IRMPD ’Ӷ / cmï1 FT-IR ’Ӷ / cmï1 Description 

1729 w / Combination band 

1667 w / Combination band 

1628 w / Combination band 

1418 m 1439 m (A1), 1412 m (B1) C-C str, C-N str 

1130 s 1146 s (A1) C-C str + C-H def 

1054 s 1097 m (A1), 1068 vs (B1) N-N str + ring def + C-H def 

957 s 963 s (A1) Ring def 

805 s 800 m (B2) C-H out-of-plane bending 

 

Figure 4.5 shows the computed global minima and the first excited isomers for the 

[M3(123T)2]
+ (M = Na, K) clusters. Computational analysis indicates that these species do 

not form inverse sandwich complexes like their Cpï analogues. Instead, cluster geometries 

seem to be more strongly influenced by charge-dipole and charge-transfer (C-T) interactions 

than cation-p interactions. For example, the global minima exhibit compact 3D geometries 

that maximize overlap of the N lone pair density with the M+ valence s orbitals. These 

interactions are somewhat reduced in the higher energy planar isomers, but there is still some 

directionality associated with the inter-moiety binding. An additional ñdrawbridgeò like 

structure is found for [K3(123T)2]
+, where the triazolides are bridged by two potassium 

cations by the side and a potassium cation extended away from the bridge structure (See 

Figure 4.4). 
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Figure 4.4. The different isomeric forms of [K3(123T)2]

+ and their relative Gibbs energies. 

(A) is the lowest energy geometry, (B) is ñdrawbridgeò like structure, and (C) is the extended 

structure that has the highest energy. 

The relative Gibbs energy of the ñdrawbridgeò like structure (Fig. 4.4B) is 35 kJ molï1 

higher than the compact structure (Fig. 4.4A). This ñdrawbridgeò structure is not found for 

the sodiated analogue which is presumed to be caused by the size of the cations as the larger 

potassium cation can accept lone-pair donations at a further distance. The isomer 2 geometry 

for the sodiated species shown in Figure 4.5 is about 20 kJ molï1 in relative Gibbs energy 

higher than the compact 3D geometry. In contrast, the same isomer structure for the 

potassiated analogue is 56 kJ molï1 higher in energy compared to the 3D compact form. 

Figure 4.6 shows the computed global minima for the [M4(123T)3]
+ (M = Na, K) clusters. 

For [Na4(123T)3]
+, we find a nearly planar geometry that appears to be a flattened version of 

the more the compact 3D geometry computed for [K4(123T)3]
+. These clusters also exhibit 

directional bonding seemingly associated with M+ÅÅÅN interactions, suggesting that C-T 

interactions also strongly influence the structures of the larger clusters. Across the series of 

clusters that we investigated computationally, the average minimum distance between 

triazolide moieties is ca. 2.9 ¡ for the sodiated clusters and ca. 3.8 ¡ for the analogous 

potassiated clusters, a difference that is attributable to the larger ion radius for K+ (1.33 ¡) 

compared to Na+ (0.99 ¡).189 The larger size and relative softness of the K+ cation compared 

to the Na+ cation likely also gives rise to the relative flexibility/fluxionality of potassiated 

clusters. With respect to the possible C-T interactions, sodiated clusters exhibit Na+ÅÅÅN 

distances of ca. 2.3 ¡ and potassiated clusters exhibit K+ÅÅÅN distances of ca. 2.9 ¡, which 

compares favorably to the K+ÅÅÅN bond distance of 2.9 ¡ measured for potassium nitrite 

crystals.190  
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To further investigate the interactions giving rise to the computed cluster geometries, we 

undertook natural bonding orbital (NBO) analysis,191,192 which on the basis of previous work 

we expect should be a valid approach here.45,193ï195 Table 4.2 provides the computed C-T 

stabilization energies associated with electron density donation from the triazolide moieties 

to the alkali metal cations in the clusters studied. In all cases, the dominant contribution to 

C-T stabilization (ca. 80%) was donation of N lone pair electron density into the valence 3s 

orbital of Na+ or 4s orbital of K+. In general, we find that sodiated clusters exhibit slightly 

higher degrees of C-T than do the analogous potassiated clusters, possibly owing to better 

orbital overlap and closer approach of the nuclei. A similar trend is calculated for the Gibbsô 

energies of binding (also given in Table 4.2), which are slightly larger in magnitude for the 

sodiated species than the analogous potassiated species.  
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Figure 4.5. The global minima and the first higher energy isomers of [M3(123T)2]
+ 

(M = Na, K). Calculations were conducted at the ɤB97X-D3/def2-tzvpp level of theory. 

NBO interaction energies are summarized in Table 4.2.  
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Figure 4.6. Computed global minima for the [M4(123T)3]
+ (M = Na, K) clusters. 

Calculations were conducted at the ɤB97X-D3/def2-tzvpp level of theory. 
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Table 4.2. Computed cluster binding energies and stabilization energies associated with 

charge-transfer (C-T) interactions between the 123T anions and alkali metal cations. NBO 

calculations were undertaken at the ɤB97X-D3/def2-tzvpp level of theory. Gibbs binding 

energies, DGÁ, are calculated using standard temperature and pressure. 

Cluster 
C-T Stabilization 

Energy / kJ molï1 

Energy per C-T 

Interaction / kJ molï1 
 Fragmentation pathway 

DG° Binding 

Energy / kJ molï1 

[Na2(123T)]+ 89 44 Na+ + Na(123T) 141.8 

[Na3(123T)2]+ 292 73 [Na2(123T)]+ + Na(123T) 81.3 

[Na4(123T)3]+ 480 53 
[Na3(123T)2]+ + Na(123T) 

[Na2(123T)1]+ + Na2(123T)2 

132.5 

94.3 

[K 2(123T)]+ 73 37 K+ + K(123T) 114.1 

[K 3(123T)2]+ 237 59 [K 2(123T)]+ + K(123T) 84.9 

[K 4(123T)3]+ 368 41 
[K 3(123T)2]+ + K(123T) 

[K 2(123T)1]+ + K2(123T)2 

70.2 

56.1 

4.3.2 ï 1,2,4-triazolide complexes 

The 124T clusters exhibit similar IRMPD fragmentation products to the 123T clusters. 

The major product channel for [K3(124T)2]
+ (m/z 253) is loss of K(124T) to form [K2(124T)]

+ 

(m/z 146). We were unable to reliably measure [Na3(124T)2]
+. The major product channels 

of [Na4(124T)3]
+ (m/z 296) are the loss of the neutral Na2(124T)2 to form [Na2(124T)]

+ (m/z 

114) and the loss of the neutral Na(124T) to form [Na3(124T)2]
+ (m/z 205), which occur with 

a branching ratio of approximately 71:29, respectively. Analogous behavior is observed for 

[K4(124T)3]
+, for which the product branching ratio was 89:11. 

Figure 4.7 plots the IRMPD spectra recorded for [Na4(124T)3]
+, [K3(124T)2]

+, and 

[K4(124T)3]
+, [K5(124T)4]

+. As was observed for the 123T clusters, substitution of Na+ with 

K+ has only a minor impact on the observed spectra. The red traces in Figure 4.7 show the 

computed harmonic vibrational spectra, which are in good agreement with those measured 

experimentally. Minor differences between the observed and calculated spectra occur near 

1,000 cmï1, where a resolved feature that is predicted by calculation is slightly shifted and 
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blended with another peak in the experimental spectrum, and at wavenumbers above ca. 

1,500 cmï1. The most intense spectral features are assigned in Table 4.3 based on our DFT 

calculations and the bare 124T anion FT-IR/Raman study by El-Azhary et al.196 The bands 

observed at ca. 1,550 cmï1 and ca. 1,700 cmï1 are not predicted by DFT calculations, nor are 

they reported by El-Azhary. Should the feature at 1,700 cmï1 be an overtone band, it would 

most likely correspond to the v = 0 Ÿ 2 excitation of the CïH wag, the fundamental of which 

is measured at 865 cmï1 (corresponding to a first overtone of ca. 1,730 cmï1). Alternatively, 

this band could be a combination of the ring deformation mode (962 cmï1) and the ring 

torsion mode (680 cmï1). Similarly, the band at ca. 1,550 cmï1 could be a combination of the 

CïH wag (865 cmï1) and the ring torsion mode (680 cmï1). Future measurements of 

isotopically substituted species would shed additional light on these bands. 
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Figure 4.7. IRMPD spectra for (A) [Na4(124T)3]
+, (B) [K3(124T)2]

+, and (C) 

[K3(124T)3]
+. Computed IR spectra for the lowest energy conformation, which are 

overlayed in red, are scaled by 0.95 in accordance with literature convention.187,188 The 

inset green traces show a zoom of the 1525 ï 1825 cmï1 region. 
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Table 4.3. Assignments for the observed IRMPD bands for the [Nax(124T)y]
+ and 

[Kx(124T)y]
+ species (intensities; w = weak, m = medium, s = strong, vs = very 

strong). FT-IR band positions and symmetry assignments are those reported in 

reference 196.196  

 

IRMPD ’Ӷ / cmï1 FT-IR ’Ӷ / cmï1 Description 

1703 ï 1739 w / Combination band 

1481 s 1439 (A1), 1412 (B2) C-C str, C-N str 

1240 s 1230 (B2) C-N str + C-H def 

1181 w 1207 (A1) C-N str + C-H def 

1143 m 1146 (A1) N-N str + ring def + C-H def 

962 m 963 (A1) Ring def + C-H def 

865 s 800 (B1)* C-H wag 

680 s 668 (A2) Ring torsion 

*Tentatively assigned in reference 196.  

The computed global minima for the [M3(124T)2]
+, [M4(124T)3]

+, and [M5(124T)4]
+ (M 

= Na, K) clusters are shown in Figure 4.8. Akin to the 123T clusters, the sodiated and 

potassiated 124T clusters do not form inverse sandwich complexes like their Cpï analogues. 

Instead, cluster geometries are strongly influenced by charge-dipole and CïT interactions; 

the CïT interaction energies reported in Table 4.4 are of similar magnitudes to those reported 

in Table 4.2 for the analogous 123T clusters. The lowest energy [Na3(124T)2]
+ cluster adopts 

a relatively planar/linear conformation. The first higher energy isomer is a more condensed 

structure at DGÁ = 31 kJ molï1. Interestingly, substituting K+ for Na+ results in an energetic 

reordering of these structures, with the linear structure shifting DGÁ = 4 kJ molï1 to higher 

energy of the compact geometry. The larger [M4(124T)3]
+ (M = Na, K) clusters both adopt 

pseudo-planar global minimum geometries. For the 124T clusters, Na+ÅÅÅN distances of ca. 

2.3 ¡ and K+ÅÅÅN distances of ca. 2.8 ¡ are computed, again comparing favorably to the 

K+ÅÅÅN bond distance of 2.9 ¡ measured for potassium nitrite crystals.190  
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Figure 4.8. The lowest energy geometries of [M3(124T)2]
+, [M4(124T)3]

+, and [M5(124T)4]
+ 

(M = Na, K). Calculations were conducted at the ɤB97X-D3/def2-tzvpp level of theory. The 

overlapping N lone pair and M+ s orbitals, which give rise to C-T interactions, are plotted for 

the [Na4(124T)3]
+ cluster. NBO interaction energies are summarized in Table 4.4. 
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Table 4.4. Computed cluster binding energies and stabilization energies associated with 

charge-transfer (C-T) interactions between triazolide anions and alkali metal cations. NBO 

calculations were undertaken at the ɤB97X-D3/def2-tzvpp level of theory. DG̃  are 

calculated using standard room temperature and pressure. 

Cluster 
C-T Stabilization 

Energy / kJ molï1 

Energy per C-T 

Interaction / 

kJ molï1 

 Fragmentation pathway 
DG° Binding 

Energy / kJ molï1 

[Na2(124T)]+ 89 45 Na+ + Na(124T) 150.1 

[Na3(124T)2]+ 234 58 [Na2(124T)]+ + Na(124T) 47.9 

[Na4(124T)3]+ 451 50 

[Na3(124T)2]+ + 

Na(124T) 

[Na2(124T)1]+ + 

Na2(124T)2 

58.3 

 

39.4 

[K2(124T)]+ 77 39 K+ + K(124T) 114.9 

[K3(124T)2]+ 199 50 [K2(124T)]+ + K(124T) 20.5 

[K4(124T)3]+ 302 34 
[K3(124T)2]+ + K(124T) 

[K2(124T)1]+ + K2(124T)2 

41.3 

27.6 

 

4.4 ï Conclusions 

In this work, we explored the structures and properties of [Mn(123T)n-1]
+ and [Mn(124T)n-

1]
+ (M = Na, K) clusters. In contrast with the analogous Cpï species,38 for which geometries 

are defined by cationïp interactions, the triazolide-containing clusters exhibited directional 

bonding associated with NŸM+ electron density donation. For the 123T-containing clusters, 

ring symmetry resulted in compact clusters whereas 124T-containing clusters could adopt 

more open geometries with more distance between M+ moieties. By lowering the symmetry 

of the anion, the cationïp interactions are less dominant, whereas ion-dipole and charge 

transfer interactions have the dominant influence on the structure geometry. In general, 

clusters that contain Na+ are more strongly bound than those that contain K+.  
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IRMPD action spectra, which were well modelled by DFT harmonic IR absorption spectra  

(at ɤB97x-D3/def2-TZVPP), exhibited interesting additional band features in the 1,500 ï 

1,800 cmï1 region. These band features are believed to be an overtone band of the C-H 

wagging vibrational mode or combination band of the C-H wagging mode and the ring-

torsion mode. Further spectroscopic study involved with labelled isotope of the 123T and 

124T cluster may help to elucidate the potential source of these additional band features. In 

addition, transition metal cations such as silver can be used to examine the influence of the 

neutral triazolide or other neutral cyclic species towards the structure and properties of the 

cluster formed.  

