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Abstract 

In this thesis, the structures and properties of protonated aromatic clusters have been 

investigated. The aromaticity of the phenyl ring can be influenced by the substituents. Electron 

withdrawing groups (EWGs) can reduce the electron density of the phenyl ring, while electron 

donating groups (EDGs) can donate their electron density to the π systems. Therefore, the 

charge density distribution of molecules containing the phenyl rings can be affected by the 

substituents, which can cause multiple potential protonation sites and the variation of structures 

and properties of the aromatic compound derivatives.  

A variety of aromatic clusters have been studied in this thesis in combined experimental and 

computational methods. A computational study of the proton-bound heterodimer of Phe/Ser 

has been conducted. The cosine similarities between each isomer were calculated, which was 

applied to partition the potential energy surface (PES) via hierarchical clustering. The cosine 

distances between the calculated spectra and experimental UV/IR double-resonance spectra 

were also calculated to assign the structures to each experimental spectrum. The same 

computational method of hierarchical clustering and spectral comparison was applied to study 

proton-bound homodimers of Phe derivatives. By changing the positions and types of the 

substituents on the phenyl ring, the effects of substituents on the structures and binding motifs 

were investigated. Infrared multiple photon dissociation (IRMPD) was utilized to produce 

experimental spectra for these homodimers in the gas phase. Para-substituted 

benzylpyridinium (BP) ions were also studied. The UV photodissociation (UVPD) action 

spectra of these species were measured via our modified DMS instrument. The absorption 

energies were found to be tuned by the substituents, and correlate with Hammett constants and 

electrophilic substituent constants. Last, two protomers of para-aminobenzoic acid (PABA) 

were examined via the UVPD spectroscopy study. PABA can be protonated at carbonyl 

oxygen (O-protomer) or amine nitrogen (N-protomer) under different electrospray solvent 

conditions. These two protomers were separated by the DMS cell and then irradiated by UV 

light. The two protomers showed distinctive UVPD action spectra. The simulated electronic 
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absorption spectra were calculated using the vertical gradient Franck-Condon approach, and 

then compared with the experimental UVPD action spectra. 
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Introduction 

The study of clusters is an interesting and challenging field that serves as a bridge between 

atomic/molecular systems and macroscopic matter.1–3 The physical and chemical properties of 

clusters are often very dissimilar from bulk size regimes of the same composition. In fact, the 

current interest in clusters largely comes from the possibility of identifying and exploiting their 

unique characteristics.4,5 These differences are caused by the fact that most bulk properties 

operate at scales much greater than the nanoscale range of a typical cluster system.6 Unlike 

isolated atoms and molecules, clusters can be held together by non-covalent interactions such 

as Van der Waals forces, and hydrogen bonding. Therefore, a better understanding of 

intermolecular and intramolecular interactions that bind the molecules together can ameliorate 

the performance and characteristics of clusters for specific applications and provide some 

insights into the properties of matter. 

The study of weakly bound clusters has grown tremendously.2,7–9 Various experimental 

techniques for probing the properties of clusters have been developed to date. These include 

laser spectroscopic techniques including infrared multiple photon dissociation (IRMPD),10–13 

UV photodissociation (UVPD),14,15 and velocity map imaging (VMI).16,17 Ion chromatographic 

technologies to separate cluster species also exist, such as differential mobility spectrometry 

(DMS),18–20 and linear ion mobility spectrometry.21,22 In a single cluster study, multiple 

techniques are often applied. Techniques that incorporate mass spectrometry analyses have 

shown great advantages. The pairing of experimental and theoretical methods is a common 

practice in this field, which facilitates considerable theoretical methods for computing the 

properties of these clusters. On the one hand, small clusters are manageable at a high level of 

theory. On the other hand, in the absence of calculation support, the experimental results cannot 

be easily explained. 

In this thesis, two techniques are applied to study the structure and properties of gas-phase 

aromatic ionic clusters: IRMPD and DMS-MS coupled with UVPD. The experimental IRMPD 
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spectra for these species were collected at the Centre Laser Infrarouge d’Orsay (CLIO) free-

electron laser (FEL) facility of the University of Paris XI in Orsay, France. The low-energy 

isomers of the clusters were determined by density functional theory (DFT). Their calculated 

IR spectra were compared with the IRMPD spectra for validation. The properties such as 

binding motifs can be predicted via computational results. DMS is a tool that can be used for 

spatial separation of structural isomers, stereoisomers, and tautomers. Ions exhibit different 

mobilities under high- and low-electric fields of an asymmetric radiofrequency waveform that 

are dependent on their geometry, mass and charge differences. The DMS-MS setup is modified 

to couple with UVPD experiments, which allow the separation of isomeric species through 

spectroscopic interrogations. The vertical gradient Franck-Condon (VG-FC) model was 

implemented to simulate the isomers’ vibronic absorption spectra, for comparison with UVPD 

action spectra obtained experimentally. 

The aromatic compounds studied herein are species that contain electrons that populate a 

delocalized π system. Specifically, they conform to Hückel’s rule, which states that the number 

of delocalized π electrons equals to 4n + 2, where n is a positive integer. Aromaticity confers 

additional stability to the ring system. Benzene and its derivatives are the most well-known 

aromatic systems. Aromatic compounds play important roles in many aspects of biological 

systems. All five nucleobases, adenine, cytosine, guanine, thymine, and uracil, which are the 

fundamental units of genetic coding in DNA and RNA, contain aromatic purine or pyrimidine 

rings. The amino acids, histidine (His), phenylalanine (Phe), tyrosine (Tyr), and tryptophan 

(Trp), which are building blocks of proteins, also contain aromatic ring moieties. These 

aromatic amino acids not only serve as precursors for the synthesis of many biological 

compounds, but also stabilize the structures of polypeptides via interactions involving their π 

systems (e.g., cation- π, anion-π, and π-π interactions).23–27  

The electron density of aromatic groups is strongly correlated to substituents on the aromatic 

ring. For example, an electron donating group (EDG) is said to donate its electron density into 

the conjugated π systems through resonance or inductive effects. In contrast, an electron 

withdrawing group (EWG) has the opposite effect and can reduce the electron density from a 

π system. For molecules containing π systems, the electron density of the phenyl ring exhibits 
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a quadrupole charge distribution. A relatively high negative charge density exists above and 

below the phenyl ring, with low negative charge density surrounding the ring’s edge. 

Therefore, positively charged cations are attracted to the face of the ring rather than the edge, 

leading to cation-π interactions. In terms of substituent effects, EDGs can strengthen cation-π 

interactions, while EWGs can weaken the interactions with respect to the positions of the 

substituents (e.g., para, meta, ortho). Substituents with electron rich donor atoms also allow 

hydrogen bonding interactions. Therefore, non-covalent interactions such as hydrogen bonding 

and cation-π interactions can be adjusted by adding the substituents on the phenyl rings.28,29 

Sequentially, the binding motifs or the integral structures of molecules can be influenced by 

substituent characteristics. For example, the amine group is an EDG that can donate electrons 

from the nitrogen lone pair, whereas the carboxylic acid can accept the π-electron density 

owing to the π-conjugated sp2 orbital in the carbonyl group.30 When these two groups are on 

the para positions of benzene (i.e., para-aminobenzoic acid), two possible protonation sites are 

available and are populated under different conditions due to the resonance effect. The 

positions of these two substituents (e.g., para-, meta-, ortho- aminobenzoic acid) can also 

change the molecular basicity and its preferred protonation sites. 

Chapter 3 presents a study on Phe-containing dimers. Phe is one of the aromatic amino acids 

that contain a phenyl group. To better understand how Phe interacts with its neighbouring 

amino acids, the research focus was directed away from the study of intramolecular 

interactions to the study of intermolecular interactions between the moieties of the dimers. 

These non-covalent interactions can facilitate dynamic biological processes, and give rise to 

secondary structure in large systems such as protein.31 The study of dimer systems of amino 

acids provides a pared-down model to study these non-covalent interactions.  

For the proton-bound heterodimer of Phe and serine (Ser), the experimental IR spectra of 

this dimer were obtained via UV/IR double-resonance spectroscopy by Lorenz and Rizzo in 

2012.32 The resulting five distinct IR spectra indicate the existence of at least five isomers of 

Phe-Ser dimers in the probed sample. A Monte Carlo conformational search was performed, 

which was followed by DFT treatment. However, a thorough search of the PES and assignment 

of the experimental spectra for this complex system is tedious. Therefore, to efficiently 



 

 4 

partition the PES and quantitatively compare the spectra, a computational approach was 

developed to investigate the structures of Phe-Ser and assign those structures to the 

experimental spectra. A custom-written basin-hopping (BH) search algorithm can be employed 

to identify low-energy isomers, which are then treated with DFT calculations. Based on the 

cosine distance between the mass-weighted distance matrix of each isomer, hierarchical 

clustering was used to partition the PES of the cluster. The calculated IR spectra and 

experimental spectra were compared by using the cosine distance metric to assist in assigning 

the spectra obtained by Lorenz and Rizzo to specific structures. 

For the proton-bound homodimers of Phe derivatives, a combined computational and 

experimental approach was exploited. It has been shown for the Phe monomer that an 

intramolecular cation–π interaction between the ammonium group and the phenyl ring can 

affect Phe geometries and properties such as gas-phase basicity and proton affinity.33 This 

cation–π interaction can be tuned by varying the substituents on the phenyl ring, which 

subsequently influence the structures and properties.33 These variations in geometries and 

properties caused by the substituents were found to correlate with the Hammett constants. To 

study the effects of substituents on the Phe homodimer structures, ten different derivatives of 

protonated Phe homodimer were investigated. The global minima along with low-energy 

isomers of these homodimer derivatives were obtained by BH and then treated with DFT level 

of theory. The calculated spectra were compared with IRMPD spectra. Hierarchical clustering 

and multi-dimensional scaling (MDS) were employed to categorize all Phe derivatives 

homodimers and explore the influence of the substituents on the structures.  

Chapter 4 describes a study of benzylpyridinium (BP) derivatives, also known as 

thermometer ions. Thermometer ions have a simple fragmentation pattern, in which the C-N 

bond between the benzyl and pyridyl moieties breaks; thus, it can be used to probe the energy 

uptake from the activation process.34 The dissociation energy of the C-N bond can also be 

tuned by the substituents on the benzyl group.35 Therefore, para-substituted BP ions were 

investigated experimentally and computationally. UV photodissociation action spectra were 

measured in a modified DMS instrument by monitoring the intensities of parent ions and 
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daughter ions. The recorded absorption energies of the substituted BP ions were found to 

correlate with substituent Hammett constants.  

Chapter 5 discusses the study of para-aminobenzoic acid (PABA) to exemplify the 

spectroscopic performance and resolving power of our instrument. PABA consists of a benzene 

ring with para positions substituted by carboxyl and amino groups. The choice of electrospray 

ionization (ESI) solvents can influence the protonation sites wherein O-protomer is protonated 

at carboxylic acid, and N-protomer is protonated at amine nitrogen.36,37 We expanded on a 

previous study that explored the effect of ESI composition on the prevalence of the different 

PABA protomers.37 Herein, we extended the use of our modified DMS device compared to 

Chapter 4 for spectroscopic studies and characterization of the DMS-separated protomers. The 

PABA protomers electrosprayed from different solvent conditions were separated in DMS and 

then identified by UVPD action spectra. The experimental spectra were compared with 

previous work by Dessent et al.38   

Overall, this thesis provides a detailed investigation of the geometric and electronic 

structures of aromatic ionic clusters which range from biorelevant molecules to general organic 

compounds. These aromatic clusters exhibit unique properties due to the phenyl group, which 

turns out to be manipulated by the substituted functional groups. Computationally, the study 

provides a novel approach to compare the calculated structures based on the cosine distance 

metric. Experimentally, this study applied a well-established technique, IRMPD, which was 

combined with the computational results to explain the observed phenomena. DMS was used 

to separate species of identical m/z for study with UVPD, and UVPD was used to distinguish 

species separated by DMS to provide insight as to how different structures are separated by 

their differential ion mobility. Through these findings, we hope this research can provide new 

insights into the aromatic clusters in the gas phase and some cognitive techniques employed in 

future studies.  
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Methods 

2.1 Computational Methods 

 Basin-Hopping Routine 

Determining the lowest-energy geometry of a molecule or ion is a useful first step when 

investigating molecular phenomena. Computational approaches are a promising alternative to 

investigate the structures of molecular systems since it can be difficult to determine their 

geometries experimentally. Typically, the initial guess of the molecular structures comes from 

the chemists’ intuition based broadly on applicable chemical phenomena, including steric 

hindrance, resonance effects, and H-bonding. However, it is challenging to guess the structures 

of complex molecules or clusters, especially with increasing molecular size, as the number of 

possible permutations of the atoms for those molecules scales factorially. In some cases, the 

energetically low-lying geometries are also required for the studies. Basin-hopping (BH) has 

been shown to be a helpful tool to explore the potential energy surface (PES) and find the 

global minimum candidates.39,40 

BH is a custom written algorithm41,42 that can be interfaced with programs such as the 

Gaussian software package;43 it can be regarded as a modified Monte Carlo routine with 

minimization, in which a large number of geometries of the molecule or cluster in question are 

sampled. Figure 2.1 shows a flow chart that outlines how BH samples the PES. An initial guess 

structure of the molecule is optimized at the density functional theory (DFT) level of theory 

using the Becke 3-parameter Lee-Yang-Parr (B3LYP) functional44–47 and 6-31G basis set. 

Atomic coordinates of the optimized structure are extracted as an input guess geometry for the 

BH algorithm. The algorithm then randomly distorts the molecular geometry for a set number 

of iterations. Distortion of the geometry is determined by several parameters defined by the 

user, including simulation temperature (i.e., thermal energy), dihedral angle rotation, and 

rotation and translation of molecules in multimeric species.41,42 Once the molecule is randomly 
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distorted, the new structure is optimized using a low-level computational method (i.e., 

molecular mechanics, vide infra) after which its electronic energy is calculated. The energy of 

the new geometry is compared with that of the previously accepted global minimum to 

determine its candidacy for the new global minimum. If its energy is lower than the current 

global minimum, the structure will be accepted as the new global minimum. This newly 

accepted structure will then be used as the new input structure to undergo further distortion, 

and the process is reiterated for a set amount of times (usually, 10,000 iterations were selected 

in our studies). If, however, the energy of the optimized structure is higher than the current 

global minimum, this energy will be used to calculate a Boltzmann probability factor, which 

is compared with a randomly selected number from 0 to 1.42 The equation for calculating the 

Boltzmann probability is shown in Equation 2.1: 

𝑃𝑖

𝑃𝐺𝑀
= 𝑒

−(
𝐸𝑖−𝐸𝐺𝑀

𝑘𝐵𝑇
)
 

 (2.1) 

where Pi and PGM are the probabilities of two states: the current state, i, and the current accepted 

global minimum, GM. If the Boltzmann probability is lower than the randomly selected 

number, the structure will still be accepted and used as a new input structure. Otherwise, the 

structure will be discarded and the BH routine will distort the previously accepted structure 

again. A BH routine is repeated until a user-defined NBH number of structures are accepted. 

Therefore, with an approximate acceptance ratio of 0.5, a standard BH procedure will produce 

and test approximately 20,000 structures.  
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Figure 2.1 The BH routine. 𝐸𝑖 is the energy of the distorted structure optimized by the 

molecular mechanics (MM) method. 𝐸𝐺𝑀 is the energy of current global minimum. The 

number of BH steps can be adjusted to any arbitrary value. The BH algorithm will 

iterate until the specified maximum number of steps is reached. 

The search for geometries to map the PES includes thousands of geometry optimizations, 

which can be a very computationally demanding task. Molecular mechanics (MM), a relatively 

low level of theory, is employed for optimizing and calculating the energies of the structures 

produced by BH. This reduces the time required to perform such a rigorous geometry search 

while maintaining some level of accuracy, especially for large systems. MM employs classical 

physical models along with empirical potentials. It simulates the energy as a function of 
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conformation. The molecules are simulated as masses connected with springs. The equilibrium 

inter-particle distance of two given masses is set to an empirical equilibrium bond length. The 

total energy of the system in MM calculations is composed of covalent and noncovalent parts. 