 

Computational geometries are available in the following link:  

https://iochem-bd.bsc.es/browse/handle/100/330732  
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ï Chapter 5 ï 

Gas-phase B12F12
2ï Diaminoalkane Clusters 

5.1 ï Introduction 

Recent developments of small boron clusters demonstrate potentially significant 

applications in therapeutic use and boron-based nanomaterials.197ï200 Specifically, the closo-

dodecaborate (B12X12
ï, X = H, F, Cl, Br, I) cages are of interest due to their extraordinary 

structural and electronic stability allowing for various fundamental and applied research field 

such as energy storage, catalysis, and neutron capture cancer therapy.39,40,201,202 These 

applications of the dodecaborate cages stem from their physicochemical properties and 

symmetry. The B12X12
2ï dianion has a quadruply degenerate gu symmetry cage-centred 

HOMOs mainly localised on the boron cage and separated from complexing counterions by 

the fluorine atoms located on the surface.41 In the case of B12F12
2ï, the negative charges are 

delocalized around the surface fluorine atoms, whereas larger halogenated analogues such as 

B12I12
2ï have the negative charge delocalization within the boron core.41 As a consequence, 

the delocalized excess electrons on the surface of the B12F12
2ï results in a weaker electrostatic 

interaction with its coordinating cation compared to common dianionic species in aqueous 

phase such as SO4
2ï and HPO4

2ï, thus the B12X12
2ï dianions are often referred to as óweakly 

coordinatingô anions.41,42 However, dianions such as SO4
2ï and HPO4

2ï are often unstable in 

the gas phase, while B12X12
2ï are stable in the gas phase.40,203 This allows for the study of 

clusters that involve multiple B12X12
2ï with dications, such as doubly protonated 

diaminoalkanes, to elucidate the structure and properties of larger multiply charged clusters.  

   Previous gas-phase study of B12X12
2ï (X=H, F, Cl, Br, I) cages indicated that the 

dodecaborate  cages are prone to charge-transfer reaction during dissociation by collision or 

IR excitation due to their low oxidation potential.45 B12F12
2ï has the lowest oxidation potential 

compared to the other halogenated dodecaborate clusters.204 It is of interested to examine 

further the possibility of charge-transfer interactions when clustering with primary amines 
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through hydrogen bonding as previous studies have shown that B12F12
2ï can cluster with 

various molecules in the gas phase.40,43,44,193,205 In the clustering study of the trimethyl- and 

triethylamine, and all-cis hexafluorocyclohexane, it is shown that the B12F12
2ï dianion binds 

with the counter ions or neutral molecule by dominantly electrostatic interactions in the gas 

phase.40,43,44 Specifically, in the study by Carr et al. using the triethylammonium as a counter 

cation demonstrated that both proton transfer reaction and charge transfer reaction occur 

under activation.44 The proton transfer reaction causes the formation of [HB12F12]
ï and the 

charge transfer reaction yields a singly charged B12F12
ï. In addition, a higher energy 

dissociation channel of HF elimination can be observed to yield a highly nucleophilic 

[B12F11]
ï and other cage fragments involving loss of multiple BF or BF3.

206 If trace water 

vapours are in the ion trap, hydroxide groups can replace the fluorine forming [B12Fx-y-

1(OH)y]
ï.45 In addition, B12F11

ï were shown to bind with noble gases via the nucleophilic site 

remaining following fluorine abstraction.207,208  

     This work explores the potential structures and properties of clusters that contains very 

rigid and highly symmetric B12F12
2ï and very flexible diaminoalkanes, (HN2(CH2)n(NH2) (n 

= 2ï12). The focus is to study how electrostatic interactions, charge-transfer reactions and 

incipient chemical bonding influencing the properties and the geometry of each cluster. 

Furthermore, we want to examine if entropic effect dominates the cluster geometry, resulting 

in an extended geometry, or if it will fold into itself and adopt a bidentate biding motif owing 

to the strength of the hydrogen bonds between the amine moiety and B12F12
2ï. It is also 

interesting to explore the dissociation pathway accessible to the diaminoalkane-B12F12
2ï 

cluster and if the dissociation pathways observed are consistent with the results reported for 

the protonated triethylamine-B12F12
2ï clusters, as the various length diaminoalkane chosen 

brackets the proton affinity and gas phase basicity of the triethylamine. Both singly and 

doubly charged clusters were elucidated, using the ion-mobility techniques, such as travelling 

wave ion mobility spectrometry (TWIMS) and differential ion mobility spectrometry (DMS).  

Spectroscopy methods such as infrared multiple photon dissociation (IRMPD) coupled with 

DFT calculations were used to aid in the interpretation of the experimental outcomes.  
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5.2 ï Experimental Methods 

K2B12F12 (>97%) salt and linear diaminoalkanes of the form [H2N(CH2)nNH2] (n = 2-10, 

12) (>95%) were sourced from Sigma Aldrich, except for 1,11-diaminoundecane which was 

sourced from LGC Standards, Canada. To produce clusters of the form 

[B12F12 + H2N(CH2)nNH2 + H]
ï and [2B12F12 + H2N(CH2)nNH2 + 2H]

2ï, electrospray 

ionization (ESI) solutions of 200 ÕM containing the appropriate analytes were prepared 

separately in a 50:50 methanol and water mixture with 6 % formic acid. This relatively high 

concentration of formic acid was employed to drive complete protonation of the 

diaminoalkanes.  

   High resolution mass spectrometry and collision cross-section (CCS) data was collected 

using a Waters Synapt G2-Si equipped with a TWIMS cell. A CCS calibration curve was 

created using the Waters Major Mix (Waters Canada, Major Mix IMS/Tof Calibration Kit) 

employing wave height settings of 36V, 38V, and 40V while maintaining the 500 m/s wave 

velocity as recommended by Gabelica et al.90 The calibration curve (located in Appendix B  

Figure B1) is then used to obtain the CCS for each targeted analyte. As drift tube studies of  

B12X12
2ï CCS related clusters/compounds are not available, the CCS reported in this study is 

not perfectly representative because the geometry and composition of the calibrants are 

different from the target analyte. Samples CCSs were measured with the same wave height 

settings as used for calibration. The TWIMS data showed single features.  

   To further investigate the possibility of isomeric species being present in the ion 

ensemble, DMS was employed. To conduct these experiments, a SCIEX SelexION DMS cell 

(1 mm gap-height) was mounted between a Turbospray ion source and the sampling orifice 

of the SCIEX QTRAP 5500 hybrid triple quadrupole linear ion trap mass spectrometer. DMS 

measurements were recorded at separation voltages (SV) ranging from SV = 0 ï 3000 V in 

steps of 500 V and from SV = 3000 ï 4000 V in 200 V steps, while scanning the range of 

compensation voltage (CV) in a step size of 0.25 V of the range of (20 V, expanded to 25 V 

at SV > 3600 V). Enhanced product ion (EPI) mode was used for resolution with a collision 
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energy of ï10 V to ensure signal intensity for taking DMS measurements. The DMS cell 

employed pure N2 gas. Ionograms were measured at each SV value to identify the 

corresponding CV peak(s), which represent optimal ion transmission at the given SV. 

Dispersion curves for the ions of interest were produced by plotting their optimal CVs across 

the entire SV range. Cases where multiple features were observed in the ionograms were 

indicative of either the presence of multiple cluster isomers or the fragmentation of larger 

clusters (e.g., dimers, ion-solvent clusters) to yield the analyte of interest.209  

   Spectroscopic fingerprints utilizing IRMPD were used to elucidate the potential 

isomeric conformations found in the ion mobility study. IRMPD spectra were recorded at the 

FELIX free electron laser laboratory (Radboud University, Nijmegen, Netherlands) over a 

wavenumber range of 1300 ï 3500 cmï1 without attenuation. Clusters of interest were 

produced and isolated within a modified Bruker Amazon quadrupole ion trap mass 

spectrometer that was interfaced with the FELIX IR beam.14,78 Vibrational spectra were 

generated by recording the precursor fragmentation efficiency as a function of the tunable 

free electron laser frequency.  

5.3 ï Computational methods 

      Monomer input geometries were created manually and optimized using the ORCA 

computational suite.106 The geometry optimized protonated diaminoalkane and B12F12
2ï 

species were then combined to create the appropriate clusters and the CREST algorithm was 

used to sample the possible conformations.110 Following conformation sampling, candidate 

cluster structures were optimized using the ɤb97x-D3 method with the def2-TZVPP basis 

set  and refined with the ɤb97x-D3BJ method with the def2-TZVPPD basis set.117,181 The 

level of theory and the basis set were chosen to balance computational resources and accuracy. 

Frequency calculations were conducted on the optimized geometry at the same level of theory 

and basis set as optimization for the thermochemical data and for the comparison with the 

experimental IR spectra. 
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5.4 ï Results and Discussion 

5.4.1 ï Mass Spectrometry Results 

   High resolution mass spectrometry (HRMS) was used to confirm the identities of the 

B12F12
2ï and diaminoalkane clusters. Figure 5.1 shows the HRMS spectrum recorded for the 

singly charged [B12F12 + H2N(CH2)6NH2 + H]
ï cluster (m/z ~ 475) along with its theoretical 

isotopic distribution, which arises predominantly from the 1:4 ratio of 10B:11B. Analogous 

plots for the other singly charged [B12F12 + H2N(CH2)nNH2 + H]
ï (n = 2 ï 5, 7 ï 12) clusters, 

as well as for the doubly charged [2B12F12 + H2N(CH2)nNH2 + 2H]
2ï (n = 2 ï 12) clusters are 

available in Appendix B(Figures B3ïB23). In some cases, the presence of other species with 

more intense MS signals introduced ambiguity to our analyses. For example, the isotopic 

distribution for the doubly charged [2B12F12 + H2N(CH2)3NH2 + 2H]
2ï cluster (m/z ~ 396) 

overlapped with that of the KB12F12
ï cluster (m/z ~ 397), a challenge that was further 

confounded by the relatively low signal intensity of the n = 3 doubly charged cluster. In 

instances like this, we conducted additional experiments that used the TWIMS cell to 

separate the interfering species from those of interest prior to recording isotopic distributions. 

TWIMS experiments are discussed in more detail below. The TWIMS-isolated HRMS 

spectrum for the doubly charged n = 3 cluster is shown in Figure B14. A possible explanation 

for the relatively low intensity of this cluster (compared to the n = 2 and n = 4 analogues) is 

that singly-protonated 1,3-diaminopropane adopts a stable six-membered ring via 

intramolecular hydrogen bonding, which disfavours the second protonation and subsequent 

formation of the doubly charged n = 3 cluster. This is supported by calculations, which 

indicate that the linear isomer of protonated 1,3-dimainopropane is DGÁ = 63 kJ molï1 higher 

in energy than the 6-membered ring ground state. 
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Figure 5.1. (A) The experimental mass spectrum recorded for the 

[B12F12 + H2N(CH2)6NH2 + H]
ï cluster and (B) its theoretical isotopic distribution. 

Experimental m/z features associated with the various isotopologues of 

[B12F12 + H2N(CH2)6NH2 + H]
ï are highlighted in blue. 

   Figure 5.2 shows the fragmentation mass spectrum of the 

[B12F12 + H2N(CH2)6NH2 + H]
ï cluster as observed following IRMPD and CID. For the most 

part, both fragmentation techniques generated the same product ions, but with different 

relative intensities. Two minor features at m/z ~394 and m/z ~399, for which we do not have 

a definitive assignment, were observed in CID but not in IRMPD. Based on their masses, we 
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have tentatively provided molecular formulae for these ions (see Figure 5.2). The remaining 

product ions were assigned to a variety of boron and fluorine containing species, many of 

which had been identified previously in the [B12F12 + N(CH2CH3)3 + H]
ï study by Carr et 

al.210 The most prominent product ion observed is B12F11
ï (m/z ~339), which is produced via 

HF elimination from HB12F12
ï (m/z ~359), which itself is a product of the parent 

[B12F12 + H2N(CH2)6NH2 + H]
ï cluster. We note that very little B12F12

2ï (m/z ~179) is 

produced via CID or IRMPD, indicating that the proton transfer dissociation pathway is the 

dominant product channel. Loss of HF from HB12F12
ï to generate the (very reactive) B12F11

ï 

cluster results in further fragmentation of the boron cage cluster (e.g., successive F losses) as 

well as reactions with the background N2 gas to form the [B12F11 + N2]
ï cluster (m/z ~367). 