Covalent interaction includes bond stretching, angular bending, and (dihedral) angular 

torsion.48 MM uses a harmonic oscillator model to treat the bonds and bond angles for covalent 

interactions as shown in Equation 2.2.49,50 

𝐸𝑐𝑜𝑣𝑎𝑙𝑒𝑛𝑡 = ∑ 𝐾𝑏(𝑟 − 𝑟0)
2

𝑏𝑜𝑛𝑑𝑠

+ ∑ 𝐾𝜃(𝜃 − 𝜃0)
2

𝑎𝑛𝑔𝑙𝑒𝑠

+ ∑ 𝐾𝑛[1 + cos(𝑛𝜏 − 𝜑)]

𝑡𝑜𝑟𝑠𝑖𝑜𝑛

 

 (2.2) 

In Equation 2.2, bond stretching and angle bending energies are estimated using Hooke’s 

law. Kb and Kθ represent the force constants for each bond and angle, respectively. Furthermore, 

r/r0 and θ/θ0 are the input/equilibrium values for the bond length and bond angles, respectively. 

The torsion energy is periodic as a function of the dihedral angle, τ. Kn determines the 

amplitudes and n controls the periodicity. φ shifts the curve to synchronize the torsion potential. 

These parameters are unique and depend on bond types. 

The energy calculated for noncovalent interactions is shown in Equation 2.349,50 and is given 

in two parts: the van der Waals forces and the Coulombic forces.48  

 

𝐸𝑛𝑜𝑛𝑐𝑜𝑣𝑎𝑙𝑒𝑛𝑡 = ∑
𝐴𝑖𝑗

𝑟𝑖𝑗
12

𝑛𝑜𝑛𝑏𝑜𝑛𝑑𝑒𝑑
 𝑝𝑎𝑖𝑟𝑠 𝑖 𝑗

−
𝐵𝑖𝑗

𝑟𝑖𝑗
6 + ∑

𝑞𝑖𝑞𝑗

4𝜋𝜀0𝑟𝑖𝑗𝑛𝑜𝑛𝑏𝑜𝑛𝑑𝑒𝑑
𝑝𝑎𝑖𝑟𝑠 𝑖 𝑗

 
  (2.3) 

For the van der Waals forces, A and B determine the depth and position of the potential energy 

well for a pair of nonbonded atoms i and j, and rij is the interatomic distance. For the 

electrostatic potential, the Coulombic potential is employed where qi and qj are the partial 

atomic charges. ε0 is the dielectric permittivity. These parameters are defined in the force field. 

The force field used here is the Universal Force Field (UFF). This model contains the force 
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field of all elements involved in the target molecules in the research studied here.51 However, 

the choice of the force field is not especially important because BH is only used to generate 

candidate structures for geometry optimizations at higher levels of theory; as long as the force 

field yields a somewhat accurate/representative PES, the candidate structures will be close to 

their optimal geometries (for higher-level model chemistries).To simulate the non-covalent 

electrostatic interactions more precisely, partial charges for each atom were added in the MM 

calculations for each molecule. The partial charges were estimated by using the charges from 

electrostatic potentials with a grid-based method (CHelpG), which employs the least-squares 

method52 and a point-selection algorithm to fit the atomic charges into the molecular 

electrostatic potential field.53  

Once a BH search is completed, the unique structures are identified and low-energy isomers 

are carried forward for a more rigorous treatment at the semi-empirical, Hartree-Fock (HF), 

DFT, and/or CCSD(T) level of theory.12,39   

 Unsupervised Machine Learning 

2.1.2.1 Geometric Cosine Similarity 

Cluster systems can be compared and categorized based on their geometric similarities (e.g., 

binding motifs). To compare the geometry of the low-lying isomers identified computationally, 

one can employ a similarity function to determine the similarity/difference between molecular 

coordinate systems. A vector of mass-weighted distances between the centre of mass, 𝑅⃑ 𝐶𝑂𝑀 

and each atomic position, 𝑅𝑖, is used to describe molecular geometries (see Equations 2.4 and 

2.5): 

𝑅⃑ 𝐶𝑂𝑀 =
∑ 𝑚𝑖𝑟 𝑖

𝑛
𝑖=1

∑ 𝑚𝑖
𝑛
𝑖=1

 𝑎𝑛𝑑 
 (2.4) 

𝑅𝑖 = 𝑚𝑖 ∙ 𝑑(𝑟 𝑖, 𝑅⃑ 𝐶𝑂𝑀)  (2.5) 

where 𝑚𝑖 and 𝑟 𝑖 are the mass and the Cartesian coordinates of the ith atom, respectively. The 

identity of the ith atom should be retained across all geometries being compared. Alternatively, 
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the mass-weighted vector can be sorted from smallest to largest 𝑅𝑖, which can be used as a 

unique identifier for each structure.  

The similarity function applied for geometry comparison is cosine distance. The equation 

shows the cosine similarity between isomer A and isomer B as per Equation 2.6 and 2.7: 

distance =
cos−1(𝑠𝑖𝑚𝑖𝑙𝑎𝑟𝑖𝑡𝑦)

𝜋
 𝑎𝑛𝑑 

(2.6) 

similarity =
∑ 𝑅𝐴𝑖𝑅𝐵𝑖

𝑛
𝑖=1

√∑ 𝑅𝐴𝑖
2𝑛

𝑖=1 √∑ 𝑅𝐵𝑖
2𝑛

𝑖=1

 
(2.7) 

The cosine similarity ranges from 0 to 1, since the mass-weighted distances are always positive. 

Two identical structures will exhibit a cosine similarity equal to 1 and an angular distance 

equal to 0. The angular distance increases as the geometric difference between the two 

compared isomers increases. 

Agglomerative hierarchical clustering can be used to group species with similar geometries 

once cosine distances have been calculated.54 This analysis employs a tree-based 

representation, known as a dendrogram as shown in Figure 2.2. It builds a hierarchy of clusters 

to show which isomers have a closer distance on the PES with respect to the mass-weighted 

distance matrices. The Weighted Pair Group Method with Arithmetic Mean (WPGMA), 

developed by Michener and Sokal, is a common method for agglomerative hierarchical 

clustering,.55,56 At each step of the WPGMA algorithm, the two closest isomers, A and B, are 

combined into a higher-level group, A∪B. The distance between this group and another isomer 

C is simply the arithmetic mean of the average distances between isomers A and C, and isomers 

B and C, as described in Equation 2.8.  

𝑑(𝐴∪𝐵),𝐶 =
𝑑𝐴,𝐶 + 𝑑𝐵,𝐶

2
 

 (2.8) 
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Figure 2.2 The illustration of cosine distance dendrogram of difluoroethene.40 The 

structures of difluoroethene were optimized at the PM6 level of theory.  

The multi-dimensional scaling (MDS) plot is a visual representation of similarities between 

compared objects. The similarity matrix employed here is cosine similarities. MDS assigns the 

objects based on the similarities into a low-dimensional space while retaining the largest 

possible intervals between them.57,58  

2.1.2.2 Spectral Similarity 

Similar to geometric comparisons outlined in the previous section 2.1.2.1, one can employ a 

similarity metric to compare the calculated IR spectra for a collection of isomers with the IR 

spectrum measured experimentally. In this work, experimental IR spectra were obtained via 

infrared multiple photon dissociation (IRMPD), as described below in Section 2.2.1. Prior to 

the comparison with the experiment, the calculated IR spectra must be scaled using an 

appropriate scaling factor to account for anharmonicity.59 The experimental spectra were then 

interpolated at the same wavenumber values as the calculated spectra. The intensities of the 

experimental and theoretical spectra were then normalized such that the maximum intensity 



 

 13 

for each in the given wavenumber range is equal to 1. The normalized intensity vectors could 

then be compared using a similarity metric such as the cosine similarity described above in 

Equation 2.7. Another option is to employ a scaled Euclidean similarity as described in 

Equation 2.9:  

𝑠𝑐𝑎𝑙𝑒𝑑 𝑠𝑖𝑚𝑖𝑙𝑎𝑟𝑖𝑡𝑦 =
𝑑𝑖 − 𝑑𝑚𝑖𝑛

𝑑𝑚𝑎𝑥 − 𝑑𝑚𝑖𝑛
 

 (2.9) 

where 𝑑𝑚𝑎𝑥 and 𝑑𝑚𝑖𝑛 are the maximum and minimum distance of the compared vectors. This 

treatment yields similarities that range from a minimum of 0 (worst match) and a maximum of 

1 (best match). 

 Quantum Theory of Atoms in Molecules and the Non-Covalent Interactions 

Index  

The quantum theory of atoms in molecules (QTAIM) was first introduced by Bader and has 

been used to extensively identify chemical bonds. The details of this theory have been 

explained elsewhere,60–65 but a brief explanation pertinent to this thesis is useful. In QTAIM, 

the electron density of a molecule is used to understand the chemical bonding within that 

molecule. The topology of electron density confines the structure of a molecule and therefore 

correlates to many properties. The electron density can exhibit maxima, minima, and saddle 

points, which are critical points on the electron density surface.61 At these critical points, the 

first derivative of the electron density is equal to 0, and the sign of the second derivative 

distinguishes the type of extremum. There are four types of critical points: (3, −3), (3, −1), (3, 

+1), and (3, +3). The first number in each pair, i.e., 3, is the number of non-zero curvatures of 

electron density at the critical point. The second number is the algebraic sum of the signs of 

the curvatures. Nuclei exhibit local maxima of electron density. Therefore, nuclear positions 

exhibit (3, −3) critical points. Bond critical points (BCPs) are saddle points between the 

maxima of the nuclei. Thus, BCPs are (3, −1) type critical points because the electron density 

is at a minimum along the bonding axis and a maximum along the other perpendicular 
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directions. By the same logic, ring critical points (RCPs; those centred in a ring) are of type (3, 

+1), and cage critical points (CCPs) are of type (3, +3).  

The Laplacian of the electron density (∇2𝜌) plays a significant role in the characterization of 

chemical bonding. The Laplacian of electron density at critical points is given in Equation 

2.10:61 

∇2𝜌(𝑟𝑐) =
𝜕2𝜌(𝑟𝑐)

𝜕𝑥2
+

𝜕2𝜌(𝑟𝑐)

𝜕𝑦2
+

𝜕2𝜌(𝑟𝑐)

𝜕𝑧2
= 𝜆1𝑐 + 𝜆2𝑐 + 𝜆3𝑐 

 (2.10) 

where 𝑟𝑐 is the critical point, and 𝜌(𝑟𝑐) is the electron density at the critical points. 𝜆1𝑐, 𝜆2𝑐, 

and 𝜆3𝑐 are the eigenvalues of the Hessian of 𝜌(𝑟𝑐), which are also referred to as the curvatures 

of 𝜌(𝑟𝑐). For covalent bonds, the electron density 𝜌 at the BCP is usually greater than 10−1 a.u. 

with a negative value of ∇2𝜌(𝑟𝑐) .60,61 A negative value of the Laplacian at the BCPs, 

∇2𝜌(𝑟𝐵𝐶𝑃), indicates that the electronic charge is concentrated at the BCP. For non-covalent 

bonds, the Laplacian is positive and the magnitude of 𝜌(𝑟𝐵𝐶𝑃) varies depending on the type of 

interaction. For hydrogen bonding interactions, 𝜌(𝑟𝐵𝐶𝑃) ≈ 10−2, whereas 𝜌(𝑟𝐵𝐶𝑃)  ≈ 10−3 for 

van der Waals interactions.61 For cation-π interactions (with the exception of protons), 

∇2𝜌(𝑟𝐵𝐶𝑃) is positive and ranges from 10−2 to 10−3 a.u.66,67 In the case of proton-π interactions, 

the electron density is shared/donated because H+ does not (formally) have electrons; therefore, 

∇2𝜌(𝑟𝐵𝐶𝑃) is negative and 𝜌(𝑟𝐵𝐶𝑃) ≈ 10−1 a.u.66 However, it is worth mentioning that Mohajeri 

and Karimi’s study on cation-π interactions is solely concerned with free cations interacting 

with π systems. This situation is slightly different from the studies described herein where 

cation-π interactions exist in complex systems with partially positive cations and π systems 

constrained/tethered by covalent bonds. 

Although in some cases BCPs are not identified with the QTAIM treatment, non-covalent 

interactions may still exist in those systems.68,69 Occasionally, the QTAIM theory is too 

rigorous in its definition of the BCPs. An alternative method, the non-covalent interaction 

(NCI) index, has been shown to reveal non-covalent interactions in cases where QTAIM 
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fails.70–72 The NCI index is a visualization index based on electron density (𝜌) and reduced 

density gradient (𝑠). The reduced density gradient is described in Equation 2.11: 

𝑠(𝑟) =
|∇𝜌(𝑟)|

2(3𝜋2)
1
3𝜌(𝑟)

4
3

 . 
 (2.11) 

Non-covalent interactions occur at regions with low 𝜌(𝑟) and 𝑠(𝑟). The sign (−/+) of second 

eigenvalues of the Hessian of electron density (𝜆2) multiplied by the electron density 𝜌(𝑟) can 

assess the strength and character of attractive or repulsive interactions. An NCI representation 

is given by a two-dimensional plot of 𝑠(𝑟) versus sign(𝜆2)𝜌(𝑟). A spike at low density and 

low gradient indicates the existence of non-covalent interactions as shown in Figure 2.3. If the 

spike reaches 0 (i.e. 𝑠(𝑟) = 0), the spike is a critical point. The sign of 𝜆2  can determine 

whether it is a BCP (negative sign) or RCP (positive sign). This agrees with QTAIM results. 

Under some circumstances, the spike reaches slightly above 0, indicating no critical points are 

present. However, the non-covalent interactions still exist but with different strengths.68,69 In a 

three-dimensional representation, the isosurfaces of the reduced density gradient can be used 

to visualize non-covalent interactions. The isosurfaces are determined by the value of 

sign(𝜆2)𝜌(𝑟) and are usually coloured with a blue-green-red heatmap;70 large negative values 

indicate strong attractive interactions (coloured in blue) and large positive values indicate 

strong repulsive interactions (coloured in red). 
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Figure 2.3 A schematic diagram of the plot of 𝑠(𝑟) versus sign(𝜆2)𝜌(𝑟). The spike is 

labelled as A at regions with low 𝜌(𝑟) and 𝑠(𝑟) in this figure. 

 Franck-Condon Principle 

The Born-Oppenheimer (BO) approximation separates the electronic and nuclear parts of the 

molecular Hamiltonian because of the dramatic difference in timescales; nuclei are much 

heavier than electrons and therefore move much more slowly.73 Using the BO approximation 

and applying the harmonic oscillator approximation, one can estimate the vibrational quantum 

structure associated with a given normal mode for a particular PES. The Franck-Condon 

principle assumes that the positions of the nuclei do not change during an electronic transition. 

This corresponds to “vertical transitions” between the populated ground state vibrational 

energy levels and excited vibronic states in absorption processes, as indicated by the blue arrow 

in Figure 2.4. To assess the probability of such a process occurring, one can calculate the 

overlap integral for the two corresponding vibronic wavefunctions,73 as shown in Figure 2.4. 

The absolute square of the overlap integral is proportional to the intensity of a vibrational band.   
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Figure 2.4 Vertical gradient Franck-Condon principle energy diagram. The excited 

state geometry is assumed to be that of the ground state during the vertical transition.73 

There are two methods commonly used for determining the Franck-Condon integrals (i.e., 

vibrational overlap integral) used in computing vibrational transition intensities: the adiabatic 

hessian and the VG-FC approximations. The adiabatic Franck-Condon approach typically 

involves the optimization of equilibrium geometries of both the ground state and the excited 

electronic state.74–76 The vibrational overlap integral can subsequently be evaluated to 

determine the vibrational transition components that will be added to the spectrum. This 

provides a more accurate representation of the excited state geometry of the analyte; however, 

the spectrum generated using this approach is typically less reliable. Most intense transitions 

take place along the vertical excitation of a molecule due to the significant difference in 

timescale between nuclear and electronic transitions. The VG-FC approach provides a more 

accurate description of the transition intensities. This method evaluates the vibrational 

transition integrals using a Taylor expansion on the excited state PES around the initial state 
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equilibrium geometry (viz. that of the ground state) rather than optimizing the excited state 

geometry.77,78 In this approach, the force constants of the excited state are assumed to be those 

of the ground state translated to match the equilibrium of the excited state through the 

calculation of energy gradients.79 This approach is time-feasible and can be employed for 

simulating the spectra of larger molecules. While the VG-FC approach typically results in 

reliable spectra, this approach breaks down when a large shift in normal modes exists between 

the two states. A detailed explanation of these approaches can be found elsewhere.75,77 In this 

study, the VG-FC approach, implemented in ORCA, was used to simulate the vibronic 

spectra.80 

2.2 Experimental Methods 

 Infrared Multiple Photon Dissociation 

In principle, each molecule has a characteristic vibrational spectrum. Unlike the absorption 

peaks in the ultraviolet (UV) and visible region, which arise from ro-vibronic transitions, 

absorption in the infrared (IR) region corresponds to changes in the ro-vibrational state of 

molecules. IR absorption is highly sensitive to molecule’s functional groups, with different 

functional groups absorbing different frequencies of light in the IR region. Traditional IR 

absorption spectroscopy detects the transmittance of the light absorbed by a sample after 

irradiation. However, this method is not suitable for probing species in the gas phase where 

analyte concentration is far too low to absorb an appreciable number of incident photons to 

induce an observable change in the incident beam. IRMPD is an indirect measure of IR 

absorption that monitors the photodissociation yield of ions as a function of IR wavelength.81 

The sensitivity of mass spectrometers facilitates sensitive measurements of photodissociation 

yields. However, these signals are dependent on both the absorption cross section and the 

coupling efficiency to thermodynamic dissociative thresholds, introducing some ambiguity 

with respect to signal intensity. In this thesis, IRMPD was employed to measure the gas-phase 

vibrational spectra of proton-bound dimers of Phe derivatives. IRMPD has been described in 

detail in several publications.12,33,82–87 Key aspects will be briefly discussed here. 
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IRMPD is a stepwise multiple photon absorption process that is used to determine the IR 

vibrational spectra of ions in the gas phase.6 Figure 2.5 provided a schematic description of the 

IRMPD process. Excitation from the ground state v''=0 to v''=1 occurs when a molecule 

absorbs the energy of a single photon that is resonant with the vibrational energy gap. The 

absorbed photon energy is dissipated to bath states (i.e., other low-energy states accessible 

from the excited v''=1 mode) through intramolecular vibrational redistribution (IVR),88,89 

allowing for subsequent single-photon absorption to occur via the same vibrational transition.11 

This single-photon absorption event repeats until the accumulated energy of the molecular ion 

reaches a thermodynamic dissociation threshold and the ion fragments. Figure 2.6 shows an 

example of the mass spectra for isolated [(CH2CH3)3NH•B12Cl12]
−.90,91 Since the parent cluster 

does not absorb at 1613 cm-1, fragmentation is negligible and only the parent ion can be 

observed. However, at 1461 cm-1 and 1033 cm-1, irradiation results in different fragmentation 

channels. The IRMPD action spectrum can be acquired by monitoring the depletion of the 

parent ion and the production of fragment ions as a function of photon wavenumber. The 

IRMPD efficiency is calculated as per Equation 2.12:92 

𝐼𝑅𝑀𝑃𝐷𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = − log (
∑ 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝑝𝑎𝑟𝑒𝑛𝑡

∑𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝑝𝑎𝑟𝑒𝑛𝑡 + ∑ 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡
). 

 (2.12) 

Although IRMPD spectra are reliable in terms of vibrational frequencies, caution must be taken 

when interpreting spectral intensities. As stated above, intensities obtained using the IRMPD 

technique are heavily dependent on the photon absorption cross section, the efficiency of 

coupling to bath states and, ultimately, dissociative channels.6 
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Figure 2.5 A schematic diagram of the IRMPD process. The absorbed energy is 

distributed to the bath states. The molecule will not dissociate until the energy exceeds 

a thermodynamic dissociation threshold.  

 

Figure 2.6 The mass spectra observed for isolated [(CH2CH3)3NH•B12Cl12]
− at (A) 

1613 cm-1 (non-resonant); (B) 1461 cm-1 (resonant); (C) 1033 cm-1 (resonant).90,91 

200 400 600

1613 cm-1

1461 cm-1

R
e

la
ti
v
e

 I
n

te
n
s
it
y

1033 cm-1

m/z

A 

B 

C 



 

 21 

To achieve IRMPD, the dissociation thresholds of the target cluster or ion must be relatively 

low, or the intensity of the IR source must be high enough to deliver sufficient photon energy 

to the analyte. Free electron lasers (FELs), which have wide tunability and high power, have 

become an important tool for IRMPD studies.93,94 As Figure 2.7 shows, the main components 

of a FEL are a thermionic electron gun, a tunable 15–50 MeV radio-frequency (RF) accelerator, 

and an undulator. The electron gun can deliver electron pulses at intervals that can be regulated. 

The accelerator is a 3 GHz RF linear accelerator (linac), which can accelerate the electron 

beam to an energy 15–50 MeV. The energy of the electron beam is filtered by the energy-

selecting slit before the electron beam passes through the undulator. Owing to the periodic 

arrangement of the magnets in the undulator shown in Figure 2.8, the electron beam oscillates 

during transit, resulting in the emission of synchrotron radiation. The emitted photons are 

captured in the optical cavity and interact with the electron beam in the undulator, leading to 

light amplification by stimulated emission of radiation (i.e., LASER).95–97 At the resonant 

wavelength 𝜆𝑅, laser radiation is emitted by the FEL, as described by Equation 2.13: 95–98 

𝜆𝑅 =
𝜆0

2𝛾2
(1 +

𝐾2

2
) 

 (2.13) 

where 𝜆0 is the magnetic period of the undulator, 𝛾 is the ratio between the energy of the 

electron beam and the energy of the light, and 𝐾 is the deflection parameter, which is equal to 

𝑒𝐵𝜆0

2𝜋𝑚𝑐
 (𝐵 is the magnetic field of the undulator, 𝑒 is the electron charge, 𝑚 is the electron mass, 

and 𝑐 is the speed of light).95 Therefore, modifying the undulator magnetic field can tune the 

wavelength of the emitted light. This is accomplished by changing the gap between permanent 

magnets.97 



 

 22 

 

Figure 2.7 The schematic diagram of an IR FEL.95 

 

Figure 2.8 The schematic diagram of the FEL undulator99 

To isolate clusters of interest, a quadrupole ion trap spectrometer (Bruker Esquire 3000+), 

as seen in Figure 2.9, is used. The analyte can be brought into the gas phase, and then ionized 

through electrospray ionization (ESI). The cap and annular electrodes are used to trap the 

ionized clusters for mass selection and interaction with the light. 
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Figure 2.9 The schematic diagram of the Bruker Esquire 3000+ ion trap mass 

spectrometer100 

 Differential Mobility Spectrometry-Mass Spectrometry coupled with UV-

Vis Photodissociation 

Differential mobility spectrometry (DMS), is a tool used to spatially separate and characterize 

gas-phase ions based on their differential mobilities under high and low electric field 

conditions.101 The coefficient of mobility 𝐾 determines the mobility of an ion under a constant 

electric field and is given by Equation 2.14:102 

𝐾(
𝐸

𝑁
) = 𝐾(0)[1 + 𝛼(

𝐸

𝑁
)] 

 (2.14)  

where E is the strength of the applied electric field, and N is the density of the gas medium. 

Under low electric field conditions, 𝐾 is approximately constant and independent of (
𝐸

𝑁
), and 

is described by 𝐾(0) in Equation 2.14. As (
𝐸

𝑁
) increases, the dependence of 𝐾 on the electric 
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field becomes increasingly important. The normalized function, 𝛼(
𝐸

𝑁
), (also known as the alpha 

function), is characteristic of the analyte ions and describes their field-mobility dependence. 

The alpha function typically has a value less than 1. 

As shown in Figure 2.10, the ions are conveyed through the DMS cell by a carrier gas 

(typically N2). The DMS cell is composed of two planar electrodes positioned on opposite 

sides of the carrier gas flow axis. As ions pass through the cell, an RF asymmetric waveform 

known as the separation voltage (SV) is applied across the two electrodes to induce differential 

mobility of the ions. Under the influence of the SV, the ions adopt off-axis “zigzag” trajectories 

and migrate towards one of the electrodes, where they are neutralized. Only the ions with zero 

average velocity transverse to the carrier gas flow axis can pass through the gap between the 

electrodes. Typically, DMS is coupled with mass spectrometry (MS) to act as a detector and 

be used in further analysis (e.g., hydrogen-deuterium exchange (HDX), collision-induced 

dissociation (CID), MSN, etc.).101,103 To correct off-axis trajectories and steer ions through the 

DMS cell, a direct current known as the compensation voltage (CV) can be applied along with 

the SV.  Each molecular geometry adopts a different ion trajectory, as encoded in the SV/CV 

behaviour, owing to the fact that ion trajectories are determined by instrument parameters (i.e., 

ion axial velocity, gas pressure and composition, and applied field). Critically, molecular 

parameters that are unique to each ion (i.e., collision cross sections (CCS), mass, charge, and 

interaction potential with the bath gas environment) also play a role in the DMS behaviour 

observed.104  
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Figure 2.10 A schematic diagram of the DMS-MS coupled with UVPD. ESI: 

electrospray ionization. Triple quadrupole: Q1, Q2, Q3. M1: mirror 1. M2: mirror 2. 

P1: optical viewport. OPO: Nd:YAG-pumped optical parametric oscillator probe laser 

system.105 

Doping the carrier gas with a small amount of volatile solvent vapour (e.g., methanol, 

acetonitrile, etc.) enhances the differences in the mobility of similar ions and provides greater 

insight into the gas-phase properties of clusters by inducing dynamic ion-solvent clustering. 

Under the low-field period of the SV, ions are microsolvated – they are locally relatively cold 

and cluster with the solvent vapour – thereby artificially increasing their apparent CCS. This 

in turn reduces the ions’ mobility. In contrast, under the high field portion of the SV waveform, 

ions are accelerated and are locally heated, inducing desolvation and decreasing their apparent 

CCS.106,107 This subsequently increases the ions’ mobility in comparison to that in the low field 

condition.106,107 This dynamic clustering/de-clustering behaviour is unique to each geometric 

structure and, over the course of the ca. 20,000 duty cycles during DMS transit, can yield 

enhanced separation for geometrically similar species (i.e., conformers, isomers, 

tautomer).19,106,108,109  
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At each SV, the CV can be scanned to produce a plot, referred to as an ionogram, as shown 

in Figure 2.11. The ionogram displays the peaks represented by ions and isomers separated by 

their differential mobility. A dispersion plot can be generated by graphing the CV of maximum 

ion transmission obtained from the ionograms as a function of SV (see Figure 2.12). Cations 

that cluster strongly with the solvents in the DMS cell exhibit Type A behaviour. In this 

scenario, CV decreases as SV increases. The ions undergo hard-sphere collisions if they do not 

dynamically cluster with the solvents. This is known as Type C behaviour where CV increases 

when SV increases. Weak-clustering ions initially exhibit Type A behaviour whereby CV 

decreases with increasing SV. However, at a critical extremum point, the behaviour breaks 

down to hard-sphere behaviour, whereby CV increases with increasing SV. This is referred to 

as Type B behaviour. Thus, the phenomenon of differential ion mobility provides an 

orthogonal means of separation prior to MS, while providing additional information into the 

ions’ physicochemical properties.18  

 

Figure 2.11 A DMS ionogram of PABA electrosprayed from ACN/H2O 1:1 at 

SV = 3500 V 
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Figure 2.12 Dispersion plot of DMS behaviour: strong-clustering (Type A), weak-

clustering (Type B), and non-clustering (Type C).6  

Although a great deal of progress has been made with respect to understanding the chemistry 

and physics that underpins DMS, there are still challenges/ambiguities associated with the 

technique. In some cases, extra peaks are observed in the ionogram in addition to those that 

are expected. For example, protonated nucleobases presented additional ion signals that came 

from the same species clustering with solvents.110 These separated isomers or tautomers cannot 

be distinguished by the fragmentation patterns determined via CID.110 To overcome these 

limitations, we have coupled the DMS/MS instrument with an external Nd:YAG-pumped 

optical parametric oscillator (OPO) probe laser system such that we may perform in-trap 

spectroscopy on DMS-separated species. This provides an additional orthogonal 

characterization technique for unambiguously identifying isomeric and tautomeric species via 

measurement of their photodissociation action spectra and/or photofragmentation pathways.105 

This approach of photodissociation spectroscopy on DMS-separated species has been deployed 

in a few studies.111–114 Adam J. Trevitt and his coworkers combined cylindrical geometry field-

asymmetric waveform ion mobility spectrometry (FAIMS) with a tunable UV-Vis midband 
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OPO laser system,111,112 while DMS with planar electrodes can provide higher resolving 

power.115,116 Philippe Maitre, Gary Glish, et al. combined DMS with IRMPD.113,114 

Unlike CID which is adjusted by collision energy, photodissociation is more easily 

modulated via parameters such as laser wavelength, photon flux, etc.15,117 Electronic 

spectroscopy can be a reliable technique used to identify isomeric species. As stated 

previously, IRMPD results in vibrational excitation of the molecule in the electronic ground 

state via multiple photon absorption. On the other hand, UVPD is a single photon process that 

possesses sufficient energy to excite molecules to higher electronic states. This process allows 

one to access dissociative channels that are otherwise unattainable by CID and IRMPD, 

providing greater structural information on the target ion.117,118 The excited ions may undergo 

direct fragmentation pathways if the electron is excited to a repulsive electronic state with 

respect to the nuclear coordinate.119–121 The ions can also get excited into a bound excited 

electronic state, and then non-radiatively interact with an adjacent repulsive electronic state, a 

process called predissociation.119,122 Alternatively, spontaneous radiative dissociation can 

occur wherein the photon energy interconverts into vibrational modes. The excited ions relax 

back to a lower-lying repulsive state or electronic ground state accompanied by vibrational 

excitation through IVR, which the latter leads to similar results as CID or IRMPD.120,121 In 

principle, all of these processes can happen. For many small molecules such as OH, H2O, the 

photodissociation occurs mostly through direct photodissociation.119 For large molecules, as 

the size increase, this occurrence becomes less frequent.119 Photodissociation action spectra 

can be recorded by monitoring the signal of the parent ion and fragment ions at each 

wavelength. The action spectra can be obtained by using Equation 2.15 as a function of 

wavelength and normalized to the laser power of each wavelength: 

𝐹𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = −
𝜆

𝑝
log (

∑ 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝑝𝑎𝑟𝑒𝑛𝑡

∑𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝑝𝑎𝑟𝑒𝑛𝑡 + ∑ 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡
) 

 (2.15) 

where 𝜆 is the wavelength and 𝑝 is the laser power at each wavelength. For our experiments, a 

commercially available DMS-MS device has been modified to introduce UVPD through an 

optical viewport (P1) at the MS (see Figure 2.10). M1 and M2 were positioned on opposite 
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sides of the third quadrupole (Q3), such that incident light from P1 passes perpendicularly 

through Q3 and is retro-reflected back out of the instrument. In Q3, the parent ions are trapped 

and accumulated for irradiation by OPO light. Mass spectra of trapped ions are recorded at 

various wavelengths ranging from 208 nm to 400 nm. The laser power at each wavelength is 

recorded separately for normalization.  
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The Structures of Phenylalanine-Containing Dimers 

3.1 Introduction to Phe-Containing Dimers 

Amino acids form the building blocks of proteins that play indispensable roles in biological 

processes. The non-covalent interactions within a protein can contribute to its structural 

integrity and have relatively low binding energies compared to covalent bonds, which can be 

broken more easily to facilitate dynamic biological processes. Non-covalent interactions 

include such as hydrogen bonds, Van der Waals, and interactions involving aromatic rings 

(aromatic interactions). Some diseases have been linked to protein misfolding.123,124 

Understanding how a polypeptide fold into a three-dimensional structure is necessary and 

significant. To study these non-covalent interactions in a protein, we need first investigate the 

non-covalent interactions present between amino acids. 

Phe is one of the three essential amino acids containing phenyl groups in their side chains. 

It is a precursor for Tyr and has a relatively simple structure compared to Trp. The side chain 

of Phe can lead to aromatic interactions with neighboring molecules owing to the π system 

present in the phenyl group.28,125 These interactions have been found to maintain the overall 

structures of proteins and play an indispensable role in various biological processes involving 

proteins.126,127 Baker and Grant found that Phe binds selectively to the DNA chain in protein-

DNA complexes, which is important in the transcription process.128 Due to the presence of 

CH···π interactions, aromatic rings in the protein play an important role in carbohydrate 

recognition.129 The Dougherty group also explored the cation-π interactions that contribute to 

the protein secondary structures and drug-receptor interactions.125,130–134 However, there are 

less studies on the binding of Phe to other amino acids and identifying the binding motifs 

mathematically. Herein, the structures of Phe-containing dimers are investigated. The 

heterodimer of proton-bound Phe/Ser (Phe/Ser + H]+) and the homodimer of proton-bound Phe 

derivatives ([(x-Phe)2 + H]+) were studied. Serine has a relatively simple structure and its 

sidechain is often hydrogen bonded, which can provide a complex pattern of the intermolecular 
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interaction between the amino acids. Thus, [Phe/Ser + H]+ were selected for investigation as a 

model system to study amino acid binding motifs by applying BH. The PES of the dimer was 

searched, and candidate structures were treated at the B3LYP/6-311++G(d,p) level of theory. 