We also see formation of [B12F11 + Ar]
ï (m/z ~379), which arises due to reaction with the 

Ar(g) that is used for CID. Reaction of B12X11
ï (X = halogens, CN) anions with inert gases 

was first reported by Rohdenburg et al.,211 who demonstrated binding of Kr and Xe to the 

supernucleophilic site of  B12Cl11
ï (produced via CID of B12Cl12

2ï). With regard to the singly 

charged [B12F12 + H2N(CH2)nNH2 + H]
ï (n = 2 ï 12) and the doubly charged 

[2B12F12 + H2N(CH2)nNH2 + 2H]
2ï (n = 2 ï 12) clusters studied here, the fragmentation 

behaviour shown in Figure 5.2 is relatively consistent across the entire series (see Appendix 

B Figures B35 ï B55). To further confirm the identity of the [B12F11 + N2]
ï cluster, we 

conducted CID experiments for a few test cases with the source of N2 (i.e., the TWIMS cell) 

turned off. Doing so resulted in the disappearance of the [B12F11 + N2]
ï peak from the mass 

spectrum. 
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Figure 5.2. Fragment mass spectra observed for [B12F12 + H2N(CH2)6NH2 + H]
ï (m/z ~ 475) 

following (A) IRMPD and (B) CID. The parent ion is highlighted in blue at 3200 cmï1. 

Tentative assignments are provided for the features at m/z ~ 394 and m/z ~ 399. The 

remaining mass features are assigned based on the reference 210.  

5.4.2 ï Computational Results 

   To explore the structures and properties of the [B12F12 + H2N(CH2)nNH2 + H]
ï 

(n = 2 ï 12) and [2B12F12 + H2N(CH2)nNH2 + 2H]
2ï (n = 2 ï 12) clusters, we first conducted 

a detailed computational study. CREST sampling followed by DFT optimization yields three 

structural motifs for the singly-charged species, [B12F12 + H2N(CH2)nNH2 + H]
ï (n = 2 ï 12), 

based on the geometry of the diaminoalkane: (i) monodentate binding, (ii) bidentate binding, 

and (iii) proton-bound ring structures. Figure 5.4A ï C shows examples of these structural 

motifs for the [B12F12 + H2N(CH2)6NH2 + H]
ï cluster along with relative Gibbs energies. In 



  74 

 

 

this case, the lowest energy structural motif is that of the proton-bound ring structure, which 

lies ca. 30 kJ molï1 below the monodentate and bidentate structures. Calculations indicate 

that for the singly-charged species with n Ò 8, the proton-bound ring structural motif is the 

preferred geometry. However, for n Ó 9 the isomeric forms re-order energetically and the 

bidentate motif becomes the favoured geometry. Figure 5.3 plots the relative energies of the 

structural motifs of the [B12F12 + H2N(CH2)nNH2 + H]
ï clusters as a function of n. 

 

Figure 5.3. Relative energy differences between the three singly charged conformations. 

(black) monodentate geometry, (red) bidentate geometry, and (green) proton-bound geometry. 
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   Figures 5.4D ï F show the computed global minima for the 

[2B12F12 + H2N(CH2)nNH2 + 2H]
2ï (n = 3 ï 5) clusters. Calculations indicate compact 

geometries for clusters with n Ò 3 and extended structures for clusters with n Ó 4. 

Interestingly, for clusters with n Ò 3, the extended geometries were not stable minima and 

collapsed into the compact form upon geometry optimization. This behaviour is likely driven 

by four factors: (i) the Coulombic repulsion of the B12F12
2ï cages, (ii) the Coulombic 

repulsion of the ammonium groups of the doubly-protonated diaminoalkane, (iii) the entropy 

of the doubly-protonated diaminoalkane chain, and (iv) the attractive forces (i.e., Coulombic 

and hydrogen-bonding) between the B12F12
2ï cages and the ammonium groups. For the short-

chain diaminoalkanes (n = 2, 3), the distance between the B12F12
2ï cages in the compact and 

(hypothetical) extended forms is not significantly different so factors (i) and (ii) will be 

relatively similar in both cases by virtue of the 1/r dependence of Coulombic interactions. 

Moreover, the conformational space for these short-chain diaminoalkanes is relatively small 

and restricting their geometry in the compact cluster form has a relatively minor impact on 

the system entropy. However, as shown in Figure 5.4 for the case of the n = 3 cluster, the 

proximity of the B12F12
2ï cages to both ammonium groups of the short-chain species enables 

the formation of additional stabilizing attractive interactions. The balance of these driving 

forces leads to the adoption of compact structures for the short chain species. In contrast, the 

stabilization afforded by introducing additional hydrogen bonding does not overcome the 

entropic penalty of restricted geometry in the clusters that contain longer chain 

diaminoalkanes. This behaviour is reflected in the computed gas phase basicity and proton 

affinity for the diaminoalkanes (see Table B4 for singly charged and Table B5 for doubly 

charged); gas phase basicities, for example, increase from 507 kJ molï1 to 828 kJ molï1 

across the range n = 2 ï 12. 



  76 

 

 

 

Figure 5.4. (Top) Computed geometries of the [B12F12 + H2N(CH2)6NH2 + H]
ï cluster: (A) 

proton-bound ring structure, (B) monodentate-bound structure, and (C) bidentate-bound 

structure. Calculated relative Gibbs energies for the three isomers are given in kJ molï1. 

(Bottom) Computed geometries of the [2B12F12 + H2N(CH2)nNH2 + 2H]
2ï (n = 3, 4, 5) 

clusters. (D) The structure of the n = 3 doubly-charged cluster is representative of the ground 

state of those containing diaminopropane and diaminoethane species. (E) The structure of 

the n = 4 doubly-charged cluster. (F) The structure of the n = 5 doubly-charged cluster is 

representative of the ground state of those containing diaminopentane and longer chain 

species. 

 

   The computed binding energies for the dissociation process [B12F12 + H2N(CH2)nNH2 + 

H]ï Ÿ HB12F12
ï + H2N(CH2)nNH2 (n = 2, 6, 12) are provided in Table 5.1 and energies for 

the remaining analogous [B12F12 + H2N(CH2)nNH2 + H]
ï  clusters are provided in Appendix 

B Table B8ïB10. Standard Gibbs binding energies for the lowest energy conformations 

range from ca. 160 ï 210 kJ molï1. As expected, the trend in binding energy as a function of 

n mirrors that of the relative conformer energies. In comparison, dissociation energies of the 
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singly-charged clusters to yield B12F12
2ï (i.e., direct dissociation without proton transfer) are 

significantly higher in energy (see Table B11ïB13), ranging from 491 ï 576 kJ molï1. This 

result accords with experiment, where the formation of B12F12
2ï was observed to be a (very) 

minor product channel via CID and IRMPD for all clusters.  

   The computed binding energies for the doubly-charged [2B12F12 + H2N(CH2)nNH2 + 

2H]2ï  (n = 2 ï 12) clusters are provided in Table 5.2. As was the case with the singly-charged 

species, the proton-transfer product channel (leading to formation of HB12F12
ï) is 

thermodynamically favoured over the B12F12
2ï product channel. However, we find that the 

gap between these thresholds diminishes substantially with increasing length of the 

diaminoalkane chain; for the n = 2 cluster, the energy gap between thresholds is DE = 164 

kJ molï1, whereas for n = 12 the gap is DE = 8 kJ molï1. This stabilization of the B12F12
2ï 

product channel relative to the HB12F12
ï product channel is reflected in the CID 

fragmentation spectra, which show significantly more intensity in the B12F12
2ï mass channel 

for clusters containing longer diaminoalkanes (0.3% of total ion signal for n = 2 versus 4.7% 

of total ion signal for n = 12). In comparison, a similar analysis of the singly-charged [B12F12 

+ H2N(CH2)nNH2 + H]
ï clusters reveals that the energy gap between product thresholds 

diminishes from DE = 66 kJ molï1 to DE = 28 kJ molï1 across the n = 2 ï 12 series, and the 

B12F12
2ï ion signal observed in CID increases from 0.2% to 2.0% of total ion signal, 

accordingly. 
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Table 5.1. Computed binding energies for [B12F12 + H2N(CH2)nNH2 + H]
ï dissociating to 

H2N(CH2)nNH2
 + HB12F12

ï products for n = 2, 6, 12. Electronic energies (DEelec), zero-point 

corrected energies (DEzpe), enthalpies (DH), and standard Gibbs energies (DGÁ) are reported 

in kJ molï1, and entropy (DS) is reported in units of kJ molï1 Kï1. 

Cluster DEelec DEzpe DH  DS DGÁ 

Monodentate conformation 

n = 2 244.2 223.6 223.1 53.7 169.3 

n = 6 243.9 224.0 223.4 56.9 166.5 

n = 12 243.0 223.4 222.5 58.6 163.9 

Bidentate conformation 

n = 2 244.2 223.5 223.0 53.8 169.2 

n = 6 248.0 226.0 226.2 61.9 164.3 

n = 12 278.6 255.2 256.1 69.2 186.9 

Proton-bound ring conformation 

n = 2 256.4 236.6 236.4 55.0 181.4 

n = 6 295.0 272.3 273.0 63.8 209.2 

n = 12 278.3 251.5 182.8 254.1 182.8 
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Table 5.2. Computed binding energies for [2B12F12 + H2N(CH2)nNH2 + 2H]
2ï dissociating 

to: (I.) [B12F12 + H2N(CH2)nNH2
 + H]ï + HB12F12

ï and (II.) [B12F12 + H2N(CH2)nNH2
 + 2H]0 

+ B12F12
2ï products for n = 2, 6, 12. Electronic energies (DEelec), zero-point corrected energies 

(DEzpe), enthalpies (DH), and standard Gibbs energies (DGÁ) are reported in kJ molï1 , and 

entropy (DS) is reported in units of kJ molï1 Kï1. 

Cluster DEelec DEzpe DH  DS DGÁ 

I. HB12F12ï Formation 

n = 2 199.0 180.5 188.4 85.2 103.2 

n = 6 192.1 172.5 171.6 62.5 109.1 

n = 12 229.8 211.7 217.6 81.4 136.2 

II. B12F122ï Formation 

n = 2 345.4 341.2 346.8 79.6 267.2 

n = 6 219.8 220.9 216.5 49.9 166.6 

n = 12 202.8 207.2 209.2 65.2 144.0 
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5.4.3 ï Ion Mobility Results 

   To investigate the possibility of multiple isomeric sub-populations in the gas phase 

ensemble, we conducted TWIMS experiments for the [B12F12 + H2N(CH2)nNH2 + H]
ï and 

[2B12F12 + H2N(CH2)nNH2 + 2H]
2ï clusters for n = 2 ï 12. Collision cross-sections (CCSs) 

for all ions measured are tabulated in Appendix B (Table B2). The 

[B12F12 + H2N(CH2)nNH2 + H]
ï clusters are found to have CCSs that range from 180 ¡2 (n = 

2) to 218 ¡2 (n = 12), with a relatively linear increase in CCS values as a function of the 

length of the diaminoalkane chain (see Figure 5.5). We do not resolve multiple features in 

our TWIMS experiments. However, we note that the linear trend of increasing CCS with 

increasing size of diaminoalkane chain length deviates slightly at n = 10, which also exhibits 

a significantly broader arrival time distribution than the other clusters. This is approximately 

the same region that calculations predict there to be an energetic reordering of the low-energy 

structural motifs; the proton-bound ring structure being favoured for n Ò 8 and the bidentate 

structure favoured for n Ó 9. Overlayed on Figure 4 are CCSs for the various cluster isomers, 

which we computed using MobCal-MPI.212 Because MobCal-MPI is not parameterized to 

include boron, we employed the force field parameters for sp3 hybridized carbon to 

approximate the boron parameters while maintaining the DFT-calculated cluster geometries 

and partial charges. Since this treatment will introduce minor systematic errors to the 

calculations, one is cautioned against over-interpreting the resulting CCS values. However, 

we anticipate qualitative agreement for the relative CCS trends of the cluster structural motifs 

owing to the internal consistency of our computational approach. When comparing the 

computed CCSs to those measured experimentally, we find relatively good agreement with 

the trends for the proton-bound ring and bidentate motifs. Considered collectively, our 

TWIMS measurements and supporting CCS calculations suggest that there may be multiple 

isomers present for the longer chain species, which accords with expectations based on DFT 

calculations. 
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Figure 5.5. (Black) Measured CCSs for the [B12F12 + H2N(CH2)nNH2
 + H]ï (n = 2 ï 12) 

clusters. Error bars indicate the full width at half maximum for the arrival time distributions. 