Hierarchical clustering was used to partition the PES in terms of nuclear configurations. The 

calculated IR spectra are then compared with the UV/IR double-resonance spectra recorded by 

Lorenz and Rizzo32 using the cosine distance metric. For [(x-Phe)2 + H]+, the influence of side 

chain derivatization on  resultant binding motif was studied by varying substituent identity and 

positions on the phenyl ring side chain. Similar calculation methods were used to generate 

calculated spectra that were then compared with the experimental IRMPD spectra. 

3.2 [Phe/Ser + H]+ 

 Introduction to [Phe/Ser + H]+ 

Infrared spectroscopy of isolated molecular ions and ionic clusters has emerged as an important 

tool for determining molecular structure and properties.88,135–139 However, as molecular ions 

and clusters become larger, it can be difficult to confidently assign a specific geometry as the 

carrier of an observed experimental spectrum. The challenge in this regard is two-fold: One 

must first be able to conduct an exhaustive search of the associated potential energy surface 

(PES) to identify likely candidate geometries, and then one must accurately calculate the 

vibrational spectra of the various isomers and/or conformers and determine which calculated 

spectrum best matches experiment. Many approaches have been suggested to solve the 

problem of global optimization and identification of local minima on PESs (e.g., see refs 

41,42,140,141). Monte Carlo-based methods, usually involving low-level model chemistry 

(e.g., molecular mechanics), are most commonly employed in IR spectroscopic studies.32,142–

144 These searches are then followed by higher-level electronic structure calculations, often at 

the density functional level of theory, to predict IR absorption spectra for the various 

isomers/conformers identified by the search of the PES. The calculated IR spectra are then 

compared with the experimental spectrum (usually qualitatively by the researcher) to identify 

the structure(s) most likely to give rise to the experimental observations. To date, this approach 

has been highly successful. However, there are cases—typically associated with highly 
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complex potential energy landscapes—in which, despite the use of this common methodology, 

the spectra elude assignment. One such example is the protonated phenylalanine/serine 

dimer.32  

In 2012, Lorenz and Rizzo published the results of a beautiful series of experiments wherein 

UV/IR double-resonance spectroscopy was used to obtain isomer-specific IR spectra of 

protonated 1:1 clusters of L-Phe and L-Ser.32 In that work, the authors obtained five distinct 

IR depletion spectra when exciting various UV transitions in [Phe/Ser + H]+, thus indicating 

the presence of at least five isomers in the probed ensemble (which they labeled A−E). Careful 

spectral analysis and 15N isotopic substitution of the Phe moiety led the authors to conclude 

that species A−C were structures with protonation on the amino group of the Phe moiety, 

whereas species D and E were protonated on the Ser moiety. Lorenz and Rizzo also attempted 

to determine detailed structures by conducting a Monte Carlo conformational search using the 

AMBER force field as implemented in MacroModel, followed by DFT treatment of the 

candidate structures.32 However, the PES search of this (very flexible) system proved to be a 

formidable task, and a definitive assignment for the observed spectra was not possible. Here, 

we pick up the gauntlet for the protonated phenylalanine/serine dimer. We employ a custom-

written BH algorithm to search the cluster potential energy landscape and identify candidate 

structures for treatment at the B3LYP/6-311++G(d,p) level of theory.39,142,145,146 The outcomes 

of these calculations are then treated with agglomerative hierarchical clustering to partition the 

cluster potential energy surface in terms of nuclear configurations. The calculated IR spectra 

and the UV/IR double-resonance spectra are then compared using the cosine distance metric 

to determine which isomers give rise to the spectra recorded by Lorenz and Rizzo.32 

 Methods 

The BH algorithm has been described in detail elsewhere, and additional details are available 

in the Appendix A.39,142 Briefly, two separate searches of the [Phe/Ser + H]+ PES were 

conducted, one in which the site of protonation was on the Phe moiety and one with the 

protonation site located on the Ser moiety. The neutral and protonated amino acid moieties 

were first optimized individually at the B3LYP/6-311++G(d,p) level of theory to better 
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approximate their geometries within the cluster, and atomic partial charges were calculated 

using the ChelpG partition scheme.147 The individual molecules were then combined to 

produce the 1:1 dimer for treatment with the BH algorithm. The cluster PES was modeled 

using the Universal Force Field.51 To search the PES, the dihedral angles associated with single 

bonds were randomly distorted by −5° ≥ θ ≥ +5° at each iteration of the BH code. 

Simultaneously, the serine moiety was randomly rotated by −5° ≥ ϕ ≥ +5° about its centre of 

mass, and the serine centre of mass was randomly translated by −0.3 Å ≥ η ≥ +0.3 Å in the x, 

y, and z directions. In total, approximately 40000 geometries were sampled. Unique structures 

were then carried forward for geometry optimization at the B3LYP/6-311++G(d,p) level of 

theory, where normal-mode analyses were also conducted to predict IR spectra and to ensure 

that each structure was a local minimum on the PES. Unique cluster structures were identified 

based on zero-point-corrected energy and geometry. The optimized Cartesian coordinates for 

each atom in a cluster were converted to mass-weighted distances from the cluster centre of 

mass (i.e., miri
com, where i indicates the atom index). The resulting column vector, which was 

then sorted in order of increasing values of miri
com, was used as a unique identifier for cluster 

structure. To compare the various cluster structures, cosine distances were calculated using the 

Orange Python package148 according to the Equations 2.6 and 2.7. 

In general, the cosine similarity ranges from +1 (meaning identical) to −1 (meaning exactly 

opposite), with a value of 0 indicating orthogonality. Thus, two identical structures will exhibit 

mass-weighted distance vectors with zero angular distance between them. The angular 

distances between mass-weighted distance vectors increase as the differences between the 

geometric structures of the associated isomers increase. This procedure resulted in the 

identification of 37 isomers for [Phe/Ser + H]+ within 180 kJ·mol−1 of the global minimum. 

The Cartesian coordinates and calculated thermochemical data for these species are available 

in the Appendix A. 

Calculation of the cosine distances between the various cluster structures facilitated analysis 

through agglomerative hierarchical clustering using the weighted pair group method with 

arithmetic mean (WPGMA), developed by Sokal and Michener.55,56 The WPGMA algorithm 

can be used to prepare a dendrogram that reflects the structure present in the pairwise distance 
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matrix. For our purposes, this groups the [Phe/Ser + H]+ clusters based on structural similarity 

as defined by the cosine similarity of the mass-weighted distance vector, thereby providing a 

visual representation of the PES partitioned in terms of nuclear coordinates. At each step in the 

WPGMA algorithm, the nearest two clusters (P and Q) are combined into a higher-level group 

P ∪ Q, thereby reducing the m × m distance matrix by one column and one row. The distance 

between this group and another cluster R is the arithmetic mean of the distances between R 

and the members of P ∪ Q (as shown in Equations 2.8). 

 Results and Discussion 

The dendrogram for [Phe/Ser + H]+ is shown in Figure 3.1. The top five groups based on 

structural similarity are highlighted. Note that isomers are numbered in order of increasing 

relative zero-point-corrected energy. The two major groupings—highlighted in green and 

yellow—are associated with compact cluster structures. In the green group, the Ser moiety is 

oriented in a bridging fashion with respect to the N and carbonyl O atoms of the Phe moiety. 

In general, this group is characterized by a N···H···N binding motif, however, there are 

examples wherein an internal rotation of the Ser moiety results in a N··· H···O or O···H···O 

binding motif (e.g., isomers 16 and 25; vide infra). The structures of the isomers in the yellow 

group are similar to those in the green group, but in this case the Ser moiety is bound slightly 

out-of-plane with respect to the plane formed by the Phe N−C−C=O atoms. In contrast to the 

green group, the yellow group is predominantly characterized by a N···H···O binding motif, 

however, there are examples wherein an internal rotation of the Ser moiety results in an 

O··· H···O binding motif. The orange group also exhibits compact structures, but not with the 

Ser moiety oriented in a bridging fashion to the Phe N and carbonyl O atoms. Instead, the Ser 

moiety is oriented above the Phe ring (for isomers 1 and 36) or extending away from the Phe 

ammonium group, perpendicular to the plane of the ring (isomer 29). It is likely that isomers 

1 and 36 are stabilized by partial charge/ring quadrupole interactions. The same is true for 

isomer 10 (the only member of the blue group), but the structure of isomer 10 is somewhat 

unique in comparison with the structures of the rest of the [Phe/Ser + H]+ isomers. In this case, 

the Ser moiety is oriented above the Phe ring with the plane of the Ser COOH group nearly 
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parallel to the ring plane. Isomer 10 is bound by a Phe—NH3
+···O=C interaction. Finally, the 

isomers of the red group are all extended/elongated structures in which the COOH group of 

the Phe moiety binds with Ser in a bidentate fashion and the Ser moiety is oriented away from 

the Phe ring. All isomer structures are available in the Appendix A; those of important isomers 

as determined by spectroscopy are shown in Figure 3.1. 

 

Figure 3.1 WPGMA dendrogram constructed from the cosine distances between the 

various cluster structures 

Having mapped the PES of [Phe/Ser + H]+, we turned our attention to the vibrational spectra 

recorded by Lorenz and Rizzo.32 First, the experimental spectra that were plotted in their 

original J. Am. Chem. Soc. communication32 were digitized and interpolated across the 

2800−3750 cm−1 region to produce five XY data sets (A−E) that had intensity measurements at 

0.5 cm−1 intervals. The calculated IR spectra for the 37 isomers identified by our BH search 

were convoluted with a Gaussian distribution of fwhm = 5 cm−1 and similarly interpolated. The 

intensities of the experimental and theoretical spectra were then individually normalized to a 

maximum of 1, and cosine distances were calculated for the various Y vectors (i.e., columns of 

intensity values). Owing to the fact that the National Institute of Standards and Technology 

(NIST) recommends an anharmonic scaling factor of 0.967 ± 0.021 for harmonic frequencies 
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calculated at the B3LYP/6-311+ +G(d,p) level of theory, the process of calculating the cosine 

distance matrix was repeated several times as the scaling factor was stepped from 0.9200 to 

1.0000. In this way, we were able to identify a scaling factor of ca. 0.952 for [Phe/Ser + H]+ 

(see Appendix A for details). Using this scaling factor, the cosine distances between the 

experimental and calculated spectra were calculated, then renormalized across the [0,1] 

interval, and plotted as the heat map shown in Figure 3.2. The red-colored panels in Figure 3.2 

indicate the closest distance (i.e., best match) between experiment and theory, whereas the 

black panels indicate the greatest distance (i.e., worst match).  

 

Figure 3.2 Heat map showing the relative distances between the experimental IR 

spectra recorded by Lorenz and Rizzo32 and the calculated IR spectra for the 37 isomers 

of [Phe/Ser + H]+ identified in our search. Red indicates the closest cosine distance 

between experiment and theory; black indicates the farthest cosine distance.  

It is clear from Figure 3.2 that experimental spectrum E can be unambiguously assigned to 

isomer 25. A comparison of experimental spectrum E and the calculated spectrum for isomer 

25 is shown in Figure 3.3. The calculated geometry of isomer 25 exhibits protonation on the 

amino group of the Ser moiety, which is consistent with expectations based on the 15N isotopic 

substitution study conducted by Lorenz and Rizzo.32 Experimental spectrum D matches well 

with the calculated spectra of isomers 16 and 18. The calculated spectra for both isomers are 

plotted along with experimental spectrum D in Figure 3.3. Although the calculated spectrum 
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for isomer 18 yields a slightly better cosine distance match (because of a slightly better 

alignment of major spectral features), we favour isomer 16 as the carrier for spectrum D 

because it exhibits protonation on the amino group of the Ser moiety, which is consistent with 

15N isotopic substitution results.32 Note that isomer 16 and isomer 25 both belong to the green 

subgroup shown in Figure 3.1. Their geometries differ slightly in the orientation of the Ser 

moiety: Isomer 16 exhibits an intermolecular hydrogen bond between the Ser carboxylic acid 

OH and the Phe carbonyl O, whereas isomer 25 exhibits a hydrogen bond between the Ser 

carboxylic acid OH and the Phe amino group.  
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Figure 3.3 (Black traces) Experimental [Phe/Ser + H]+ UV/IR double-resonance 

spectra D and E, adapted from ref 32. (Red traces) Calculated IR spectra for isomers 

16, 18, and 25. Calculations were conducted at the B3LYP/6-311++G(d,p) level of 

theory. A scaling factor of 0.952 was applied to the calculated spectra. Zero-point-

corrected energies (in parentheses; relative to the global-minimum structure) are 

reported in kJ mol-1. 

Figure 3.2 shows that the spectra of several isomers provide reasonable matches with 

experimental spectra A−C. Upon examining the five closest matches for experimental 

spectrum C (isomers 2, 3, 5, 23, 24), we find that all five of these isomers are associated with 
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the green subgroup of the dendrogram (Figure 3.1) and exhibit N···H···N binding. 

Consequently, these species all exhibit similar spectra. Even though isomers 23 and 5 have 

slightly smaller cosine distances to spectrum C, we favour the assignment of spectrum C to 

isomer 2 because of its lower calculated relative energy (assuming that structures within 

3 kJ· mol−1 of the global minimum are populated). Note that the breadth of the spectral features 

and the peak at ca. 3605 cm−1, which was identified by Lorenz and Rizzo as a contribution 

from spectrum A, suggests that multiple isomers might be contributing to the observed 

spectrum. Our analysis shows that multiple isomers are responsible for experimental spectra 

A and B. The five best matches for spectrum B are isomers 2, 3, 5, 8, and 24. With the exception 

of isomer 8, which belongs to the yellow subgroup, these isomers are all associated with the 

green subgroup of the dendrogram and exhibit N···H···N binding. The spectrum of isomer 3, 

which exhibited the best match to spectrum B, is plotted in Figure 3.4. Although the spectrum 

of isomer 3 is a good match in the NH and OH regions of spectrum B, there are additional 

features in the experimental spectrum that remain unassigned. These features are not well-

predicted by isomers 2, 5, or 24, which all have structures and spectra similar to those of isomer 

3. However, the spectrum for isomer 8 does capture these features and is overlaid with the 

spectrum of isomer 3 in Figure 3.4. In the case of experimental spectrum A, the top five 

matches were isomer 1 (orange group), isomers 5 and 7 (green group), and isomers 13 and 26 

(yellow group). The spectrum of isomer 1, the global-minimum structure, is plotted in Figure 

3.4 along with the spectrum of isomer 7. Although isomer 5 is calculated to be lower in energy 

than isomer 7, we discounted isomer 5 because its spectrum exhibits an additional feature to 

higher wavenumber of the highest observed band. A convolution of the calculated spectra of 

isomers 1 and 7 captures all of the features in spectrum A, except for the bands observed at 

3115 and 3203 cm−1 (marked with an × in Figure 3.4). The spectrum of isomer 13 does not 

exhibit bands at either of these positions; however, the spectrum of isomer 26 (not plotted) 

does show a peak at 3200 cm-1. Thus, similarly to spectrum B, spectrum A appears to be a 

convolution of spectra for multiple isomers. Note that all five of the calculated spectra shown 

in Figure 3.4 are associated with isomers that exhibit protonation at the Phe nitrogen atom or 
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shared between the amino groups of the two amino acids. This accords with expectations for 

spectra A−C based on the 15N isotopic substitution study by Lorenz and Rizzo.32 

 

Figure 3.4 (Black traces) Experimental [Phe/Ser + H]+ UV/IR double-resonance 

spectra A−C, adapted from ref 32. (Red traces) Calculated IR spectra for isomers 1−3, 

7, and 8. Calculations were conducted at the B3LYP/6-311++G(d,p) level of theory. A 

scaling factor of 0.952 was applied to the calculated spectra. Zero-point-corrected 

energies (in parentheses; relative to the global-minimum structure) are reported in 

kJ mol-1. The band marked with an asterisk is attributed to spectrum A.32 Bands marked 

with an × are attributed to higher-energy structures.  
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 Conclusions for [Phe/Ser + H]+   

By applying hierarchical clustering to the results of our BH search of the [Phe/Ser + H]+ PES, 

we are able to partition the PES in terms of nuclear configuration. Although the resulting 

dendrogram does not provide information on barriers to isomerization (as would a 

disconnectivity graph),149,150 this exercise does provide some insight into likely regions of 

kinetic trapping. Indeed, when we compare our calculated spectra to the experimental IR 

spectra recorded by Lorenz and Rizzo,32 we find that the spectral carriers are associated with 

three relatively different regions of the PES. It should be noted that the assignment of the 

experimental spectra was enabled by calculating cosine distances between the experimental 

spectra and calculated harmonic spectra. It is possible that the matching algorithm could be 

improved by using another distance metric or by introducing anharmonic corrections to the 

calculated frequencies. Such considerations might be necessary for larger, more complex 

molecular clusters. Nevertheless, this work does demonstrate the utility of introducing aspects 

of unsupervised machine learning to the analysis of vibrational spectra.  