The dashed line shows a linear trend that was fit to the n = 2 ï 9 clusters. The dotted line 

shows a linear trend that was fit to the n = 10 ï 12 clusters. Computed CCS values for the 

(green) monodentate, (red) bidentate, and (blue) proton-bound ring structures. 

 To explore further the isomeric composition of the gas phase cluster ensembles, we 

measured the differential ion mobility behaviour of each cluster. DMS has been shown to 

resolve isomeric features that cannot be resolved via TWIMS, although care must be taken 

to account for artefacts associated with fragmentation of larger cluster species.94,213,214 Figure 

5.6 shows the DMS ionograms measured for the [B12F12 + H2N(CH2)nNH2 + H]
ï (n = 4, 10) 

clusters. Overlayed in red are the ionograms measured for the 

[2B12F12 + H2N(CH2)nNH2 + 2H]
2ï (n = 4, 10) clusters, which fragment in the post-DMS 

transfer ion optics to generate the singly-charged analogues (observed at CV å 13 V). 

Analogous plots for the other clusters studied are provided in the supplementation 

information (Figure B24-34). The remaining feature observed in the ionogram of 
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[B12F12 + H2N(CH2)4NH2 + H]
ï suggests that this cluster exhibits a single structural motif in 

its gas phase ensemble under these experimental conditions (see Figure 5.6A). In contrast, 

the ionogram of [B12F12 + H2N(CH2)10NH2 + H]
ï exhibits two features after accounting for 

fragmentation of the [2B12F12 + H2N(CH2)4NH2 + 2H]
2ï cluster to generate the singly-

charged analogue and HB12F12
ï (see Figure 5.6B). In fact, the second, lower intensity feature 

is visible in all [B12F12 + H2N(CH2)nNH2 + H]
ï (n = 6 ï 12) ionograms (see Figures B28-34), 

suggesting that two isomeric forms are present for the larger clusters. Unfortunately, both 

features exhibited the same fragmentation behaviour and precursor ion scans, so we cannot 

conclusively assign the observed peaks to specific cluster geometries. Nevertheless, given 

our computational results, we favour the larger peak at CV å 7 V to be the proton-bound ring 

structure. 
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Figure 5.6. Ionograms of (A, blue) [B12F12 + H2N(CH2)4NH2 + H]
ï and (A, red) 

[2B12F12 + H2N(CH2)4NH2 + 2H]
2ï measured at SV = 3800 V in a pure N2 environment. 

(B, blue) Ionograms of [B12F12 + H2N(CH2)10NH2 + H]
ï and (B, red) 

[2B12F12 + H2N(CH2)10NH2 + 2H]
2ï measured at SV = 3800 V in a pure N2 environment.  

Ionograms for the other clusters measured at the same SV are provided in Appendix B(Figure 

B24-34). 
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5.4.4 ï Infrared Ion Spectroscopy (IRIS) Results 

   As a final exploration of cluster structure, IRIS experiments were performed on the 

mass-selected singly-charged [B12F12 + H2N(CH2)nNH2 + H]
ï and the doubly-charged 

[2B12F12 + H2N(CH2)nNH2 + 2H]
2ï (n = 2 ï 12) clusters. Figure 5.7 provides a comparison 

of the experimental spectrum recorded for the [B12F12 + H2N(CH2)12NH2 + H]
ï cluster along 

with the computed spectra for the monodentate, bidentate, and proton-bound ring isomers. 

Table B14 in Appendix Boutlines the assignments for the fundamental vibrational band 

systems observed in the doubly-charged and the singly-charged clusters. The spectral 

intensity near 3,300 cmï1 demonstrates the presence of the bidentate and/or the proton-bound 

ring structure since the monodentate isomer does not absorb in this region. Similarly, the 

intensity observed near 2,700 cmï1 demonstrates the presence of the proton-bound ring 

structure since only this isomer absorbs at wavenumbers in the 2,500 ï 2,900 cmï1 region. 

That this band is not as sharp and intense as predicted by theory stems from the fact that it is 

associated with the shared proton vibration of the protonated 1,12-diaminododecane moiety; 

shared protons are notoriously anharmonic and often exhibit broad bands of relatively low 

intensity.215,216 By monitoring this region as a function of diaminoalkane chain length 

indicates that the proton-bound ring structure is present for all clusters sizes. Unfortunately, 

owing to spectral congestion there are no isolated diagnostic vibrational bands for either of 

the other two motifs. As a note for completeness, the doubly-charged 

[2B12F12 + H2N(CH2)nNH2 + 2H]
2ï (n = 2 ï 12) clusters, for which there was only a single 

low-energy isomer for each cluster size, exhibited relatively sparse spectra that aligned very 

well with computed harmonic absorption spectra (see Appendix B Figures B67-70).  
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Figure 5.7. (A) The experimental IRIS spectrum for the [B12F12 + H2N(CH2)NH2 + H]
ï 

cluster and the computed spectra of the (B) monodentate, (C) bidentate, and (D) proton-

bound ring isomers. The intensity observed near 2,700 cmï1 demonstrates that the proton-

bound-ring structure is present in the probed ensemble.  
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   A final interesting observation was that different band intensities were observed in 

spectra from different IRMPD product channels of the same parent molecule. For example, 

the spectra observed in the m/z ~ 358 (HB12F12
ï) and m/z ~ 339 (B12F11

ï) product channels of 

the [B12F12 + H2N(CH2)12NH2 + H]
ï cluster are marked different as seen in. For example, the 

m/z 339 channel exhibits relatively narrow bands with substantially more intensity in the 

>2,900 cmï1 region than in the ca. 1,500 cmï1 region, whereas the m/z 358 channel exhibits 

relatively broad bands with substantially higher intensity in the ca. 1,500 cmï1 region than at 

>2,900 cmï1 (see Figure 5.8). This behaviour can likely be attributed to the power 

dependence of the processes to produce HB12F12
ï and m/z ~ 339 B12F11

ï. Because B12F11
ï is 

produced via HF loss from HB12F12
ï, excitation via the high absorption cross-section bands 

in the 2,900 ï 3,200 cmï1 region leads to a reaction cascade from the parent to HB12F12
ï to 

B12F11
ï, thus artificially diminishing the band intensity in the m/z ~ 358 channel and inflating 

that observed in the m/z ~ 339 (B12F11
ï) product channel. We attempted to confirm this with 

a power study at the FELIX facility, but results were inconclusive because there is a 

significant reduction in the fragmentation signal when any attenuations are applied.  
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Figure 5.8. Comparisons of the IRMPD spectra for the (black) m/z 358 fragment and (red) 

m/z 339 fragment from the singly charged diaminoheptane cluster [(B12F12)ÅH3N-(CH2)7-

NH2]
ï.  
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5.5 ï Conclusions 

Multiple B12F12
2ï cages can be observed to form a doubly charged cluster in the form, 

[2(B12F12)+ H2N-(CH2)n-NH2+2H]
2ï. Fragmentations of the dianion complex proceeds via 

two dissociation pathways: (i) proton-transfer to yield [HB12F12]
ï and (ii) a direct dissociation 

of the protonated diaminoalkane and B12F12
2ï. In the proton-transfer product channel, further 

gas phase reaction by HF elimination yields the highly electrophilic [B12F11]
ï species that 

subsequently reacts with inert gases in the ion trap to form species such as [B12F11 + N2]
ï and 

[B12F11+Ar]
ï. The doubly charged species are found to adopt an extended geometry where 

the negative charges can be maximally separated, until n Ò 4, where a more compact structure 

is adopted to maximize the Coulombic attraction between the B12F12
2ï cages and the 

ammonium groups. Three unique geometries are found for the singly charged species, a 

monodentate, a bidentate, and a proton-bound ring structure. Two major fragmentation 

pathways are observed, the formation of HB12F12
ï and the loss of B12F12

ï. The computed 

standard Gibbs binding energies for the formation of HB12F12
ï from the doubly charged 

species is found to be a 103.2 kJ molï1 at n = 2 and increases to 136.2 kJ molï1 at n = 12. In 

contrast, the standard Gibbs binding energies for the loss of B12F12
2ï is found to be 267 kJ 

molï1 at n = 2 and decreases to 144 kJ molï1 at n = 12. For the singly charged species, similar 

trend to the doubly charged species can be observed, with the formation of HB12F12
ï to be 

the more favourable fragmentation pathway than the loss of B12F12
2ï.   

To investigate further the possibility of multiple isomers presenting in the gas-phase 

ensemble, TWIMS and DMS experiments were conducted. The singly charged species are 

found to have a CCS of 180 ¡2 (n = 2) to 218 ¡2 (n = 12), with a relatively linear increase in 

CCS value as a function of the diaminoalkane chain length. Linear trend of increasing CCS 

with increasing size begins to deviate at n = 10, this leads to the believe that there are 

potential conformations change as the chain length increases. Following the TWIMS 

experiments, DMS experiments were undertaken to attempt to resolve the potential isomers 

within the gas-phase ensemble. For diaminoalkane chain length with n Ò 4, two features can 
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be observed in the ionogram for the singly charged species, with a peak-feature that perfectly 

coincides with the doubly charged analogue. This means that the doubly charged analogue 

has fragmented in the post-DMS transfer to generate the singly charged species. For the 

longer diaminoalkanes (n Ó 5), three features can be observed in the ionogram. While one 

feature is similar to the cases of the shorter chain length, two features remain to be observed 

and are believed to be potentially the different isomers within the gas-phase ensemble. We 

assign the larger peak to be the proton-sharing geometry, with the smaller peak to be the 

monodentate geometry based on the relative energy differences.  

Finally, IRIS experiments were completed to elucidate the potential isomeric candidates 

in the gas-phase ensemble. The unique peak feature around 2700 cmï1 demonstrates the 

presence of the proton-sharing structure for all diaminoalkane chain length. However, due to 

spectral congestion, no diagnostic vibrational bands can be determined for the other motifs. 

The doubly charged species with a single low-energy isomer for all chain length, exhibited a 

relatively sparse spectra that aligned well with the computed harmonic absorption spectra. 

An interesting observation is also found for the HB12F12
ï product channel and the B12F11

ï 

product channel for the diaminododecane cluster, where the B12F11
ï fragmentation channel is 

more intense in the region > 2900 cmï1 compared to the ca. 1500 cmï1 region. This behaviour 

is found to be different for the HB12F12
ï product channel, where ca. 1500 cmï1 region is found 

to be more intense than the region of > 2900 cmï1. This is believed to be caused by the power 

dependence to produce HB12F12
ï and B12F11

ï. Future studies can couple DMS with IRMPD 

to potentially mobility select before IR interrogation to confirm the isomeric structure for 

different peaks shown in the ionogram. In addition, further studies can be done with other 

B12X12
2ï (X = H, Cl, Br, I) species to observe similar behaviour or if the structures found in 

this study can only be formed by B12F12
2ï. 

Computational geometries are available through the following link: 

http://dx.doi.org/10.19061/iochem-bd-6-420 

http://dx.doi.org/10.19061/iochem-bd-6-420
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ï Chapter 6 ï 

Conclusions 

IRMPD and tandem mass spectrometry were used to study three different chemical 

systems to elucidate their physicochemical properties and dissociation behaviour. In the case 

of deprotonated fluorinated propionic acids, we observed that isomerization leads to different 

fragmentation behaviours and unique IR fingerprints. For the triazolide species, the 

substitution of the isomeric form of the triazolide moieties significantly impacted cluster 

geometry, owing to differences in the charge-dipole interactions and lone-pair donation 

interactions that stabilize the various clusters. The diaminoalkaneïB12F12
2ï study 

demonstrated that successive addition of CH2 groups results in changes to the cluster 

geometry, with one structural motif being favoured for small clusters and another for larger 

species. As a summary, the different chemical systems studied in this thesis have 

demonstrated interesting properties, interactions, and fragmentation patterns governed by 

structural changes within the gas phase clusters.  

To summarize chapter 3, the family of the different fluorinated propionic acids were 

studied with IRMPD and CID. Under IRMPD, it was possible to separate isomeric forms of 

fluorinated propionic acids such as the 3,3,2,2-tetrafluoropropionic acid and the 3,3,3,2-

tetrafluoropropionic acid. We discovered that formation of the fluoroformate, FCO2
ï, anion 

and HF elimination were accessible fragmentation pathways, in addition to the commonly 

seen CO2
 loss fragmentation pathway. The FCO2

ï formation pathway was the only accessible 

for fluorinated propionic acids with a fluorine bonded to the b-carbon, whereas the HF 

elimination pathway is only accessible if a hydrogen is bonded to the b-carbon and a fluorine 

bonded to an a-carbon. At high energies, it was possible to observe further fragmentation by 

HF elimination after the loss of CO2. The discovery of the new fragmentation pathways leads 

to the investigation of the product ratio between the loss of CO2
 and the formation of FCO2

ï 

or HF elimination. Under IRMPD, the FCO2
ï pathway was more favourable for species such 
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as the 3,3,3-trifluoropropionic acids and the 3,3,3,2-tetrafluoropropionic acid. In comparison, 

the CO2 loss pathway was more favourable under CID for the 3,3,3-trifluoro and the 3,3,3,2-

tetrafluoropropionic acid. Curiously, similar fragmentation behaviour can be observed from 

2,2-difluoropropionic acid, where CID demonstrated that the dominant fragmentation to be 

the loss of CO2 but IRMPD favours HF elimination. This result is interesting as it is rare to 

observe a significant difference in fragmentation for IRMPD and CID for small covalent 

bonded molecules. The transition states structure for the FCO2
ï formation and the HF 

elimination pathway was found to be a pseudo-four-membered ring structure. It is of interest 

to investigate further the fragmentation behaviour of other PFAS compounds such as 

fluorotelomers and fluoroethers that are commonly used as substitutes for legacy PFASs, as 

more interesting fragments can form with different substituents. In addition, more studies are 

required to elucidate the reasoning behind the differences in the fragmentation ratio between 

IRMPD and CID, to verify if IVR can be non-ergodic for a covalently bonded ion. This study 

showed that extra cares are needed when examining complex PFAS compounds during 

analytical studies to account for unexpected product channels.  

In chapter 4, I discussed the cluster geometry and the forces influencing the geometry of 

different triazolide and alkali metal cations complexes in the form of [Mn(123T)n-1]
+ and 

[Mn(124T)n-1]
+ (M = Na, K). Comparing the cluster geometry of the 1,2,3-triazolide (123T) 

and the 1,2,4-triazolide (124T) structures to the analogous cyclopentadienyl (Cpï) cluster, it 

was found that the triazolide clusters no longer form an ñinverse-sandwichò like complex and 

instead formed unique compacted structures strongly influenced by ion-dipole interactions 

and lone pair charge donation interaction. The largest clusters observed for the 123T was 

[M4(123T)3]
+ with a compact 3D structure for the potassiated analogue and a flatter and more 

planar for the sodiated analogue. In contrast, the analogous cluster observed for both K-124T 

and Na-124T adopts a more open structure with longer distances between the 124T and the 

metal cation. The binding energy of the sodiated 123T and 124T clusters were found to be 

higher than the potassiated analogues. Overtone bands of C-H out-of-plane bending mode or 

combination bands of C-H out-of-plane bending and ring torsion modes can be observed in 
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the region of 1500 cmï1 to 1850 cmï1 for both 124T and 123T clusters regardless of the ion 

partner. More studies utilizing isotope labelled 124T and 123T are needed to elucidate the 

origin of these bands that were not predicted by harmonic oscillator DFT methods. Hence, 

the reduction in symmetry by substituting C with N can have a major effect on the geometry 

of the cluster and the interactions between the cation-anion pair. 

In Chapter 5, we found that the B12F12
2ï cages complexing with diaminoalkanes of the 

form H2N-CHn-NH2 (n = 2 ï 12) results in unique geometry based on the alkyl chain length 

through IRMPD and ion mobility methods. Doubly charged clusters containing two B12F12
2ï 

at different diaminoalkane lengths, [2(B12F12)+H2N-CHn-H2N+2H]
2ï (n = 2 ï 12) were 

observed.  The two major fragmentation pathways, the formation of HB12F12
ï was found to 

be more favourable compared to the loss of B12F12
2ï. Nucleophilic sites arose from fluoride 

abstraction can be observed to interact with inert gas such as N2 and Ar to form [B12F11 + 

N2]
ï and [B12F11 + Ar]

ï.  CID and IRMPD yielded smaller BxFy
ï fragments that were from 

consecutive loss of BF3 or loss of BF. The shorter alkane length (n = 2 and 3) doubly charged 

clusters had a compact geometry owing to maximize the Coulombic attraction between the 

B12F12
2ï cages and both protonated terminus amine groups. In contrast, the longer alkane 

length doubly charged clusters had a charge separated geometry, where each B12F12
2ï only 

interacts with one protonated amine group. The lowest energy singly charged cluster of the 

form [B12F12+H2N-CH2-H2N+H]
ï were found to have three unique geometries: monodentate, 

bidentate, and a proton-sharing geometry. The monodentate geometry had the highest relative 

Gibbs energy compared to both proton-sharing and bidentate geometry. The singly charged 

clusters were found to have a CCS of 180 ¡2 (n = 2) to 218 ¡2 (n = 12). Isomeric geometries 

were not separable in TWIMS but are separable on the DMS for longer chain length species 

(n Ó 5).  In fact, two distinct peaks could be observed on the ionogram for n = 2 ï 5, whereas 

three distinct peaks can be seen for n = 6 ï 12. One of the distinct peak features was 

determined to be the doubly charged analogue dissociating into the singly charged species 

during transmission post DMS cell. IRMPD results of the doubly charged species indicated 

a single conformation. For the singly charged clusters, the unique vibrational band of the 
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proton-sharing at 2700 cmï1 could be observed across the different chain length. However, it 

was not possible to confidently determine if the monodentate and the bidentate motifs were 

present in the gas-phase ensemble due to spectral congestion. Future studies could couple ion 

mobility method to mobility select the isomers before IR interrogation to determine the 

potential isomeric structure in the gas-phase.  In addition, it is of interest to see if similar 

fragmentation behaviour and cluster geometry can be observed for the other dodecaborate 

cages, B12X12
2ï (X = H, Cl, Br, I).  In general, this study demonstrated the novel potential of 

clustering the B12F12
2ï cages with other molecules or ions to generate clusters with interesting 

geometries. 

The studies presented in this thesis demonstrates that small changes in cluster structure, 

whether it is isomerisation or sequential addition to alkyl chain length, can significantly 

impact the systemôs physicochemical properties. Moreover, these variations in cluster 

properties were often non-intuitive (e.g., FCO2
ï production depending on fluorine position), 

signalling the need for further studies to probe analogous systems (e.g., FSO3
ï production 

from sulphonate analogues). However, limitations with IRMPD and tandem mass 

spectrometry leaves some open questions regarding the structure and fragmentation 

behaviour. For example, in the case of fluorinated propionic acids, questions were raised 

regarding whether IRMPD is always an ergodic process for covalently bonded molecules or 

if exceptions may occur. Future work could also be envisioned which employs labelled 

isotopologues of the triazolides to probe the identity of the overtone band/combination bands. 

Furthermore, in the case of the diaminoalkane-B12F12
2ï clusters, differentiating the cluster 

geometries via IRMPD spectroscopy is challenging due to spectral congestion of similar 

vibration absorption bands; ion mobility separation prior to IR interrogation could assist in 

decongesting IRMPD spectra and enabling unambiguous structural elucidation. Research 

like this will provide a deeper description of how small changes in cluster structure can 

influence their physicochemical properties. 
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Appendix A 

 
Figure A1. IRMPD and computed harmonic vibrational spectra for deprotonated 3-

monofluoropropionic acid.  

 

Figure A2. IRMPD and computed harmonic vibrational spectra for deprotonated 3,3,3-

trifluoropropionic acid. 
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Figure A3. IRMPD and computed harmonic vibrational spectra for deprotonated 3,3,2,2-

tetrafluoropropionic acid. 

 

Figure A4. IRMPD and computed harmonic vibrational spectra for deprotonated 

pentafluoropropionic acid.  
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Figure A5. IRMPD and computed harmonic vibrational spectra for deprotonated 2-

monofluoropropionic acid.  

 

Figure A6. IRMPD and computed harmonic vibrational spectra for deprotonated 2,2-

difluoropropionic acid.  
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Figure A7. Comparison between the FCO2
ï helium droplet experiment from Von Helden and 

the FCO2
ï IRMPD spectrum.217   
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Table A1. Calculated and observed vibrational modes for the deprotonated 2-

monofluoropropionic acid. Computational Frequency is scaled by a factor of 0.95. 

Frequencies are reported in cmï1. 

Experimental 

Frequency  

Computational 

Frequency  

Vibrational Mode 

804 808 CO2 Wagging 

894 881 CF Stretch/CO2 Scissoring 

1014 1004 CHF Twisting 

1071 1070 ɓ-CH2 twisting 

1275 1287 CH3 Umbrella 

1338 1357 CH3 Umbrella 

1646 1664 CO2 Asymmetric Stretch 

 

Table A2. Calculated and observed vibrational modes for the deprotonated 3-

monofluoropropionic acid. Computational Frequency is scaled by a factor of 0.95. Peaks that 

do not have a distinct feature or under a gaussian distribution are marked as N/A. Frequencies 

are reported in cmï1. 

Experimental Frequency  Computational Frequency  Vibrational Mode 

N/A 837 CH2 Twisting 

942 942 CH2 Rocking 

N/A 1031 CF Stretch 

N/A 1308 

ɓ-CH2 Wagging/Ŭ-CH2 

Twisting 

1338 1351 CH2 Wagging 

1659 1649 CO2 Asymmetric Stretch 
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Table A3. Calculated and observed vibrational modes for the deprotonated 2, 2-

difluoropropionic acid. Frequencies are reported in cmï1. 

Experimental 

Frequency  

Computational 

Frequency  

Vibrational Mode 

773 771 CO2 Wagging 

899 909 CH2 Twisting 

1127 1119 CF2 Asym Stretch 

1160 1159 CF2 Wagging 

1169 1177 CF2 Sym Stretch 

1349 1357 CH3 Umbrella 

1679 1688 CO2 Asymmetric Stretch 

 

Table A4. Calculated and observed for the deprotonated 3, 3, 3-trifluoropropionic acid. The 

experimental frequency for the asymmetric stretch were not recorded due to error. 

Experimental 

Frequency  

Computational 

Frequency 

Vibrational Mode 

737 753 CO2 Wagging 

833 853 CO2 Scissoring/CH2 Wagging 

1058 1061 CF Stretch/ CH2 Wagging 

1184 1202 CF2 Asymmetric Stretch/CH2 Twisting 

1250 1239 CF3 Umbrella/ CH2 Twisting 

1265 1249 CF3 Umbrella/ CH2 Wagging 

1334 1336 CF3 Umbrella/ CH2 Scissoring 

N/A 1680 CO2 Asymmetric Stretch 
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Table A5. Calculated and observed vibrational motion for the deprotonated 3, 3, 2, 2-

tetrafluoropropionic acid.  

Experimental 

Frequency (cm-1) 

Computational 

Frequency (cm-1) 

Vibrational Mode 

759 769 CO2 Scissoring 

835 808 CO2 Wagging 

1023 1090 CF2H Umbrella 

1081 1101 ȷ-CF2 Asymmetric Stretch 

1110 1132 ȷ-CF2 Sym Stretch 

1216 1192 CF2H Wagging 

1323 1319 CH rocking 

1697 1722 CO2 Asymmetric Stretch 

 

Table A6. Calculated and observed vibrational motion for the deprotonated 3, 3, 3, 2-

tetrafluoropropionic acid.  

Experimental 

Frequency (cm-1) 

Computational 

Frequency (cm-1) 

Vibrational Mode 

693 672 CHF Twisting 

767 759 CF3 Sym Stretch/CO2 Scissoring 

1068 1083 Ŭ-CF Stretch 

1089 1095 CF2 Asymmetric Stretch 

1162 1162 ɓ-CF2 Wagging 

1251 1242 CF3 Umbrella 

1319 1305 CF2 Asymmetric Stretch 

1695 1710 CO2 Asymmetric Stretch 
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Table A7. Calculated and observed vibrational motion for the deprotonated 

pentafluoropropionic acid.  

Experimental 

Frequency (cm-1) 

Computational 

Frequency (cm-1) 

Vibrational Mode 

714 705 CO2 Wagging 

768 770 CO2 Scissoring 

987 982 CF3 Umbrella/Ŭ-CF2 Wagging 

1142 1135 Ŭ-CF Asymmetric Stretch 

1158 1144 Ŭ-CF Symmetric Stretch 

1197 1202 ɓ-CF Asymmetric Stretch 

1281 1280 CF3 Umbrella/ CO2 Symmetric Stretch 

1716 1730 CO2 Asymmetric Stretch 
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For the Thermal LTQ mass spectrometer the collision energy is calculated with the 

following formula: 

ὅὉ Ὡὠ
ὔὅὉ ϽάȾᾀ έὪ ὴὶὩὧόὶίέὶ άὥίίϽὪ

υππ
 Ƞ Ὢ ρ 

Where f is a correction factor according to the charge state, for all the breakdown curve 

presented in this appendix, f is always equal to one. 