3.3 [(x-Phe)2 + H]+ 

 Introduction to [(x-Phe)2 + H]+ 

Amino acids have been the subject of many studies to investigate their gas phase structures 

and properties such as sites of protonation and effects of non-covalent interactions.82,93,151–156 

Infrared multiple photon dissociation (IRMPD) has emerged as a powerful tool for these 

investigations owing to the relation between geometric structure and the vibrational 

spectrum.11,12,158–162,33,82,86,87,93,142,155,157 Previous work has demonstrated that, in general, 

amino acid monomers are protonated on the amine nitrogen and that intramolecular hydrogen 

bonding occurs between the ammonium group and the carbonyl oxygen.82,93,156 Several studies 

have also found that non-covalent hydrogen bonding and cation-π interactions influence the 

structures and properties of these systems.24,28,33,163,164 

The literature pertaining to non-covalently bound amino acid clusters is relatively sparse. 

Some focus has been directed towards the serine octamer owing to its being implicated in 
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homochiral genesis.165,166 Some examples of protonated amino acid heterodimers have also 

been reported.12,32,159,160,167 Typically, these systems are bound by an intermolecular hydrogen 

bond between the carbonyl group of the neutral moiety and ammonium group of the protonated 

moiety. The protonated heterodimer of glycine and phenylalanine (Phe) is an example of N-

H···N binding motif.12 In contrast, the protonated heterodimer of glycine and 

pentafluorophenylalanine, F5-Phe, exhibits the generally observed N-H···O intramolecular 

hydrogen bonding. This variation in binding motif has been shown to correlate with the 

difference in the gas phase basicities (GPB) of the two moieties. With closer GPBs of the two 

moiety, it tends to form N-H···O binding motif.12  

A few studies have explored the structures of protonated amino acid homodimers.86,154,157,158 

For the homodimer of tryptophan (Trp), it was found that the global minimum structure is 

charge-solvated.157 The protonated homodimers of serine (Ser), isoleucine (Ile), Phe, and 

tyrosine (Tyr) were also studied to investigate the effects of the side chain on their pairwise 

interactions.158 It was found that the interaction between the side chain and the protonation site 

have an impact on the binding motif between the two amino acids.158 The ammonium group 

binds with neutral amine group if the side chain interacts with the protonation site, whereas the 

ammonium group binds to the carbonyl group if the side chain does not (or weakly) interacts 

with the protonation site.158 

To date, there have been no investigations to study how chemical derivatization of a side 

chain influences the binding motif of a protonated amino acid homodimer. One might 

hypothesize that derivatization could be used to control interactions such as π-π, cation-π, 

hydrogen bonding, which might then influence morphology and properties of larger systems. 

To explore this scenario, a series of protonated homodimers of Phe derivatives that differ by 

the identify and positions of substituents on the phenyl ring side chain were selected. Along 

with the protonated homodimer of Phe, the 3-fluoro, 4-fluoro, 2,5-difluoro, 3,5-difluoro, 

pentafluoro, 3-cyano, 3-trifluoromethyl, 3,4-dimethoxy, and 4-nitro derivatives were studied. 

These substitutions introduce potential H-bonding groups on the side chain and change the 

quadrupole moment of the phenyl ring, thus potentially tuning π-π and cation-π interactions. 
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To investigate the structure and bonding of the protonated Phe homodimer and its derivatives, 

a combined computational and experimental IRMPD approach was employed. 

 Experimental Methods 

Experimental IRMPD spectra of homodimers of Phe derivatives were recorded at the Centre 

Laser Infrarouge d’Orsay (CLIO) free electron laser (FEL) facility at the University of Paris 

XI.11,96 The experimental equipment has been described in detail previously.142,151,155 

100 µmolL─1 electrospray ionization (ESI) solutions of methanol/water (50/50 vol%) with 

0.1% formic acid (ca. 5 µmolL─1) were prepared with stoichiometric quantities of the L-Phe 

derivatives (Alfa Aesar). The amino acids were used without further purification. The specific 

L-Phe derivatives chosen for study were Phe and the 3-fluoro-, 4-fluoro-, 2,5-difluoro-, 3,5-

difluoro-, pentafluoro-, 3-cyano-, 3-trifluoromethyl-, 3,4-dimethoxy-, and 4-nitro-derivatives. 

Positive mode ESI was employed to produce the gas phase protonated homodimers of the L-

Phe derivatives. Nascent ions were transferred to a Bruker Esquire 3000+ ion trap mass 

spectrometer, where they were mass-selected and subsequently irradiated by the tunable output 

of the FEL over the 1000 – 2000 cm─1 range. The laser beam energy ranges from 32 to 60 

MeV, and the pulse length is from ~2 ps.98 Vibrational spectra were generated by recording 

the fragmentation efficiency of the protonated homodimers of Phe derivatives as a function of 

FEL wavenumber. The fragmentation efficiency is described by Equation 2.12. 

 Computational Methods 

A custom-written BH algorithm coupled with Gaussian 09 was employed to map the potential 

energy surfaces (PESs) of the protonated homodimers of Phe and its derivatives.39,41,42,151 

Molecular geometries were optimized using molecular mechanics (MM) using Universal Force 

Field (UFF), which incorporated atomic centred charges as calculated at the B3LYP/6-

31+G(d,p) level of theory using the CHelpG partition scheme.51,145,147,168 For each step of the 

BH algorithm, each of the dihedral angles in the given Phe derivatives was given a random 

rotation of −5° ≤ α ≤ 5°. In addition, the neutral moieties of the homodimers were given a 

random rotation of −5° ≤ β ≤ 5° about its body-fixed x, y and z axes. For each cationic species, 

BH searches were carried out twice: once with the excess proton attached to the amine nitrogen 
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atom, and once with the proton attached to the carbonyl oxygen atom. Approximately 20,000 

structures were sampled by the BH algorithm for each protonated structure (i.e., ca. 40,000 for 

each derivative). Each unique structure identified by the BH routine was pre-optimized with 

the semi-empirical PM6 method prior to treatment at the B3LYP/6-311++G(d,p) level of 

theory.169 Normal mode analyses were conducted to ensure that each isomer was a local 

minimum on the PES. This also served to calculate the harmonic vibrational spectrum for each 

structure, which was then used to assign the experimental IRMPD spectrum. The calculated 

IR spectra obtained from frequency calculations, were scaled by 0.9679 to correct for the 

anharmonicity.59 The incomplete incorporation of electron correlation and the use of finite 

basis sets also contribute to error in the calculated IR spectrum.59 DFT results and cluster XYZ 

coordinates are provided in the supplementary information. To compare all the isomers, 

geometric similarity has been calculated.40,170  The Cartesian coordinates for each isomer can 

be converted to a mass-weighted distance vector. The cosine distance and similarity between 

each isomer is calculated using Equation 2.6 and 2.7. The larger the cosine distance, the more 

geometrically similar the structure is. The electron density and its Laplacian were calculated 

at BCPs to show non-covalent interactions, which are represented by gradient isosurfaces. 

These were generated using the Multiwfn program.171 

 Results and Discussion 

3.3.4.1 Hierarchical clustering of Phe dimer 

One can classify the geometric structures of the homodimers by their binding motifs as 

determined by unsupervised machine learning (ML). This can be accomplished by considering 

only the main chain of each Phe moiety (i.e. carbon atom 8, the amine group, and the carboxylic 

acid group of carbon 9 shown in Figure 3.5).  
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Figure 3.5 The skeleton structure of the protonated Phe derivatives investigated in this 

study. Carbon atom positions are numbered 1-9. X represents the different functional 

groups associated with the various Phe derivatives. 

Previous work  suggests that the phenyl rings can orient spatially via cation-π interaction 

with the protonation site.33 However, the cation-π interaction is expected to be relatively weak 

compared to hydrogen bonding, which should be the strongest interaction associated with 

intermolecular bonding. Consequently, atoms associated with the side chains were excluded 

from hierarchical clustering analysis. A dendrogram illustrating the binding motifs of the 

protonated Phe homodimer, [Phe2 + H]+, is shown in Figure 3.6.148 Hierarchical clustering 

employed the weighted pair group method with arithmetic mean.56 The conformers/isomers 

are numbered in order of increasing relative Gibbs energy. Grouping illustrates the different 

intermolecular hydrogen bonding motifs, which may be classified into four groups: Motif 1 

(blue) corresponds to NH···N binding, motif 2 (red) to bidentate binding, motif 3 (green) to 

OH···O binding, and motif 4 (yellow) to NH···O binding. Bidentate binding occurs when the 

ammonium group simultaneously forms intermolecular hydrogen bonds with the amino group 

and the carboxylic acid group of the neutral moiety or, alternatively, simultaneous N–H•••N 

and O–H•••O=C hydrogen bonding occurs. The different binding motifs may be viewed as 

different regions of the associated potential energy surface; species within a grouping share a 

binding motif and can interconvert via conformational changes associated with rotation around 

bonds. Thus, the different groupings in Figure 3.6 represent funnels on the potential energy 
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landscape of [Phe2 + H]+, with motifs 1 and 3 being relatively high in energy compared to 

motifs 2 and 4. 

 

 

Figure 3.6 A dendrogram of the 71 low energy conformers and isomers of [Phe2 + H]+ 

constructed from cosine distances between the mass-weighted distance vectors of each 

isomer. The isomers are classified into four groups associated with N-H···N, bidentate, 

O-H···O, and N-H···O binding motifs.  

3.3.4.2 Assigning IRMPD Spectra 

The experimental IRMPD spectrum for [Phe2 + H]+ was recorded by monitoring fragmentation 

efficiency for the production of  Phe•H+ (m/z  166) as a function of FEL wavenumber (see 

Figure 3.7A). As expected, vibrational bands are observed at ~1750 cm-1 (C=O stretching), in 

the range 1400 – 1600 cm–1 (NH3 umbrella, NH2 scissor, COH bending), and at ~1100 cm–1 

(phenyl ring vibrations). Experimental IRMPD spectra were compared with calculated IR 

spectra to determine the spectral carriers likely to be present in the probed ensemble. The 
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intensities of the experimental IRMPD spectrum and the computed IR spectra in the 

wavenumber range 900-1900 cm-1 were first normalized to a maximum of 1, then cosine 

distances between the experimental and computed intensity vectors for each spectrum were 

calculated as outlined in previous articles.40,170 The computed similarities of the intensity 

vectors were then renormalized across the [0,1] interval. The resulting similarities are plotted 

in Figure 3.8. The blue-colored panel in Figure 3.8 indicates the isomers that have the closest 

distance (i.e. best match) with the experimental spectrum. The calculated spectra of isomers 1 

(0 kJ∙mol-1), 19 (30.5 kJ∙mol-1), 35 (63.6 kJ∙mol-1), and 71 (241.8 kJ∙mol-1) all show reasonable 

agreement with the experimental IRMPD spectrum based on this analysis. Note that isomers 

1, 19, and 35 all belong to the same group shown in Figure 3.6 (the N-H···O binding motif). 

Figure 3.7B-E plot the calculated spectra for isomers 1, 19, 35, and 71, respectively. Based 

on the similarities plotted in Figure 3.8 , isomer 35 exhibits the best agreement with the 

experimental IRMPD spectrum. However, calculated features for isomer 35 in the range of 

1200-1300 cm-1 do not appear in the experimental spectrum, eliminating it as the candidate 

structure. We attribute the high similarity value of isomer 35 to its greater resemblance in its 

transition intensities with respect to those of the experimental spectrum. Likewise, the 

calculated spectra for isomers 19 and 71 also exhibit features that are not observed in the 

experimental spectrum. Furthermore, calculated positions of the carbonyl stretching band 

(~1750 cm-1) for isomer 71 and the phenyl ring vibration (~1100 cm–1) for isomer 19 do not 

agree well with those observed experimentally. Moreover, since isomers 19 and 35 are both 

higher energy conformers associated with the potential energy funnel of isomer 1, we favour 

isomer 1 as being responsible for the observed experimental IRMPD spectrum of [Phe2 + H]+. 

The comparison between the experimental spectra and global minimum for other Phe 

derivative clusters are provided in the Appendix B. The Table B.2 has shown the similarities 

of all the Phe derivatives isomers. In general, the experimental IRMPD spectra can be assigned 

to the calculated global minimum of each derivative. 
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Figure 3.7 (A) The experimental IRMPD spectrum of [Phe2 + H]+ and the calculated 

IR spectra for (B) isomer 1, (C) isomer 19, (D) isomer 35, and (E) isomer 71. These 

calculated spectra yielded the closest match to experiment based on the unsupervised 

ML analysis shown in Figure 3.8. 
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Figure 3.8 Spectral similarities between the calculated IR spectrum and the 

experimental IRMPD spectra of [Phe2 + H]+. Similarities were rescaled to the [0,1] 

interval. Experimental spectra that yield the closest match to the computed spectrum 

appear in the [0.75,1] range (highlighted in blue). 

3.3.4.3 Quantum Theory of Atoms in Molecules and Non-Covalent Index Analyses 

Following identification of the gas-phase structures of the homodimers, non-covalent 

interactions were calculated for the spectral carriers. Non-covalent interactions within and 

between moieties can be assessed by calculating the electron density and reduced density 

gradient.70 To map the non-covalent interactions present in the various homodimers, the 

Multiwfn package was employed.171 The gradient isosurfaces of [Phe2 + H]+ isomer 1 is shown 

in Figure 3.9. The color of the surface indicates the strength of the interaction; blue represents 

a strong attractive interaction, green a weak attractive interaction, red a strong repulsive 

interaction, and yellow a weak repulsive interaction. Point I on in Figure 3.9 shows a strong 

intermolecular hydrogen bond between the ammonium group of the protonated moiety and the 

carbonyl group of the neutral moiety (blue surface). Based on Bader’s QTAIM theory,60,62,65 

the electron density (𝜌) and Laplacian of the electron density (∇2𝜌) at the bond critical points 
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may be used to characterize chemical bonding and non-covalent interactions.61 For weak 

interactions, such as H-bonding, 𝜌 is typically less than ~10-2, while for van der Waals 

interactions 𝜌 ~10-3.61 The cation-π interactions have been also reported to be around ~10-2.66,67 

The value of ∇2𝜌 in these interactions should be positive.61 For the intermolecular H-bond 

identified at region I (see Figure 3.9), 𝜌 = 0.0552 and ∇2𝜌 = 0.1452, indicating a very strong 

hydrogen bond. This is consistent with calculations at the B3LYP/6-311++G(d,p) level of 

theory, which indicate a bond dissociation energy of 105.4 kJ mol–1. Calculations also show a 

relatively strong intramolecular H-bond between the OH and NH2 groups of the neutral moiety 

(region II; 𝜌 = 0.0418 and ∇2𝜌 = 0.1085). The red surface associated with region II indicates 

strong steric repulsion within the 5-membered ring. QTAIM and NCI analysis also indicates 

the presence of cation- (regions III and V), anion- (region VI), and - (region IV) 

interactions. These regions all exhibit weakly attractive interactions with strengths on the order 

of those expected for van der Waals interactions. The results of the QTAIM analysis for 

[Phe2 + H]+ isomer 1 are reported in Table 3.1.  

However, for the cation-π interaction in region III and VI do not have bond critical points, 

thus 𝜌 and ∇2𝜌 cannot be read, which does not necessarily mean that the these weak 

cation/anion-π interactions do not exist.69 NCI analysis shows the green isosurfaces, which 

indicates the presence of the weak non-covalent interactions. The values of 𝜌 for π-π stacking 

and T-shaped interactions were all reported to be around 7×10-3 a.u.61 As can be seen, the weak 

π-π interaction in the [Phe2 + H]+ global minimum is 6×10-4 (label IV). It is much weaker than 

the reported values, which means the π-π interaction here is not dominant and is likely to have 

little influence on the structure. 
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Figure 3.9 Bond critical points (orange points) and gradient isosurfaces for [Phe2 + H]+ 

isomer 1 as calculated at B3LYP/6-311++G(d,p) level of theory. Isosurfaces show non-

covalent interactions with the strength of interaction being colour-mapped from 

strongly attractive (blue) to strongly repulsive (red). (I) intermolecular hydrogen bond, 

(II) intramolecular hydrogen bond and steric repulsion within the 5-membered ring, 

(III) cation- interaction with ammonium group, (IV) - interaction, (V) cation- 

interaction with CH group, (VI) anion- interaction with O centre.  