11.15 cm

 

Figure A8. Breakdown curve for the deprotonated 3-monofluoropropionic acid (m/z 91) 

between 10 ï 30 eV. Precursor intensity shown in green, and fluoroformate (m/z 63) intensity 

shown in black.  
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Figure A9. Breakdown curve for the deprotonated 2-monofluoropropionic acid between the 

NCE of 0-30 eV. Precursor intensity is in green and the loss of HF in blue (m/z 89). 
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Figure A10. Breakdown curve for the deprotonated 2,2-difluoropropionic acid between the 

NCE of 0-30 eV. Precursor intensity is in green, loss of CO2 in red (m/z 65), and the loss of 

HF in blue (m/z 89). 
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Figure A11. Breakdown curve of deprotonated 3,3-difluoropropionic acid between 10 ï 30 

eV. Precursor intensity shown in green, fluoroformate (m/z 63) intensity shown in black, loss 

of CO2 (m/z 65) shown in red, and HF loss shown in blue (m/z 89). 
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Figure A12. Breakdown curve of the deprotonated 3,2,2-trifluoropropionic acid between 10 

ï 30 eV. Precursor intensity shown in green, fluoroformate (m/z 63) intensity shown in black, 

loss of CO2 (m/z 83) shown in red, and HF loss shown in blue (m/z 107). 
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Figure A13. Breakdown curve of the deprotonated 3,3,3-trifluoropropionic acid between 10 

ï 30 eV. Precursor intensity shown in green, fluoroformate (m/z 63) intensity shown in black, 

loss of CO2 (m/z 83) shown in red. 
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Figure A14. Breakdown curve of deprotonated 3,3,2,2-tetrafluoropropionic acid between for 

NCE of 10 ï 30 eV. Precursor intensity shown in green, fluoroformate (m/z 63) intensity 

shown in black, loss of CO2 (m/z 83) shown in red, and HF loss after the loss of CO2 shown 

in magenta (m/z 81). The black trace and the pink trace are overlapped over each other. 
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Figure A15. Breakdown curve of the deprotonated 3,3,3,2-tetrafluoropropionic acid between 

the NCE of 10 ï 30 eV. Precursor intensity shown in green, fluoroformate (m/z 63) intensity 

shown in black, loss of CO2 (m/z 83) shown in red, and HF loss after the loss of CO2 shown 

in magenta (m/z 81). 
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Figure A16: Breakdown curve of deprotonated pentafluoropropionic acid between the NCE 

of 10 ï 30 eV. Precursor intensity shown in green, loss of CO2 (m/z 119) shown in red. 
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Figure A17. The fragmentation result of the m/z 63 for the deprotonated 3,3,3-

trifluoropropionic acid using the Waters Synapt G2-Si 

 

Figure A18. The fragmentation results of the m/z 63 for the deprotonated 3,2,2-

trifluoropropionic acid using the Waters Synapt G2-Si 
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Figure A19. Transition state and potential minimum pathway leading to FCO2
ï or loss of 

CO2 for the deprotonated 3-monofluoropropionic acid using thermal corrections at M06-

2X/def2-tzvp level of theory and energetics from DLPNO-CCSD(T)/def2-tzvp. (Black trace) 

relative standard Gibbs energy, (red trace) relative zero-point corrected energy, and (blue 

trace) relative electronic energy.  

 

Figure A20. Transition state and potential minimum energy pathway leading to HF loss for 

the deprotonated 2-monofluoropropionic acid at M06-2X/def2-tzvp level of theory and 

energetics from DLPNO-CCSD(T)/def2-tzvp. (Black trace) relative standard Gibbs energy, 

(red trace) relative zero-point corrected energy, and (blue trace) relative electronic energy.  
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Figure A21. Transition state and potential minimum pathway leading to FCO2
ï or loss of 

CO2 for the deprotonated 3,2-difluoropropionic acid using thermal corrections at M06-

2X/def2-tzvp level of theory and energetics from DLPNO-CCSD(T)/def2-tzvp. (Black trace) 

relative standard Gibbs energy, (red trace) relative zero-point corrected energy, and (blue 

trace) relative electronic energy. 

 

Figure A22. Transition state and potential minimum pathway leading to FCO2
ï or loss of 

CO2 for the deprotonated 3,3-difluoropropionic acid using thermal corrections from M06-

2X/def2-tzvp level of theory and energetics from DLPNO-CCSD(T)/def2-tzvp. (Black trace) 

relative standard Gibbs energy, (red trace) relative zero-point corrected energy, and (blue 

trace) relative electronic energy.  
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Figure A23. Transition state and potential minimum energy pathway leading to HF loss for 

the deprotonated 2,2-difluoropropionic acid at M06-2X/def2-tzvp level of theory and 

energetics from DLPNO-CCSD(T)/def2-tzvp. (Black trace) relative standard Gibbs energy, 

(red trace) relative zero-point corrected energy, and (blue trace) relative electronic energy.   

 

Figure A24. Transition state and potential minimum energy pathway leading to FCO2
ï or 

loss of CO2 for the deprotonated 3,2,2-trifluoropropionic acid using thermal corrections at 

M06-2X/def2-tzvp level of theory and energetics from DLPNO-CCSD(T)/def2-tzvp. (Black 

trace) relative standard Gibbs energy, (red trace) relative zero-point corrected energy, and 

(blue trace) relative electronic energy.  
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Figure A25. Transition state and potential minimum energy pathway leading to FCO2
ï or 

loss of CO2 for the deprotonated 3,3,2-trifluoropropionic acid leading to the cis conformation 

for the neutral fluoroethene using thermal corrections at M06-2X/def2-tzvp level of theory 

and energetics from DLPNO-CCSD(T)/def2-tzvp. (Black trace) relative standard Gibbs 

energy, (red trace) relative zero-point corrected energy, and (blue trace) relative electronic 

energy.  

 

 

Figure A26. Transition state and potential minimum energy pathway leading to FCO2
ï or 

loss of CO2 for the deprotonated 3,3,2-trifluoropropionic acid leading to the trans 

conformation for the neutral fluoroethene using thermal corrections at M06-2X/def2-tzvp 
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level of theory and energetics from DLPNO-CCSD(T)/def2-tzvp. (Black trace) relative 

standard Gibbs energy, (red trace) relative zero-point corrected energy, and (blue trace) 

relative electronic energy.  

 

Figure A27. Transition state and potential minimum energy pathway leading to FCO2
ï or 

loss of CO2 for the deprotonated 3,3,3-trifluoropropionic acid using thermal corrections at 

M06-2X/def2-tzvp level of theory and energetics from DLPNO-CCSD(T)/def2-tzvp. (Black 

trace) relative standard Gibbs energy, (red trace) relative zero-point corrected energy, and 

(blue trace) relative electronic energy. 

 

Figure A28. Transition state and potential minimum energy pathway leading to FCO2
ï or 

loss of CO2 for the deprotonated 3,3,3,2-tetrafluoropropionic acid at M06-2X/def2-tzvp level 

of theory and energetics from DLPNO-CCSD(T)/def2-tzvp. (Black trace) relative standard 
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Gibbs energy, (red trace) relative zero-point corrected energy, and (blue trace) relative 

electronic energy.  

 

Figure A29. Transition state and potential minimum energy pathway leading to FCO2
ï or 

loss of CO2 for the deprotonated 3,3,2,2-tetrafluoropropionic acid using thermal corrections 

at M06-2X/def2-tzvp level of theory and energetics from DLPNO-CCSD(T)/def2-tzvp. 

(Black trace) relative standard Gibbs energy, (red trace) relative zero-point corrected energy, 

and (blue trace) relative electronic energy.  

 

Figure A30. Transition state and potential minimum energy pathway leading to HF loss for 

the deprotonated 3,3,2,2-tetrafluoropropionic acid at M06-2X/def2-tzvp level of theory and 

energetics from DLPNO-CCSD(T)/def2-tzvp. (Black trace) relative standard Gibbs energy, 

(red trace) relative zero-point corrected energy, and (blue trace) relative electronic energy. 
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Figure A31. Transition state and potential minimum energy pathway leading to FCO2
ï or 

loss of CO2 for the deprotonated pentafluoropropionic acid at M06-2X/def2-tzvp level of 

theory and energetics from DLPNO-CCSD(T)/def2-tzvp. (Black trace) relative standard 

Gibbs energy, (red trace) relative zero-point corrected energy, and (blue trace) relative 

electronic energy.  

Table A8. Calculated thresholds for production of CO2 and FCO2
ï for 3-

monofluoropropionic acid (3-F), 3,2-difluoropropionic acid, 3,3-difluoropropionic acid (3,3-

F2), 3,2,2-trifluoropropionic acid (3,2,2-F3), 3,3,2-trifluoropropionic acid (3,3,2-F3), 3,3,3-

trifluoropropionic acid (3,3,3-F3), 3,3,2,2-tetrafluoropropionic acid (3,3,2,2-F4), 3,3,3,2-

tetrafluoropropionic acid (3,3,3,2-F4), and pentafluoropropionic acid (F5). Calculations were 

conducted at the M06-2X/aug-cc-pVTZ level of theory with single point energy calculated 

with DLPNO-CCSD(T)/aug-cc-pVTZ. 

Precursor 

Ion 

CO2 loss FCO2ï TS FCO2ï Production 

DEelec DEzpe DGÁ DEelecἁ DEzpeἁ DGἁÁ DEelec DEzpe DGÁ 

3-F 190 159 116 177 162 159 33.8 18.7 -24.6 

3,2-F2 113 90.1 44.0 193 179 176 45.1 31.4 -16.4 

3,3-F2 198 181 139 142 126 122 47.8 35.1 -12.2 

3,2,2-F3 216 203 159 235 221 218 67.5 55.7 48.4 

3,3,2-F3 212 197 153 200(trans) 

194(cis) 

184(trans) 

178(cis) 

179(trans) 

174(cis) 

102(trans)  

97.7(cis)  

89.5(trans)  

86.1(cis) 

42.3(trans)  

38.5(cis) 

3,3,3-F3 176 160 114 156 142 135 108 97.6 45.1 

3,3,2,2-F4 170 158 111 226 213 205 118 108 54.5 

3,3,3,2-F4 185 171 128 186 173 168 150 140 89.0 

F5 161 150 102 250 238 228 194 186 122 
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Table A11. Fragmentation efficiency of different vibrational modes for the deprotonated 

3,3,3,2-tetrafluoropropionic acid. 

Peak 

location 

(cm-1) 

[-CO2] 

Fragmentation 

[FCO2
ï] 

Fragmentation 

Total 

Fragmentation 

Ratio of 

[-CO2] 

Ratio of 

[FCO2
ï] 

677 215914.1 344464.3 560378.3 0.385 0.615 

757 532861.3 1052638.6 1585499.9 0.336 0.664 

859 69946.7 79069.2 149015.8 0.469 0.531 

1088 1582371.5 3687565.7 5269937.1 0.300 0.700 

1154 1821569.1 3695129.0 5516698.1 0.330 0.670 

1250 1642505.0 3588213.5 5230718.5 0.314 0.686 

1319 855477.8 1834271.6 2689749.4 0.318 0.682 

1701 1752358.1 3162341.6 4914699.7 0.357 0.643 

 

Table A10. Fragmentation efficiency of different vibrational modes for the deprotonated 

3,3,2,2-tetrafluoropropionic acid. 

Peak 

location 

(cm-1)  

[-CO2] 

Fragmentation 

[FCO2ï] 

Fragmentation 

Total 

Fragmentation 

Ratio of 

[-CO2] 

Ratio of 

[FCO2ï] 

777 4170807.9 111027.4 4281835.3 0.974 0.026 

819 1793842.2 5797.6 1799639.9 0.997 0.003 

927 121092.1 2873.2 123965.2 0.977 0.023 

1023 1770206.8 41542.0 1811748.8 0.977 0.023 

1107 6185785.4 232565.1 6418350.5 0.964 0.036 

1215 1970389.3 72695.7 2043085.1 0.964 0.036 

1326 1229711.7 60813.4 1290525.0 0.953 0.047 

1719 6970919.3 195711.4 7166630.8 0.973 0.027 
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Figure A32. IRC profile for the deprotonated 3-monofluoropropionic acid. Step 20 is the 

transition state. 

 

Figure A33. IRC profile for the deprotonated 3,2-difluoropropionic acid. Step 20 is the 

transition state. 
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Figure A34. IRC profile for the deprotonated 3,3-difluoropropionic acid. Step 20 is the 

transition state. 
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Figure A35. IRC profile for the deprotonated 3,2,2-trifluoropropionic acid. Step 20 is the 

transition state. 

 

 

Figure A36. IRC profile for the deprotonated 3,3,2-trifluoropropionic acid leading to the cis 

conformation for the ethene. Step 20 is the transition state. 
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Figure A37. IRC profile for the deprotonated 3,3,2-trifluoropropionic acid leading to the 

trans conformation for the ethene. Step 20 is the transition state. 

 

 

Figure A38. IRC profile for the deprotonated 3,3,3-trifluoropropionic acid. Step 20 is the 

transition state. 
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Figure A39. IRC profile for the deprotonated 3,3,2,2-tetrafluoropropionic acid leading to 

FCO2
ï. Step 20 is the transition state. 

 

 

Figure A40. IRC profile for the deprotonated 3,3,3,2-tetrafluoropropionic acid. Step 20 is 

the transition state. 
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Figure A41. IRC profile for the deprotonated pentafluoropropionic acid. Step 20 is the 

transition state. 

 

Figure A42. IRC profile for the deprotonated 2-monofluoropropionic acid leading to HF loss. 

Step 20 is the transition state. 
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Figure A43. IRC profile for the deprotonated 2,2-difluoropropionic acid leading to HF loss. 

Step 20 is the transition state. 

 

Figure A44. IRC profile for the deprotonated 3,3,2,2-tetrafluoropropionic acid leading to HF 

loss. Step 10 is the transition state.  
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Figure A45. Heatmap of a scan for the potential energy surface of the deprotonated 3,3,2,2-

tetrafluoropropionic acid leading to HF loss at M06-2X/def2-tzvp level of theory. A total of 

100 points are sampled with ten points along each axis. 

 

Geometries for chapter 3 can be found through the following link:  

https://iochem-bd.bsc.es/browse/handle/100/337081 

Geometries for chapter 3 can be found through the following link:  

https://iochem-bd.bsc.es/browse/handle/100/337081 

 

https://iochem-bd.bsc.es/browse/handle/100/337081
https://iochem-bd.bsc.es/browse/handle/100/337081
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Appendix B 

 

Figure B1. CCSTWIMS calibration curves using the Waters Major Mix IMS/Tof calibration kit. 

A power function is used to fit to the data. a and n are fit parameters. The data was acquired 

at travelling wave velocities of 500 m sï1 at wave height of 40V (green), 38V (red), and 36V 

(black). 
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Table B1. Calibrant ionôs m/z, CCS, and CCSᴂ  values are listed. Arrival times for the 
calibrant ions were determined at velocities of 500 m sï1 at the WH of 36V (green), 38V (red), 

and 40V (black), respectively. Arrival times (tA) are corrected for their mass dependent drift 

times (tᴂ). 

m/z CCS/¡2 WH/V CCSᴂ/¡2 tA/ms tᴂ/ms 

213.05 145.2 

40 722.39 1.60 1.58 

38 722.39 1.75 1.73 

36 722.39 1.92 1.90 

309.07 170.1 

40 861.98 2.32 2.30 

38 861.98 2.54 2.51 

36 861.98 2.79 2.76 

318.98 130.1 

40 660.13 1.45 1.43 

38 660.13 1.60 1.58 

36 660.13 1.76 1.73 

368.98 137.2 

40 699.99 1.65 1.62 

38 699.99 1.80 1.77 

36 699.99 1.98 1.95 

378.21 192.5 

40 982.98 2.99 2.96 

38 982.98 3.24 3.21 

36 982.98 3.55 3.52 

418.98 145.7 

40 746.51 1.86 1.83 

38 746.51 2.02 1.99 

36 746.51 2.20 2.17 

468.98 155.4 

40 798.88 2.07 2.04 

38 798.88 2.25 2.22 

36 798.88 2.47 2.44 

554.26 225.3 

40 1163.28 3.91 3.88 

38 1163.28 4.28 4.25 

36 1163.28 4.71 4.68 

568.96 173.9 

40 898.45 2.51 2.48 

38 898.45 2.74 2.70 

36 898.45 2.98 2.95 

656.3368 242.1 

40 1254.72 4.51 4.47 

38 1254.72 4.94 4.91 

36 1254.72 5.44 5.41 

727.3739 255.9 

40 1328.90 5.01 4.98 

38 1328.90 5.49 5.45 

36 1328.90 6.06 6.02 

798.411 268.5 

40 1396.64 5.53 5.49 

38 1396.64 6.06 6.02 

36 1396.64 6.69 6.65 

 

869.4481 280.2 40 1459.52 6.05 6.01 
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38 1459.52 6.63 6.59 

36 1459.52 7.30 7.26 

940.4852 294.6 

40 1536.34 6.61 6.56 

38 1536.34 7.25 7.21 

36 1536.34 8.00 7.96 

1011.522 308.8 

40 1612.03 7.19 7.15 

38 1612.03 7.89 7.85 

36 1612.03 8.70 8.65 

1082.559 322.4 

40 1684.52 7.78 7.73 

38 1684.52 8.54 8.49 

36 1684.52 9.43 9.39 
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Table B2. [B12F12+NH2(CH2)nNH2+H]
+ (n = 2 ï 12) and HB12F12

ï, CCS, and CCSô values 

are listed. Arrival times for the calibrant ions were determined at velocities of 500 m sï1 at 

the wave height (WH) of 36V (c1), 38V (c2), and 40V (c3), respectively. Arrival times (tA) 

are corrected for their mass dependent drift times (tô). 

Compound WH/V CCS/¡2 CCSᴂ/¡2 tA/ms tᴂ/ms 

HB12F12 

40 145.43 741.19 1.78 1.75 

38 145.67 742.43 1.95 1.92 

36 145.86 743.39 2.14 2.11 

n = 2 

40 181.54 930.17 2.67 2.64 

38 181.21 928.45 2.91 2.88 

36 180.15 923.05 3.16 3.13 

n = 3 

40 186.61 957.11 2.81 2.78 

38 186.16 954.81 3.06 3.03 

36 185.58 951.82 3.34 3.31 

n = 4 

40 190.47 977.83 2.92 2.89 

38 189.68 973.76 3.17 3.14 

36 189.36 972.15 3.47 3.44 

n = 5 

40 194.98 1001.89 3.05 3.02 

38 194.12 997.47 3.31 3.28 

36 193.98 996.73 3.63 3.60 

n = 6 

40 199.06 1023.69 3.17 3.14 

38 198.48 1020.73 3.45 3.42 

36 198.79 1022.31 3.80 3.77 

n = 7 

40 203.06 1045.13 3.29 3.26 

38 202.76 1043.58 3.59 3.56 

36 202.93 1044.45 3.95 3.92 

n = 8 

40 206.66 1064.46 3.40 3.37 

38 206.66 1064.44 3.72 3.69 

36 207.00 1066.22 4.10 4.07 

n = 9 

40 210.88 1086.97 3.53 3.50 

38 210.80 1086.54 3.86 3.83 

36 210.73 1086.21 4.24 4.21 

n = 10 

40 214.70 1107.42 3.65 3.62 

38 214.87 1108.29 4.00 3.97 

36 214.68 1107.30 4.39 4.36 

n = 11 

40 217.17 1120.86 3.73 3.70 

38 217.11 1120.53 4.08 4.05 

36 217.23 1121.16 4.49 4.46 

n = 12 

40 219.29 1132.51 3.80 3.77 

38 219.03 1131.15 4.15 4.12 

36 218.96 1130.77 4.56 4.53 
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Table B3. Relative energy between the different conformations of the singly charged species. 

Energies are reported in kJ/mol. 

Length, 

Conformation 
DEelec DEzpe DH  DS DGÁ 

2, monodentate 18.0 17.9 18.8 2.6 16.2 

2, bidentate 18.1 18.0 18.9 2.5 16.3 

2, proton-sharing 0.0 0.1 0.0 0.1 0.0 

3, monodentate 36.2 34.9 37.0 6.3 30.6 

3, bidentate 34.0 33.3 34.8 4.3 30.5 

3, proton-sharing 0.0 0.0 0.0 0.0 0.0 

4, monodentate 29.4 25.3 27.7 8.2 19.5 

4, bidentate 12.1 10.1 11.7 3.8 7.9 

4, proton-sharing 0.0 0.0 0.0 0.0 0.0 

5, monodentate 35.3 30.9 33.5 9.0 24.5 

5, bidentate 34.3 32.2 34.4 5.1 29.3 

5, proton-sharing 0.0 0.0 0.0 0.0 0.0 

6, monodentate 43.8 37.2 40.8 12.5 28.3 

6, bidentate 39.7 35.2 38.0 7.5 30.6 

6, proton-sharing 0.0 0.0 0.0 0.0 0.0 

7, monodentate 46.5 40.8 43.9 10.2 33.7 

7, bidentate 43.5 40.3 42.2 4.1 38.1 

7, proton-sharing 0.0 0.0 0.0 0.0 0.0 

8, monodentate 37.9 32.8 38.4 16.3 22.2 

8, bidentate 22.9 19.4 23.9 10.6 13.4 

8, proton-sharing 0.0 0.0 0.0 0.0 0.0 

9, monodentate 20.0 16.7 17.9 11.6 10.3 

9, bidentate 1.0 0.0 0.0 3.9 0.0 

9, proton-sharing 0.0 4.0 1.3 0.0 5.3 

10, monodentate 36.4 28.2 32.2 15.5 16.6 

10, bidentate 8.5 5.0 6.8 3.8 3.0 

10, proton-sharing 0.0 0.0 0.0 0.0 0.0 

11, monodentate 25.1 15.5 17.9 11.8 8.5 

11, bidentate 6.7 1.7 4.9 7.3 0.0 

11, proton-sharing 0.0 0.0 0.0 0.0 2.4 

12, monodentate 35.6 31.8 33.6 12.7 23.0 

12, bidentate 0.0 0.0 0.0 2.1 0.0 

12, proton-sharing 0.3 3.7 1.9 0.0 4.0 
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Table B4. Proton affinity and gas-phase basicity of the neutral diamino alkane, N2H(CH2)nNH2 

(n = 2-12). Energies are reported in kJ molï1.  

n  Proton Affinity Gas-phase basicity 

2 -923.43 -915.85 

3 -929.23 -921.15 

4 -931.29 -922.95 

5 -932.92 -924.51 

6 -933.65 -925.22 

7 -931.53 -923.13 

8 -932.46 -924.05 

9 -933.02 -924.63 

10 -933.54 -925.16 

11 -935.35 -926.88 

12 -934.20 -925.82 

 

Table B5. Proton affinity and gas-phase basicity of the doubly charged species, 

[N2H(CH2)nNH2+H]+ (n = 2-12). Energies are reported in kJ mol
ï1.  

n  Proton Affinity Gas-phase basicity 

2 -516.08 -506.55 

3 -600.75 -591.62 

4 -661.52 -652.56 

5 -705.24 -696.32 

6 -739.02 -730.11 

7 -766.97 -758.13 

8 -787.09 -778.22 

9 -803.25 -794.38 

10 -816.54 -807.63 

11 -826.75 -817.79 

12 -836.83 -827.92 
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Table B6. Binding energy for the doubly charged clusters yielding HB12F12
ï, denoted by the 

length of the diaminoalkane.  

Cluster DEelec  DEzpe  DH  DS  DGÁ 

[2(B12F12) + N2H(CH2)nNH2 + 2H]2ï Ÿ [(B12F12) + N2H(CH2)nNH2 + H]
ï + HB12F12

ï
 

n = 2 199.0 180.5 188.4 85.2 103.2 

n = 3 202.8 180.7 180.0 66.1 113.9 

n = 4 189.7 168.4 167.0 62.3 104.7 

n = 5 176.8 157.9 156.6 60.5 96.0 

n = 6 192.1 172.5 171.6 62.5 109.1 

n = 7 186.7 168.1 167.1 61.4 105.6 

n = 8 197.2 178.1 177.2 62.1 115.1 

n = 9 194.0 175.1 174.1 62.3 111.8 

n = 10 201.8 182.2 181.3 62.9 118.3 

n = 11 202.3 182.0 177.1 54.8 122.2 

n = 12 229.8 211.7 217.6 81.4 136.2 

 

Table B7. Binding energy for the doubly charged clusters yielding B12F12
2ï, denoted by the 

length of the diaminoalkane.  

Cluster DEelec DEzpe DH  DS DGÁ 

[2(B12F12) + N2H(CH2)nNH2 + 2H]2ï Ÿ [(B12F12) + N2H(CH2)nNH2 + 2H] + B12F12
2ï 

n = 2 345.4 341.2 346.8 79.6 267.2 

n = 3 322.0 316.4 312.9 58.2 254.6 

n = 4 258.7 257.0 252.6 52.4 200.3 

n = 5 233.6 234.4 230.6 50.9 179.7 

n = 6 219.8 220.9 216.5 49.9 166.6 

n = 7 204.1 205.9 201.6 49.6 152.0 
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n = 8 213.1 215.2 211.2 49.9 161.2 

n = 9 187.3 190.4 185.7 47.9 137.7 

n = 10 193.2 195.3 190.8 49.0 141.8 

n = 11 195.9 198.5 194.2 48.9 145.3 

n = 12 202.8 207.2 209.2 65.2 144.0 

 

Table B8. Computed binding energies for the monodentate conformation, 

[B12F12 + H2N(CH2)nNH2 + H]
ï, dissociating to H2N(CH2)nNH2

 + HB12F12
ï, denoted by the 

length of the diaminoalkane.  