Table 3.1 Electron densities (𝜌) and Laplacians (∇2𝜌) for the non-covalent interactions 

in [Phe2 + H]+ isomer 1 (shown in Figure 3.9). Calculations were conducted at 

B3LYP/6-311++G(d,p) level of theory. Bond critical points were not found for points 

III and VI, so values were not reported. 

Critical Point Electron Density (𝜌)/a.u. Laplacian (∇2𝜌)/a.u. 

I 0.0552 0.1452 

II 0.0418 0.1085 

III - - 

IV 0.0006 0.0021 

V 0.0009 0.0029 

VI - - 
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3.3.4.4 The structures of homodimers of Phe derivatives 

The calculated global minima of all phenylalanine derivative homodimers are shown in Figure 

3.10. The coordinates have been provided in Appendix B. In all cases, protonation was found 

to occur on the amine N centre. QTAIM analysis of the global minima indicates that both 

intramolecular and intermolecular hydrogen bonding contribute to the stabilization of the 

complexes. In seven of the ten homodimers studied, intramolecular H-bonding occurs in the 

neutral moiety. Intermolecular H-bonding occurs via NH···O interactions in all cases. For eight 

of the systems studied, the intermolecular NH···O interaction is between the ammonium group 

and the carbonyl oxygen of the neutral moiety. In two cases, [3,4-MeO-Phe2 + H]+ and [4-

NO2-Phe2 + H]+, the NH···O interaction occurs between the ammonium group and the side 

chain substituent. The [3,4-MeO-Phe2 + H]+ system is further stabilized by a second 

intermolecular H-bond between the OH group of the protonated moiety and the NH2 group of 

the neutral moiety. Bidentate binding via a second intermolecular H-bond is also observed in 

the [3-CN-Phe2 + H]+ derivative, where the OH group of the protonated moiety interacts with 

the CN group of the neutral moiety, and in the [3-CF3-Phe2 + H]+ and [2,5-F2-Phe2 + H]+ 

species, where the ammonium group interacts with the carbonyl and amine groups of the 

neutral moiety. 
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Figure 3.10 The global minimum structures of Phe derivative homodimers. The 

calculations were conducted at B3LYP/6-311++G(d,p) level of theory. 

To better visualize the binding observed across all Phe derivative homodimers studied, 

multi-dimensional scaling (MDS) was used to create a 2D plot of the clustered data (shown in 

Figure 3.11).148 Based on this analysis, we find five groupings of related geometric structures 

(colour coded in Figure 3.11). In general, these grouping are based on the homodimer binding 

motif and the relative compactness of the geometry. Species that were observed experimentally 

are plotted as large data points and are labelled. In general, as one moves from left to right 

across the graph, the intermolecular H-bonding motif evolves from NH···R to [NH···R + 

OH···N] to [NH···O + OH···R] to NH···O to [NH···O + NH···N]. Thus, towards the left-hand 

side of Figure 3.11 one finds structures associated with the 4-NO2-Phe, 3,4-MeO-Phe, and 3-

CN-Phe derivatives, which can all participate in relatively strong H-bonding that involves the 

sidechain. Towards the right-hand side of the plot are structures associated with intermolecular 

NH···O hydrogen bonding between the amino acid backbones. The vertical dimension 
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provides information on the homodimer morphology. Structures located near the top of the 

plot are relatively extended (see, e.g., [3F-Phe2 + H]+ in Figure 3.10), whereas those near the 

bottom of the plot are relatively compact (see, e.g., [F5-Phe2 + H]+ in Figure 3.10). Thus, the 

distribution of experimentally observed species in Figure 3.11 indicates that, for the most part, 

the protonated homodimers of Phe and its derivatives favour NH···O intermolecular hydrogen 

bonding and relatively open, extended geometries. 

 

 

Figure 3.11 The multidimensional scaling (MDS) of all Phe derivatives isomers. The 

left legend shows the symbol of each derivative. The size of the symbols correlates 

with the stability of the isomer. The right legend shows the five colors of each clustering 

type. From left to right, only the side chain becomes only the backbone that participates 

in the intermolecular H-bonding motif. From top to bottom, structures are from 

relatively elongated to compact. 
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 Conclusions for [(x-Phe)2 + H]+ 

A BH search algorithm has been used to map the PES of the protonated Phe derivative 

homodimers. Experimental IRMPD spectra have been compared with calculated IR spectra 

obtained at the DFT level of theory with cosine similarities. The protonation site is found to be 

at the amine nitrogen for the global minimum structures. Based on cosine distance, 

intermolecular hydrogen bonds between the protonated moiety and the neutral moiety can be 

visualized in the MDS plot, the intermolecular H-bonding motif evolves from NH···R to 

[NH···R + OH···N] to [NH···O + OH···R] to NH···O to [NH···O + NH···N]. In 4-NO2-Phe 

and 3,4-(MeO)2-Phe, amine prefers binding with a side chain oxygen (NH···R). The amino 

groups in 2,5-F2-Phe and 3-CF3-Phe favourably interact in a bidentate fashion with the 

carbonyl oxygen and the amine nitrogen of the neutral moiety, and the remaining six species 

bind through [NH···R + OH···N] to [NH···O + OH···R] to NH···O. The electron density and 

Laplacian values also indicate cation-π interactions occur, but π-π interactions might be too 

weak to influence the structure. This work provides an efficient way to categorize many 

clusters to reveal trends in binding motifs. Non-covalent interactions in the Phe derivatives 

homodimer clusters can also be proved quantitatively. 

3.4 Conclusions for Phe-Containing Dimers 

Taken as a whole, this chapter applied hierarchical clustering to categorize the structures of the 

proton-bound heterodimer of Phe/Ser and homodimer of Phe derivatives. BH algorithm has 

successfully searched the PES and found the global minimum candidates. The binding motifs 

were identified based on the structures. Especially for [(x-Phe)2 + H]+, we were able to find 

the correlations between the substituents’ effect and the binding motifs. In addition, we 

compared the calculated IR spectra with the experimental UV/IR double resonance spectra 

recorded by Lorenz and Rizzo32 for [Phe/Ser + H]+ and compared the calculated IR spectra 

with the IRMPD spectra for [(x-Phe)2 + H]+. The assignment of the experimental spectra can 

be achieved by calculating cosine distances between the calculated spectra and experimental 

spectra. 
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UV Photodissociation Spectroscopy of Para-

Substituted Benzylpyridinium Ions 

4.1 Introduction 

Thermometer ions are the ions that can fragment in a well-defined pathway when their internal 

energies reach the threshold energies associated with the fragmentation pathway.35 The 

requirements for being a thermometer ion are that the fragments can be obtained via a simple 

reaction with no competitive reactions, and the activation energies of the fragmentation 

threshold are known.172 To meet these requirements, several compounds can be chosen as 

thermometer ions, such as tetraethylsilane ions,172,173 transition-metal carbonyl complexes,172 

and substituted benzylpyridinium (BP) salts.174 BP ions have a simple fragmentation pathway, 

which makes them suitable candidates for thermometer ions.174,175 The fragmentation pathway 

of BP ions is the direct bond cleavage of the C-N bond between the pyridyl and benzyl 

moieties, which generates neutral pyridine and benzylium cation as shown in Figure 4.1. The 

energy required to drive the dissociation can be tuned by the type and position of the 

substituents on the benzyl moiety.174,175 As a consequence, the bond dissociation energy for 

cleavage of this bond can be used to estimate internal ion temperatures. 

 

Figure 4.1 Fragmentation of para-substituted benzylpyridinium ions (M+) to yield the 

substituted benzyl cation ([M−79]+) and pyridine 

BP ions have been used as thermometer ions in mass spectrometry for many studies.34,35,176–

178 All of these studies utilize dissociation on the BP ion ground state to assess internal energy 

and therefore temperature. De Pauw and coworkers first studied BP ions to estimate the internal 

Direct Bond Cleavage 
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energy distribution of BP ions arising from a soft ionization technique — liquid secondary ion 

mass spectrometry (LSIMS).174,179,180 Similarly, substituted BP ions have been used to estimate 

the internal energy of ions produced from electrospray ionization (ESI),175,181–184 matrix-

assisted laser desorption/ionization (MALDI),185 and femtosecond laser desorption ionization 

(fs-LDI).186,187 Most of the work investigated the fragmentation pathways of BP ions arising 

from in-source fragmentation, CID experiments, and IRMPD.34,176,177,188 Recently, a series of 

para-substituted BP ions were used to characterize the effective temperature of ions in a 

differential mobility spectrometer, to estimate field-induced heating effects from the applied 

SV waveform.189 

While extensive research has been conducted on these ions, their electronic spectra have not 

yet been investigated. Given our new capability for spectroscopy of trapped ions and the fact 

that these are aromatic species and should therefore absorb strongly in the UV region, a UVPD 

study can be conducted to better characterize BP and its derivatives. The UV spectroscopic 

study of the neutral methyl-substituted benzene demonstrates that the substituents can 

influence π→π* electronic transitions of the benzene ring.190 The substituent effect on the 

electronic transitions of the benzene cation has also been studied via UV-Vis photodissociation 

spectroscopy, which found that the absorption peaks shifted to lower energy when increasing 

the number of substituting methyl.191 By comparing the UVPD spectra between all H and the 

substituted species, it will be interesting to see if each different chemical derivative will exhibit 

slightly different electronic spectra owing to the electronic effects of the EDGs and EWGs 

influencing the electronic transitions. In this work, the UVPD action spectra of the BP ions 

were explored in a custom-modified DMS-MS device. To eliminate other factors that can cause 

dissociation and rearrangement of BP ions in the DMS prior to the irradiation by the laser, the 

samples were studied with DMS voltages (SV and CV) set to 0 V (so as not to activate the 

ions). The thermometer ions studied here include BP and para-substituted BP ions (R = -H, -

F, -Cl, -CN, -Me, -OMe, -OEt, -OiPr, -OtBu). Theoretical UV absorption spectra were 

calculated to compare with the experimental spectra and confirm the transition types.  
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4.2 Experimental and Theoretical Methods 

 Experimental Methods 

The apparatus used in this study is based on a DMS-MS device192,193 that has been modified to 

enable optical access into the Q3 quadrupole ion trap; the modifications are described in detail 

in reference 105. Samples were prepared with para-substituted benzyl chloride derivatives 

dropwise with pyridine. The details for the synthesis of the BP species can be found in 

reference 189. The samples were dissolved in acetonitrile and diluted in methanol. The samples 

were electrosprayed and ions were propelled through the DMS cell by a stream of dry N2 carrier 

gas at atmospheric pressure DMS voltage, i.e., the separation voltage (SV) and compensation 

voltage (CV), set to 0 V so as not to activate/dissociate the analyte ions. The DMS cell was 

heated to 423 K for all experiments involving DMS to maximize ion transmission through the 

cell. The ions were transferred into a triple-quadrupole mass spectrometer where they were 

mass-selected in the first quadrupole (Q1) before detection by a channeltron ion detector. 

For photodissociation action spectroscopy experiments, each mass-selected substituted BP 

ion was accumulated in Q3 for approximately 5 ms and subsequently trapped for 500 ms. 

Trapped ions were irradiated with the output of a tunable Nd:YAG-pumped OPO system 

(Continuum Horizon II, 10 Hz), where they underwent photodissociation following absorption 

of light. The irradiated ion bunch was ejected from the trap using mass-selective axial 

ejection,194 and the intensities of parent ions and any daughter ions were recorded as a function 

of the OPO output wavelength. The scanned wavelength ranged from 208 to 292 nm. 

 Theoretical Methods 

Structures of protonated BP ions were optimized at B3LYP/6-311++G(d,p) level of theory 

using Gaussian 16 A03.195 The BP ions are permanently charged on the pyridinium N atom. 

Normal mode analyses were conducted to ensure the optimized structures were local minima 

on the PES. The frequencies were re-calculated at CAM-B3LYP/6-311++G(d,p) level using 

the quantum chemistry program package ORCA.80 The Excited State Dynamics (ESD) 

program was called to calculate the absorption spectra in ORCA with the ESD(ABS) keyword, 



 

 59 

where ABS refers to a computed absorption spectrum. The first fifteen vertical excitation 

energies were calculated using TD-DFT at the CAM-B3LYP/6-311++G(d,p) level of theory 

on ORCA 4.2.1. The vibronic contribution of the first twelve excited transitions was 

individually calculated using the VG-FC module at the same level of theory and summed to 

create a vibronic spectrum. Vertical excitation energies were also calculated using the 

STEOM-DLPNO-CCSD framework implemented in ORCA 4.2.1. This method has been 

shown to provide a more accurate depiction of excited energy levels and dynamics, as well as 

predicted vibronic spectrum, in comparison to TD-DFT.196 However, the STEOM-DLPNO-

CCSD method is only available for calculating energies and transition moments, so cannot be 

used to calculate optimized geometries or frequencies. Thus, the vertical absorption energy 

calculated by the STEOM-DLPNO-CCSD associated with the TDDFT geometry and 

frequency were used. 

4.3 Results and Discussion 

 Photodissociation Action Spectra 

The photofragmentation mass spectrum of the benzylpyridinium ion at 215 nm is shown in 

Figure 4.2. The parent benzylpyridinium ion (m/z 170) yields a single dominant fragment ion 

at m/z 91. The loss channel, [M−79]+, which corresponds to the loss of neutral pyridine, is 

characteristic of all the substituted benzylpyridinium ions described here.  
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Figure 4.2 UVPD fragmentation mass spectrum of the benzylpyridinium cation. 

There were some cases where additional fragments (m/z 107) can be observed for the alkoxy 

derivatives i.e., -OEt, -OiPr, and -OtBu. The mass spectra for those derivatives at 237 nm are 

shown in Figure 4.3. As the number of methyl groups in the substituents increases, the relative 

intensities of the fragment of m/z 107 increase, while the relative intensities of fragments of 

[M−79]+ decrease. Especially for BP-OtBu, the fragment of [M−79]+ (m/z 164) can be barely 

seen. It means that the fragment of m/z 107 is more favoured than the fragment of [M−79]+ 

when the number of methyl groups in the substituents increases. Also, for BP-OtBu, the 

intensity of the fragment of m/z 80 increases dramatically, which comes from the protonated 

fragment of pyridine. The fragmentation mechanism of the alkoxy groups substituted BP ions 

is shown in Figure 4.4.   
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Figure 4.3 UVPD fragmentation mass spectrum of (A) BP-OEt cation, (B) BP-OiPr 

cation, and (C) BP-OtBu cation.  

 

 

Figure 4.4 Fragmentation mechanism detailing the formation of m/z 107 from UVPD 

of the alkoxy-substituted BP ions  
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UVPD action spectra have been measured for nine para-substituted benzylpyridinium ions. 

The intensities were normalized with respect to the total ion count and the OPO power. As can 

be seen in Figure 4.5, two well-separated absorption features are observed in the spectra of the 

BP ion and its para-substituted derivatives. Species that are derivatized with EWGs (R = F, Cl, 

CN) exhibit a broad feature in the 4.6-5.0 eV region and a second feature in the 5.3-6.0 eV 

region. For the spectra of BP-Me, two features were observed for the BP ions substituted by 

Me. For BP-OMe ion, two observed features shift to shorter wavelengths. For BP ions are 

substituted with other alkoxy groups (R = OEt, OiPr, OtBu), the UVPD action spectra are 

shown in Figure 4.6. The second higher-energy feature has shifted out of the accessible range 

defined by the probe range. The action spectra of the fragments are also shown in Figure 4.6. 

For BP-OEt, the action spectra of the fragments of m/z 136 and m/z 107 are almost identical, 

which shows the absorption energies at 5.2 eV. For the action spectra of the fragment of m/z 

136, the intensities slightly increase after 5.6 eV compared with the spectra of m/z 107, which 

means after 5.6 eV, the fragmentation of direct bond cleavage (as shown in Figure 4.1) is 

favoured. At 5.2 eV, BP-OEt has access to both of the two product channels. For BP-OiPr, the 

two fragments undergo different fragmentation processes. At 5.2 eV, the fragment of m/z 107 

coming from the process of Figure 4.4 is favoured, while the fragment of [M−79]+ (m/z 150) 

is favoured after 5.6 eV. For BP-OtBu, the product of m/z 107 can be accessed for both 

energies. The product of m/z 80 is favoured at 5.2 eV, whereas the product of m/z 164 prevails 

over the product of m/z 80 as the energy increases above 5.6 eV. The absorption energies of 

the observed features are summarized in Table 4.1.  
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Figure 4.5 UVPD action spectra of para-substituted benzylpyridinium ions 

electrosprayed from methanol: (A) BP-H; (B) BP-F; (C) BP-Cl; (D) BP-CN; (E) BP-

Me; (F) BP-OMe. The spectra represent the fragmentation channel corresponding to 

[M−79]+. Error bars represent +/− 0.5 at each point, where variations in both ion 

intensity and laser power were considered. 
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Figure 4.6 UVPD action spectra of para-substituted benzylpyridinium ions 

electrosprayed from methanol: (A) BP-OEt; (B) BP-OiPr; (C) BP-OtBu. The spectra in 

black represent the total fragmentation channels. The spectra in the blue dash line 

represent the fragmentation channel corresponding to [M−79]+. The spectra in the red 

dash line represent the fragmentation channel corresponding to m/z 107. The spectrum 

in the green dash line represents the fragmentation channel corresponding to m/z 80. 