Cluster DEelec DEzpe DH  DS DGÁ 

n = 2 244.2 223.6 223.1 53.7 169.3 

n = 3 246.5 225.8 225.3 55.8 169.5 

n = 4 243.2 223.3 222.9 56.2 166.7 

n = 5 244.9 224.9 224.4 56.3 168.0 

n = 6 243.9 224.0 223.4 56.9 166.5 

n = 7 245.4 224.9 224.1 57.9 166.3 

n = 8 243.9 223.6 222.8 58.0 164.8 

n = 9 244.7 224.4 223.5 58.0 165.5 

n = 10 243.3 223.6 222.7 57.8 164.9 

n = 11 241.7 222.8 225.9 66.3 159.6 

n = 12 243.0 223.4 222.5 58.6 163.9 
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Table B9. Computed binding energies for the bidentate conformation, 

[B12F12 + H2N(CH2)nNH2 + H]
ï, dissociating to H2N(CH2)nNH2

 + HB12F12
ï, denoted by the 

length of the diaminoalkane.  

Cluster DEelec DEzpe DH  DS DGÁ 

n = 2 244.2 223.5 223.0 53.8 169.2 

n = 3 248.8 227.3 227.5 57.8 169.6 

n = 4 260.5 238.5 238.9 60.6 178.4 

n = 5 245.9 223.6 223.5 60.3 163.2 

n = 6 248.0 226.0 226.2 61.9 164.3 

n = 7 248.4 225.3 225.8 64.0 161.8 

n = 8 258.9 237.0 237.3 63.7 173.6 

n = 9 263.7 241.1 241.4 65.6 175.8 

n = 10 271.1 246.8 248.1 69.5 178.6 

n = 11 260.1 236.6 238.9 70.8 168.1 

n = 12 278.6 255.2 256.1 69.2 186.9 

 

Table B10. Computed binding energies for the proton-sharing conformation, 

[B12F12 + H2N(CH2)nNH2 + H]
ï, dissociating to H2N(CH2)nNH2

 + HB12F12
ï, denoted by the 

length of the diaminoalkane.  

Cluster DEelec DEzpe DH  DS DGÁ 

n = 2 262.2 241.5 241.9 56.4 185.5 

n = 3 282.8 260.7 262.3 62.1 200.2 

n = 4 272.6 248.6 250.6 64.4 186.2 

n = 5 280.2 255.8 257.9 65.3 192.5 

n = 6 287.7 261.2 264.2 69.4 194.8 

n = 7 291.9 265.6 268.0 68.1 199.9 
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n = 8 281.9 256.4 261.2 74.2 187.0 

n = 9 264.7 237.1 240.1 69.6 170.5 

n = 10 279.7 251.8 254.9 73.3 181.6 

n = 11 266.7 238.3 243.8 78.1 165.7 

n = 12 278.3 251.5 254.1 71.3 182.8 

 

Table B11. Computed binding energies for the monodentate conformation, 

[B12F12 + H2N(CH2)nNH2 + H]
ï dissociating to (H2N(CH2)nNH2+H)

+ + B12F12
2ï, denoted by 

the length of the diaminoalkane.  

Cluster DEelec DEzpe DH  DS DGÁ 

n = 2 621.3 615.0 614.7 54.9 559.8 

n = 3 617.4 611.6 611.2 56.5 554.7 

n = 4 612.0 607.2 606.7 56.6 550.1 

n = 5 611.9 607.1 606.5 56.7 549.8 

n = 6 610.1 605.5 604.8 57.2 547.6 

n = 7 613.8 608.5 607.7 58.2 549.5 

n = 8 611.3 606.3 605.4 58.3 547.1 

n = 9 611.5 606.5 605.6 58.4 547.2 

n = 10 609.5 605.1 604.3 58.2 546.1 

n = 11 606.0 602.6 605.6 66.6 539.1 

n = 12 608.5 604.3 603.4 59.0 544.4 
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Table B12. Computed binding energies for the bidentate conformation, 

[B12F12 + H2N(CH2)nNH2 + H]
ï dissociating to (H2N(CH2)nNH2+H)

+ + B12F12
2ï, denoted by 

the length of the diaminoalkane.  

Cluster DEelec DEzpe DH  DS DGÁ 

n = 2 621.3 615.0 614.6 55.0 559.6 

n = 3 619.7 613.2 613.3 58.5 554.8 

n = 4 629.3 622.4 622.7 61.0 561.7 

n = 5 612.8 605.8 605.7 60.6 545.0 

n = 6 614.2 607.5 607.6 62.2 545.4 

n = 7 616.8 608.9 609.4 64.4 545.0 

n = 8 626.3 619.7 619.9 64.0 555.9 

n = 9 630.5 623.2 623.5 66.0 557.5 

n = 10 637.4 628.3 629.7 69.9 559.8 

n = 11 624.4 616.4 618.6 71.0 547.6 

n = 12 644.1 636.1 636.9 69.6 567.4 

 

Table B13. Computed binding energies for the proton-sharing conformation, 

[B12F12 + H2N(CH2)nNH2 + H]
ï dissociating to (H2N(CH2)nNH2+H)

+ + B12F12
2ï, denoted 

by the length of the diaminoalkane. 

Cluster DEelec DEzpe DH  DS DGÁ 

n = 2 639.3 632.9 633.5 57.5 576.0 

n = 3 653.7 646.5 648.1 62.8 585.3 

n = 4 641.3 632.5 634.4 64.8 569.6 

n = 5 647.1 638.0 640.1 65.7 574.4 

n = 6 653.9 642.7 645.7 69.7 576.0 

n = 7 660.3 649.2 651.6 68.4 583.1 

n = 8 649.3 639.1 643.8 74.6 569.3 
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n = 9 566.4 559.8 558.0 57.9 500.1 

n = 10 572.4 566.2 563.6 58.8 504.8 

n = 11 562.5 554.7 554.6 63.8 490.8 

n = 12 555.3 550.5 547.3 56.4 490.9 

 

 

Figure B3. (A) experimental mass spectrum of [B12F12 + H2N(CH2)nNH2 + H]
ï, (n = 2), (B) 

theoretical isotopic distribution of the same cluster. 
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Figure B4. (A) experimental mass spectrum of [B12F12 + H2N(CH2)nNH2 + H]
ï, (n = 3), (B) 

theoretical isotopic distribution of the same cluster. 

 

Figure B5. (A) experimental mass spectrum of [B12F12 + H2N(CH2)nNH2 + H]
ï, (n = 4), (B) 

theoretical isotopic distribution of the same cluster. 
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Figure B6. (A) experimental mass spectrum of [B12F12 + H2N(CH2)nNH2 + H]
ï, (n = 5), (B) 

theoretical isotopic distribution of the same cluster.  

 

Figure B7. (A) experimental mass spectrum of [B12F12 + H2N(CH2)nNH2 + H]
ï, (n = 7), (B) 

theoretical isotopic distribution of the same cluster. 
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Figure B8. (A) experimental mass spectrum of [B12F12 + H2N(CH2)nNH2 + H]
ï, (n = 8), (B) 

theoretical isotopic distribution of the same cluster. 

 

Figure B9. (A) experimental mass spectrum of [B12F12 + H2N(CH2)nNH2 + H]
ï, (n = 9), (B) 

theoretical isotopic distribution of the same cluster. 
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Figure B10. (A) experimental mass spectrum of [B12F12 + H2N(CH2)nNH2 + H]
ï, (n = 10), 

(B) theoretical isotopic distribution of the same cluster. 

 

Figure B11. (A) experimental mass spectrum of [B12F12 + H2N(CH2)nNH2 + H]
ï, (n = 11), 

(B) theoretical isotopic distribution of the same cluster. 
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Figure B12. (A) experimental mass spectrum of [B12F12 + H2N(CH2)nNH2 + H]
ï, (n = 12), 

(B) theoretical isotopic distribution of the same cluster. 

 

Figure B13. (A) experimental mass spectrum of [2(B12F12) + H2N(CH2)nNH2 + 2H]
2ï, (n = 

2), (B) theoretical isotopic distribution of the same cluster. 



 163 

 

 

 

Figure B14. (A) experimental mass spectrum of [2(B12F12) + H2N(CH2)nNH2 + 2H]
2ï 

obtained by mobility selection (n = 3), (B) theoretical isotopic distribution of the same cluster. 

 

Figure B15. (A) experimental mass spectrum of [2(B12F12) + H2N(CH2)nNH2 + 2H]
2ï, (n = 

4), (B) theoretical isotopic distribution of the same cluster. 
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Figure B16. (A) experimental mass spectrum of [2(B12F12) + H2N(CH2)nNH2 + 2H]
2ï, (n = 

5), (B) theoretical isotopic distribution of the same cluster. 

 

Figure B17. (A) experimental mass spectrum of [2(B12F12) + H2N(CH2)nNH2 + 2H]
2ï, (n = 

6), (B) theoretical isotopic distribution of the same cluster. 
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Figure B18. (A) experimental mass spectrum of [2(B12F12) + H2N(CH2)nNH2 + 2H]
2ï, (n = 

7), (B) theoretical isotopic distribution of the same cluster. 

 

Figure B19. (A) experimental mass spectrum of [2(B12F12) + H2N(CH2)nNH2 + 2H]
2ï, (n = 

8), (B) theoretical isotopic distribution of the same cluster. 
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Figure B20. (A) experimental mass spectrum of [2(B12F12) + H2N(CH2)nNH2 + 2H]
2ï, (n = 

9), (B) theoretical isotopic distribution of the same cluster. 

 

Figure B21. (A) experimental mass spectrum of [2(B12F12) + H2N(CH2)nNH2 + 2H]
2ï, (n = 

10), (B) theoretical isotopic distribution of the same cluster. 
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Figure B22. (A) experimental mass spectrum of [2(B12F12) + H2N(CH2)nNH2 + 2H]
2ï, (n = 

11), (B) theoretical isotopic distribution of the same cluster. 

 

Figure B23. (A) experimental mass spectrum of [2(B12F12) + H2N(CH2)nNH2 + 2H]
2ï, (n = 

12), (B) theoretical isotopic distribution of the same cluster. 
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Figure B24. Ionogram of (blue) [(B12F12) + H2N(CH2)nNH2 + H]
ï  and (red)  

[2(B12F12) + H2N(CH2)nNH2 + 2H]
2ï (n = 2) at SV=3800V. 

 

Figure B25. Ionogram of (blue) [(B12F12) + H2N(CH2)nNH2 + H]
ï  (n = 3) at SV=3800V. 
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Figure B26. Ionogram of (blue) [(B12F12) + H2N(CH2)nNH2 + H]
ï  and (red)  

[2(B12F12) + H2N(CH2)nNH2 + 2H]
2ï (n = 4) at SV=3800V. 

 

Figure B27. Ionogram of (blue) [(B12F12) + H2N(CH2)nNH2 + H]
ï  and (red)  

[2(B12F12) + H2N(CH2)nNH2 + 2H]
2ï (n = 5) at SV=3800V. 
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Figure B28. Ionogram of (blue) [(B12F12) + H2N(CH2)nNH2 + H]
ï  and (red)  

[2(B12F12) + H2N(CH2)nNH2 + 2H]
2ï (n = 6) at SV=3800V. 

 

Figure B29. Ionogram of (blue) [(B12F12) + H2N(CH2)nNH2 + H]
ï  and (red)  

[2(B12F12) + H2N(CH2)nNH2 + 2H]
2ï (n = 7) at SV=3800V. 
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Figure B30. Ionogram of (blue) [(B12F12) + H2N(CH2)nNH2 + H]
ï  and (red)  

[2(B12F12) + H2N(CH2)nNH2 + 2H]
2ï (n = 8) at SV=3800V. 

 

Figure B31. Ionogram of (blue) [(B12F12) + H2N(CH2)nNH2 + H]
ï  and (red)  

[2(B12F12) + H2N(CH2)nNH2 + 2H]
2ï (n = 9) at SV=3800V. 
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Figure B32. Ionogram of (blue) [(B12F12) + H2N(CH2)nNH2 + H]
ï  and (red)  

[2(B12F12) + H2N(CH2)nNH2 + 2H]
2ï (n = 10) at SV=3800V. 

 

Figure B33. Ionogram of (blue) [(B12F12) + H2N(CH2)nNH2 + H]
ï  and (red)  

[2(B12F12) + H2N(CH2)nNH2 + 2H]
2ï (n = 11) at SV=3800V. 
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Figure B34. Ionogram of (blue) [(B12F12) + H2N(CH2)nNH2 + H]
ï  and (red)  

[2(B12F12) + H2N(CH2)nNH2 + 2H]
2ï (n = 12) at SV=3800V. 

 

Figure B35. (A) IRMPD fragmentation at the 2900 cmï1 ï 3000 cmï1 region for the singly 

charged [(B12F12) + H2N(CH2)nNH2 + H]
ï (n = 2) cluster. (B) CID at CE = 30V setting. 














