Error bars represent +/− 0.5 at each point, where variations in both ion intensity and 

laser power were considered. 
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Table 4.1 The experimental electronic transition band maxima of the para-substituted 

BP ions  

  Energy (eV) Wavelength (nm) 

  Band I Band II Band I Band II 

BP-H 4.87 5.86 254.5 211.5 

BP-F 4.85 5.82 255.6 213.0 

BP-Cl 4.79 5.44 258.9 228.0 

BP-CN 4.53 5.44 273.5 228.0 

BP-Me 4.76 5.63 260.5 220.4 

BP-OMe 5.18 5.90 239.6 210.1 

BP-OEt 5.21 N/A 238.2 N/A 

BP-OiPr 5.15 N/A 240.8 N/A 

BP-OtBu 5.14 N/A 241.3 N/A 

 Simulated Vertical Excitation Energies and Electronic spectra 

The vertical transition energies and oscillator strengths for the first fifteen electronic transitions 

were calculated using the CAM-B3LYP 6-311++G(d,p) and STEOM-DLPNO-CCSD 6-

311++G(d,p) methods (see Table 4.2). The first six states of the H-BP derivative as calculated 

by the CAM-B3LYP method, are expected to lie within the accessible experimental 

measurement range. At the CCSD level of theory, only the first four excited states lie within 

the accessible spectral range of the probe laser system, however, to err on the side of caution, 

the first 6 states were used to calculate the absorption spectrum of H-BP. The results of similar 

analyses for the remaining substituted BP derivatives are given in Appendix C. 
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Table 4.2 The calculated vertical excitation energies of the BP ions with the associated 

oscillator strengths (fosc). The excitation energies are predicted using the CAM-

B3LYP/6-311++G(d,p) and the STEOM-DLPNO-CCSD/6-311++G(d,p) level of 

theory. 

BP-H Energy (eV) Wavelength (nm) fosc 

State CAM-B3LYP CCSD CAM-B3LYP CCSD CAM-B3LYP CCSD 

1 4.65 4.83 266.7 256.9 0.0001179 0.0055094 

2 4.77 4.94 260.1 251.1 0.0012016 0.0809100 

3 5.33 5.29 232.7 234.2 0.0043323 0.0005281 

4 5.45 5.58 227.5 222.2 0.0703338 0.0022347 

5 5.72 6.24 216.6 198.7 0.0081083 0.1506005 

6 5.74 6.41 215.9 193.6 0.0118857 0.0313142 

7 6.06 6.41 204.7 193.5 0.1835774 0.0278487 

8 6.27 6.45 197.9 192.1 0.0281198 0.1579475 

9 6.87 6.62 180.5 187.2 0.8600453 0.6600045 

10 6.92 7.19 179.0 172.4 0.3850504 0.0203005 

11 7.00 7.26 177.2 170.8 0.0143647 0.2332850 

12 7.09 7.88 174.9 157.3 0.0874119 0.0529414 

13 7.28 7.92 170.3 156.6 0.0013464 0.0147046 

14 7.30 7.92 169.9 156.6 0.1974482 0.0050653 

15 7.43 8.03 166.8 154.4 0.3591463 0.0037928 

UV absorption spectra for all BP derivatives were calculated using the VG-FC approach. 

The predicted electronic absorption spectrum of the BP-H ion is shown in Figure 4.7. The 

simulated spectra for the remaining substituted BP derivatives are given in Appendix C. As 

can be seen from the spectra and the calculated vertical excitation energies, the excited 

electronic states are nearly degenerate (with around 0.1 eV difference), which might give rise 

to the broad features in the experimental spectra. For BP-H, the calculated S0–S6 transition 

agrees with the experimental feature observed at 5.8 eV. The spectra for transitions of S0 to S1 

and S0 to S2 match with the low-energy feature of the experimental spectrum of BP-H.  



 

 67 

 

Figure 4.7 The experimental UVPD action spectra of BP-H ion (G) and the simulated 

UV vertical excitation spectra of (A) S0-S6, (B) S0-S5, (C) S0-S4, (D) S0-S3, (E) S0-S2, 

(F) S0-S1. The spectra were calculated using the CAM-B3LYP functional with the 6-

311++G(d,p) basis set. All the spectra were normalized from 0 to 1. 
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As identified from the comparison between the simulated spectra and the experimental 

spectrum of BP-H, the experimental spectrum is comprised of three transitions: S0 to S1, S0 to 

S2, and S0 to S6. The molecular orbitals (MOs) with the highest weight for these transitions are 

shown in Figure 4.8. As can be seen from the figure, these transitions are π→π* transitions 

wherein electron density. Through photoexcitation, the electron density is shifted to the 

pyridinium moiety and the charge centr is shifted to the C7H7 moiety. This destabilizes the 

molecule and leads to the production of neutral pyridine (C5H5N) and [C7H7]
+, which can adopt 

the tropylium form (i.e., C7H7
+) or the benzyl cation form (i.e., C6H5CH2

+). Which of these 

two species is produced via photodissociation is an open question and requires further 

investigation. 

Similar analyses have been conducted for all substituted BP derivatives studied (see 

Appendix C), which shows that the main transitions involve π→π* transitions as well. The 

molecular geometries of Phe derivatives have been studied, which shows that the coordinates 

associated with cation-π interactions, correlate with Hammett constants since the substituents 

can influence the electron density of the phenyl ring.33 Given that photoexcitation moves 

electron density from the chemically substituted benzyl moiety to the unsubstituted pyridinium 

moiety in each case, we hypothesized that the transition wavelengths are likely to be influenced 

by the electron withdrawing or donating nature of the substituents on the phenyl ring.  
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Figure 4.8 The calculated molecular orbitals of BP-H ion for transitions with 

percentage contributions: (A) S0 to S1 (96.8%), (B) S0 to S2 (97.9%), and (C) S0 to S6 

(81.4%). S0 is the ground state, and Sn is the nth excited state. 

A B 
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 Experimentally Measured Transition Energies versus Hammett Constants 

Hammett constants (σ) have been extensively applied to describe the movement of electrons 

and explain the trends in the reactivity of meta- or para-substituted benzoic acid derivatives 

and related compounds,197 and were first developed and published by Louis P. Hammett.198 

Electronic excitation accompanied by electron density redistribution was proven to correlate 

with ground state Hammett constants in the optimized and vertical ππ* states of para-

substituted benzoic acids but with lower correlation coefficients compared to correlations 

found in the ground state.199 Brown and Okamoto also reported electrophilic substituent 

constants (σ+),200,201 which are suitable for positive charge stabilization,202 and have been 

applied to correlate with benzylpyridinium C-N bond dissociation.188,203 The BP ions studied 

here were para-substituted with EWGs and EDGs. Since the calculated MOs indicated that the 

electronic transitions were π→π* transitions and the substituents affect the electron density 

and stability of the ground state substituted rings, it is interesting to see if the electronic 

transitions of the substituted BP ions correlate with these constants. Table 4.3 shows the para-

substituent constants σ, and σ+ obtained from Ref. 204, 201 and 205, and the absorption 

features measured experimentally for x-BP.  

Table 4.3 The experimental electronic transition energies of the para-substituted BP 

ions with Hammett constants (σ), and electrophilic substituent constants (σ+). Only 

para-substituent σ, and σ+ are reported here. 

 
σ σ+ 

Energy (eV) Wavelength (nm) 

Band I Band II Band I Band II 

BP-H 0 0 4.87 5.86 254.5 211.5 

BP-F 0.06 -0.073 4.85 5.82 255.6 213.0 

BP-Cl 0.23 0.114 4.79 5.44 258.9 228.0 

BP-CN 0.66 0.659 4.53 5.44 273.5 228.0 

BP-Me -0.17 -0.311 4.76 5.63 260.5 220.4 

BP-OMe -0.27 -0.778 5.18 5.90 239.6 210.1 

BP-OEt -0.24 N/A 5.21 N/A 238.2 N/A 

BP-OiPr -0.45 N/A 5.15 N/A 240.8 N/A 

BP-OtBu N/A N/A 5.14 N/A 241.3 N/A 
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Figure 4.9 shows the linear regression of the experimental absorption energies of the band I 

and band II against the para-substituent constants σ, and σ+. The absorption energies of the 

band I correlate with these two constants very well, whereas the linear regression fits the data 

of band II poorly. For the band I, the fitting line of electrophilic substituent constants (σ+) has 

a higher correlation coefficient. For band II, the peaks cannot be determined with accuracy 

since some of them extend the experimental range. The transition energies show a higher 

correlation to the Hammett constants (σ) in comparison to electrophilic substituent constants. 

Overall, the two parameters correlate well with the absorption energies of band I. These 

correlations indicate that the excited transition energies can be predicted by these substituent 

constants. 

  

Figure 4.9 Experimentally determined absorption energies of the band I (blue squares) 

and band II (red triangles) versus (A) Hammett constants (σ), and (B) electrophilic 

substituent constants (σ+). Straight lines represent linear regression models of the data. 

4.4 Conclusions 

This study illustrates that a modified DMS-MS instrument has been used to successfully 

measure the UVPD action spectra of para-substituted BP ions. In general, the spectra showed 

two features. Usually, the substituted BP ions fragment via the direct bond cleavage of the C-

N bond between the pyridyl and benzyl moieties. However, for the BP ions substituted by 

alkoxy groups (R = OEt, OiPr, OtBu), the dissociation can produce the additional fragment 
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(m/z 107). The fragments of [M−79]+ and m/z 107 exhibit different action spectra. The 

fragment of m/z 107 exhibit absorption at around 5.2 eV, while the fragment of [M−79]+ 

exhibit more absorption after 5.6 eV than that of m/z 107. The VG-FC approach was able to 

predict the simulated absorption spectra of all the BP ions. The simulated spectrum of each 

transition allowed the experimental spectra to be assigned to specific electronic transitions. 

The MOs demonstrated the electronic transitions were predominantly π→π* character and can 

be affected by the substituents. The absorption energies of the band I better correlated with the 

Hammett constants and electrophilic substituent constants than that of band II. This correlation 

indicates that the Hammett constants and electrophilic substituent constants, which are used to 

describe the trends of ground state properties, can also be used to predict the electronic 

transition energies. 
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Photodissociation Action Spectroscopy of DMS-

Gated Para-Aminobenzoic Acid 

5.1 Introduction 

In mass spectrometry (MS) studies, a long-standing and frequently cited problem is the 

separation and identification of protomers (i.e., prototropic isomers), which are isomeric ions 

that differ by the position of a proton.206,207 In many cases, MS analysis probes mixtures of the 

protomers since these species are often not separable by MS techniques. In some cases, 

multiple protomers can be observed and their relative populations manipulated by varying the 

ionization conditions. The individual protomers may then be studied via diagnostic 

ion/exchange reactions or by spectroscopic measurement with the support of computational 

modelling.36,38,208,209 Recently, researchers have demonstrated the use of ion mobility for 

separating protomers prior to MS analysis.210–213 One form of the ion mobility which has shown 

the ability to separate isomers successfully is DMS.18,106,110,193 

The relative stability of gas-phase protonation sites, and the resulting protomer populations, 

of a molecule can differ from those observed in the condensed phase.214 Para-aminobenzoic 

acid (PABA) is a well-known example that demonstrates the formation of two protomers 

whose relative populations may be tuned based on environmental conditions.36,215,216 The 

neutral PABA molecule can be protonated at two sites, the amine (N) centre or the carbonyl 

oxygen (O) centre of the carboxylic acid group (see Figure 5.1). In solution, the amino nitrogen 

is the most basic site and is expected to be the site of protonation.30,217 However, in the gas 

phase, the carboxylic oxygen is the most basic site and is the preferred protonation site.217  

The choice of ESI solvent dictates which protomer of PABA is formed (see Figure 5.1).36 

Formation of O-protonated PABA is favoured with a protic electrospray solvent (i.e., 

MeOH/H2O), whereas the N-protomer is formed when electrosprayed from an aprotic solvent 

(i.e., acetonitrile).36 These results have been verified using a series of different experimental 
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techniques.30,36,37,108 The preferred protonation sites of PABA in the gas phase were first 

reported by Kass et al. who monitored the population of PABA protomers in a mass 

spectrometer under various electrospray solvent conditions using hydrogen/deuterium 

exchange (HDX).36 The two protomers were subsequently investigated by Helden et al. using 

gas-phase IR spectroscopy combined with ion mobility mass spectrometry.30 Campbell et al. 

also successfully separated and identified the two protomers of PABA using DMS in tandem 

with MS and isotope exchange experiments.37,108 Different organic-solvent-to-water ratios 

were examined to study the influence of MeOH and ACN on the ions’ behaviour in the DMS 

cell.37 With MeOH/H2O as the electrospray solvent, the production of the O-protomer was 

favoured over the N-protomer. The addition of a small amount of aprotic solvent (i.e., ACN) 

to a primarily protic solvent has no effect on the resulting protonation site wherein the ratio of 

the two protomers is similar to that in MeOH/H2O. However, a large percentage (≧50%) of 

ACN in the electrospray solution does promote the formation of the N-protomer. The N- and 

O-protomers can be separated at CV = −1.5 V (O-protomer) and CV = −7.5 V (N-protomer) 

when SV is fixed at 3500 V for the DMS instrument. The CID MS fragmentation patterns for 

each SV/CV pair was also consistent with the presence of these two protomers. The unique 

ions of m/z 121 (loss of ammonia) for N-protomer and a large amount of ion (m/z 92, loss of 

H2O and CO) for the O-protomer can be observed in the fragmentation spectra. 



 

 75 

 

Figure 5.1 A schematic diagram showing two protonation sites for para-aminobenzoic 

acid 

Compared to classic CID methods, a more sensitive approach for structural identification of 

isomers is action spectroscopy as discussed in Section 2.2.2. For action spectroscopy, the 

activation energy can be precisely controlled via the excitation wavelength and it probes the 

unique electronic structure of each molecule. Extensive studies have also been conducted on 

analogous systems using photoelectron spectroscopy,153 IRMPD,216,218,219 and UV 

spectroscopy,38,220 and these works generally agree with the conclusions of Kass et al. Most 

recently, Dessent et al. have distinguished the two protomers of [PABA•H]+ via their distinct 

electronic spectra.38 The UVPD action spectra were measured for protonated PABA 

electrosprayed from solutions of water and ACN.38 The study revealed characteristic bands for 

each of the two protomers, allowing confident structural assignments from spectroscopic 

results. However, their spectra were possibly convoluted by contributions from each isomer, 
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as they had no facility to cleanly select isomer populations prior to spectroscopic 

interrogation.38 

Here, we investigate the protomers of gas-phase [PABA•H]+ cations using DMS-MS in 

tandem with UVPD action spectroscopy. With DMS alone, the protomers of protonated PABA 

can be resolved, although it remains difficult to identify each protomer based on their DMS 

trajectories alone. However, with UVPD the distinctive UV spectra of each DMS-gated 

protomer can be inspected. The effectiveness of this method has already been demonstrated by 

measuring the electronic spectra of two protomers of protonated quinoline.105 Note also that 

other systems have been characterized by similar tandem ion-mobility/mass spectrometry 

based methods.105 The experimental work is accompanied by Franck-Condon calculations to 

confirm the spectroscopic assignments, which provides some insights as to any differences 

between the electronic spectra of these two protomers. 

5.2 Experimental and Theoretical Methods 

 Experimental Methods 

The DMS-MS-UVPD experiments were conducted in a similar fashion to those described in 

Chapter 4 Section 4.2, which employed a modified DMS-MS device.105,192,193 Samples of 

PABA were sourced from Sigma-Aldrich and used without further purification. The samples 

were dissolved in water, and varying ratios of protic and aprotic solvents were used including 

MeOH/H2O, and ACN/H2O, to facilitate selective protonation of either the amine or carboxyl 

sites during the electrospray process in accord with previous works.37 In contrast to the method 

described in Chapter 4, the electrosprayed sample was DMS-selected prior to UVPD. A 

separation voltage (SV = 3500 V) was applied across the DMS electrodes and a static 

compensation voltage (CV) was scanned from −15 V to 5 V to identify the CV values promote 

optimal transmission of each protomer through the DMS cell. The DMS-gated PABA 

protomers (m/z 138) were transferred into a triple-quadrupole mass spectrometer where they 

were mass-selected in the first quadrupole (Q1) before detection by a channeltron ion detector. 
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Photodissociation action spectroscopy proceeded in the same fashion as for BP ions in 

Section 4.2.1. DMS-gated, mass-selected ions were accumulated in Q3 and then were 

irradiated with the output of a tunable Nd:YAG-pumped OPO system. The ions underwent 

photodissociation and the intensities of parent ions and any fragment ions were recorded as a 

function of the OPO output wavelength.     

 Theoretical Methods 

Structures of protonated PABA were optimized at B3LYP/6-311++G(d,p) level of theory using 

Gaussian 16 revision C01.195 Isomers with protonation at the oxygen and nitrogen atoms, as 

shown in Figure 5.1, were treated individually. For each protonation site, several different 

conformers were determined and optimized by changing the orientation of the NH3
+ and 

COOH groups (N-protomer), or C(OH)2
+ and NH2 groups (O-protomer). The lowest energy 

structure for each protonation site was selected for further investigation. Normal mode analyses 

were conducted to ensure the optimized structures were local minima. The frequencies were 

re-calculated at the CAM-B3LYP/6-311++G(d,p) level using the quantum chemistry program 

package ORCA.80 The Excited State Dynamics (ESD) program was called to calculate the 

absorption spectra in ORCA. Please refer to section 4.2.2 for detailed descriptions. The first 

six vertical excitation energies were calculated at the CAM-B3LYP/6-311++G(d,p) and 

STEOM-DLPNO-CCSD level of theory on ORCA 4.2.1.  The vibronic contribution of the first 

three excited transitions was individually calculated at the CAM-B3LYP/6-311++G(d,p) level 

of theory and summed to create a vibronic spectrum. The energies and transition dipoles that 

obtained at STEOM-DLPNO-CCSD level of theory were added into the ESD module for each 

structure, so that ESD would not account for the values obtained by TD-DFT. The spectra of 

the STEOM-DLPNO-CCSD level of theory were added together to obtain the absorption 

spectra. 



 

 78 

5.3 Results and Discussion  

 Differential Mobility Spectrometry  

According to Campbell et al, electrospraying PABA from water promotes the formation of 

both protomers in a 10:1 (O:N) ratio.37 DMS was used to separate mixtures of N-protomer and 

O-protomer electrosprayed from H2O. Figure 5.2 shows the DMS ionograms of PABA in H2O 

at two different SV values, SV = 0 V (A) and SV = 3500 V (B). As expected, there is a single 

peak at CV = 0 V for the SV = 0 V ionogram as shown in Figure 5.2A. In contrast, Figure 5.2B 

clearly shows that DMS separation is achieved at SV = 3500 V; there are two PABA ion 

populations at CV = −7.5 V and at CV = −2.5 V when electrosprayed from H2O. Based on 

previous assignments, these populations correspond to the N-protomer (−7.5 V) and the O-

protomer (−2.5 V).37 However, in contrast to the results of Campbell et al. wherein nebulizing 

gas pressure was set to 30 psi and auxiliary gas pressure was 20 psi, the populations of the O-

protomer and N-protomer are nearly equal when 0 psi nebulizing gas pressure was used in this 

thesis.37 

 

Figure 5.2 Ionograms for electrosprayed PABA dissolved in H2O: (A) SV = 0 V and 

(B) SV = 3500 V. The raw data (open circles) are overlaid with a 3-point adjacent-

average smoothed curve. 
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Figure 5.3 shows three ionograms for PABA, observed when electrosprayed from ACN/H2O 

and MeOH/H2O mixtures with varying solvent ratios. Figure 5.3A shows the ionogram for 

PABA when electrosprayed from a 50:50 mixture of acetonitrile and water. This solvent 

mixture leads to a 1:2 ratio of O- and N-protomer, which is similar to that observed when 

spraying from a pure H2O solution. Figure 5.3B shows that when a 50:50 mixture of methanol 

and water is used as the ESI solvent, the O-protomer is dominant (3:1 O:N). Figure 5.3C shows 

that when a 95:5 mixture of ACN and H2O is used as the ESI solvent, the N-protomer is formed 

almost exclusively. The populations of the separated protomeric forms of PABA in these 

solvents agree with the findings of Campbell et al.37 

 

Figure 5.3 Ionograms with SV = 3500 V for electrosprayed PABA dissolved in: (A) 

solvent: ACN/H2O 1:1; (B) solvent: MeOH/H2O 1:1; (C) solvent: ACN/H2O 95%:5%. 

The raw data (open circles) are overlaid with a 3-point adjacent-average smoothed 

curve. 
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 Photodissociation Action Spectra 

The mass spectra that are derived from photodissociation at the highest intensity of the 

fragmentation efficiency of PABA ions of O-protomer following irradiation at 350 nm (A) and 

N-protomer following irradiation at 220 nm (B) are shown in Figure 5.4. In Figure 5.4A, the 

most prominent fragments have m/z 94 and 120, and are associated with the loss of CO2 and 

H2O, respectively. These fragments are consistent with the losses expected for the protonated 

carboxylic acid group of the O-protomer. Other major fragments include m/z 65, 77, 92, and 

93, which correspond to the production of the C5H5
+, C6H5

+, C6NH6
+, and C6NH7

+ cations, 

respectively. Figure 5.4B shows the photofragment mass spectrum of the N-protomer 

photoexcited at 220 nm. The relative intensity of the daughter ions with respect to the parent 

ion is low (10% fragment efficiency) in comparison to the O-protomer experiment (90% 

fragment efficiency), which could indicate that the N-protomer has a low oscillator strength 

for this particular transition compared to the one probed for the O-protomer. The red one of 

Figure 5.4B shows the relative intensities of the photofragments at 100 × magnification. The 

fragments produced correspond to m/z 65, 75, 77, 92, 93, 94, 103, 120, and 121, which is 

consistent with the results of CID obtained by Campbell et al.37 In contrast to the O-protomer, 

the N-protomer exhibits additional fragments at m/z 75, 103, 121. The m/z 75 fragment is 

associated with C6H3
3+. The m/z 103 fragment is associated with loss of NH3 and water, which 

is caused by the initial loss of NH3 to form the 4-dehydrobenzoic acid ion and then lose water.37 

The m/z 121 fragment is associated with loss of NH3, which indicates the presence of 

protonated NH2. 
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Figure 5.4 Photofragment mass spectra of (A) O-protomer excited at 350 nm; (B) N-

protomer excited at 220 nm normalized to the parent ion (black) and fragment ions at 

100 × magnification (red). 

Edward and co-workers reported the first UV action spectra across the range 3.26-5.77 eV 

(380-215 nm) for the N-protomer and O-protomer in H2O and ACN to selectively produce 

each protomer.38 Based on their studies, only the O-protomer was formed when  H2O is used 

as the electrospray solvent. The spectrum of the O-protomer was obtained by irradiating the 

PABA ions in an ion trap, which were formed following electrospray ionization with H2O as 

the ESI solvent. Two bands, one in the 3.4 - 4.1 eV region and a second in the 4.8 -5.4 eV 

region, were observed in the spectrum of O-protomer. The spectrum of the N-protomer was 

obtained by irradiating the PABA electrosprayed from acidified-ACN and only the fragments 

with m/z 121, 137, and 139 were plotted. One weak band was between 4.5 - 4.8 eV and another 
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band was observed with an onset 5.4 eV (the upper limit is beyond the limit of the OPO tuning 

range).  

We also electrosprayed PABA from H2O and measured three different photodissociation 

action spectra for the [PABA•H]+. For each spectrum, mass-selected [PABA•H]+ (m/z 138) 

were trapped in Q3 where they were irradiated with light from an OPO (208-400 nm). The 

wavelength was scanned in 1 nm intervals, and trapped ions were irradiated for 500 ms. 

Daughter ions arising from photodissociation of PABA ions were ejected from the trap using 

a mass-selective axial ejection protocol before detection at a channeltron ion detector. For 

PABA electrosprayed from H2O, three spectra were recorded with the following DMS 

conditions: SV/CV = 0/0 V; SV/CV = 3500/−7.5 V, SV/CV = 3500/−2.5 V. When the SV and 

CV are both held at 0 V, the spectrum of [PABA•H]+ recorded indicates that a mixture of the 

O-protomer and N-protomer is trapped, as expected. For SV = 3500 V, two peaks rise at CV 

= −7.5 V and CV = −2.5 V, corresponding to the N- and O-protomers, respectively.  

Photodissociation action spectra for the major fragmentation channels of the protomers of 

[PABA•H]+ are shown in Figure 5.5. The intensities have been normalized with respect to the 

total ion count and the OPO power. Figure 5.5A shows the spectrum of PABA electrosprayed 

from water without DMS separation and is consistent with the spectrum measured by Dessent 

et al;38 both spectra have similar shapes and share the same two features at 3.6 eV and 5.0 eV. 

A small feature at around 4.5 eV is also observed in Figure 5.5A.  

Figure 5.5B and C show the spectra of the DMS-isolated O- and N-protomers, respectively. 

The peak at approximately 5 eV in Figure 5.5B is lower in intensity than that seen in Figure 

5.5A. It was initially believed that the N-protomer was isolated in Figure 5.5C; however, upon 

further analysis, this may not be the case. The spectrum contains features at approximately 

3.6 eV, 5.6 eV, and a broad feature between 4.3-5.4 eV. The presence of the feature at 3.6 eV 

along with the other features, indicates that the N-protomer species is back converting to O-

protomer post-separation due to H2O vapour in the system.108 Thus, the poor ion signal of N-

protomer also leads to the noisy spectra in the range 4.4 eV-6.0 eV. The sample in C is possibly 

a mixture of the two protomers. A possible explanation for contamination of the trapped ion 
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population, even after DMS separation, is the breakdown of ion-solvent complexes due to the 

declustering potential (DP). The DP is applied after the DMS exit orifice before the ions enter 

Q1(here DP=100 V) and induces the declustering of ion-solvent complexes. If a [PABA-

solvent]+ complex elutes in nearby CV space to the selected PABA ion population, it is possible 

that the transmitted ion cloud will include the [PABA-solvent]+ complex. At high DP, the 

solvent will be removed from the complex, allowing the previously solvated ion to pass 

through the mass filter in Q1. It is possible then, that the identity of the solvated ion is not the 

same as the selected ion population (i.e., the PABA N-protomer), or that the declustering 

reaction could induce a proton migration and form the O-protomer since carboxylic oxygen is 

the preferred protonation site in the gas phase. Therefore, DMS-selection for the O-protomer 

and the N-protomer should be recorded with DP equal to 0 V. Comparing Figure 5.5A with 

the features present in spectra obtained for the isolated protomers, we conclude that the spectra 

shown in Figure 5.5A  belong to a mixture of the O- and N-protomers with the O-protomer 

being more prevalent. 
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Figure 5.5 UVPD spectra of the [PABA•H]+ when electrosprayed from H2O. (A) 

SV=0 V, CV=0 V, (B) SV=3500 V, CV= −2.5 V, (C) SV=3500 V, CV= −7.5 V. The 

spectra represent the sum of the following fragmentation channels: A: m/z 65, 75, 77, 

92, 93, 94, 103, 120, 121; B: m/z 65, 77, 92, 93, 94, 120; C: m/z 65, 75, 77, 92, 93, 94, 

103, 120, 121. In all cases, DP = 100 V. Error bars represent +/− 0.5 at each point, 

where variations in both ion intensity and laser power were considered. 

Additional UVPD experiments were performed for PABA ions produced from different 

electrospray solvent ratios. Figure 5.6A shows the UVPD spectrum electrosprayed from an 
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ACN/H2O 1:1 solution without prior DMS separation (a mixture of the two protomers, 

SV=0 V, CV=0 V). The spectrum recorded for the 1:1 ACN:H2O mixture is similar to that 

obtained from the ion population produced by the pure water solution (Figure 5.5A). Two 

peaks at 3.6 eV and 5.0 eV, as well as two smaller features at approximately 4.5 eV and 

5.75 eV, were observed in the spectrum. Figure 5.6B shows the spectrum for [PABA•H]+ when 

electrospraying from MeOH/H2O 1:1 with SV = 3500 V, CV = −2.5 V and DP set to 0 V. The 

spectrum resembles that of the O-protomer and is consistent with that of the isolated O-

protomer shown in Figure 5.5B. An intense spectral feature at 3.6 eV and a relatively weak 

feature at approximately 5.0 eV are again observed. Figure 5.6C shows the UVPD spectrum 

of the N-protomer in ACN/H2O 95%:5% with DP =0 V. In this case, there are two spectral 

features associated with the N-protomer, at ~4.6 eV and ~5.6 eV, consistent with the spectrum 

of the N-protomer acquired by Dessent.38 Although there is some evidence of back conversion 

when the region of the dominant band for the O-protomer is magnified (red line in Figure 

5.6C), this shows that DMS selection and low H2O vapour pressure (so as not to back-convert) 

can isolate the N-protomer for spectroscopic investigation. 

The UVPD action spectra of each fragment are shown in Figure 5.7 (O-protomer) and Figure 

5.8 (N-protomer). The six major fragments from O-protomer have almost the same action 

spectra (see Figure 5.7). However, for the N-protomer, the seven fragments have distinct action 

spectra. There is little amount of the fragments of m/z 75, and m/z 92 that is supposed to come 

from the loss of water and carbon monoxide of the O-protomer. The spectra of m/z 75 and 92 

are very noisy, which are not shown here. The action spectra of fragments of m/z 65 and 103 

are similar, which have feature after 5.4 eV. The action spectra of m/z 77, 93 and 121 have 

features at both 4.4-5.0 eV and 5.4-6.0 eV regions. The spectrum of m/z 77 has a strong 

absorption at both regions, but the spectrum of m/z 93 has much weaker absorption at 4.4-

5.0 eV than that of m/z 77. The spectrum of m/z 121 has much weaker absorption at 5.4-6.0 eV 

than that of m/z 77. The action spectra of 94 and 120 have absorptions at three regions: 3.4-

4.0 eV, 4.4-5.0 eV and 5.4-6.0 eV. The region of 3.4-4.0 eV belongs to O-protomer, which 

means these two fragments come from both protomers. 
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Figure 5.6 UVPD spectra of the [PABA•H]+ ion electrosprayed from: (A) ACN/H2O 

1:1, SV=0 V, CV=0 V, DP =100 V; (B) MeOH/H2O 1:1, SV=3500 V, CV= −2.5 V, 

DP = 0 V; (C) ACN/H2O 95%:5%, SV=3500 V, CV= −7.5 V, DP = 0 V. The red line 

shows the 3.0-4.2 eV region at 20 × magnification. Fragmentation channels: A: m/z 

65, 75, 77, 92, 93, 94, 103, 120, 121; B: m/z 65, 77, 92, 93, 94, 120; C: m/z 65, 75, 77, 

92, 93, 94, 103, 120, 121. Error bars represent +/− 0.5 at each point, where variations 

in both ion intensity and laser power were considered. 
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Figure 5.7 UVPD spectra of the O-protomer corresponding to the fragmentation 

channel: (A) m/z 65, (B) m/z 77, (C) m/z 92, (D) m/z 93, (E) m/z 94, (F) m/z 120, and 

(G) the sum of total fragments. Error bars represent +/− 0.5 at each point, where 

variations in both ion intensity and laser power were considered. 
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Figure 5.8 UVPD spectra of the N-protomer corresponding to the fragmentation 

channel: (A) m/z 65, (B) m/z 77, (C) m/z 93, (D) m/z 94, (E) m/z 103, (F) m/z 120, (G) 

m/z 121, and (H) the sum of total fragments. Error bars represent +/− 0.5 at each point, 

where variations in both ion intensity and laser power were considered. 

 

3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4 5.6 5.8 6.0

0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
a

liz
e

d
 I

n
te

n
s
it
y

Energy (eV)

375 350 325 300 275 250 225

Wavelength (nm)

3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4 5.6 5.8 6.0

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d
 I
n
te

n
s
it
y

Energy (eV)

3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4 5.6 5.8 6.0

0.0

0.2

0.4

0.6

0.8

1.0
N

o
rm

a
liz

e
d
 I
n
te

n
s
it
y

Energy (eV)

3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4 5.6 5.8 6.0

0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
a

liz
e

d
 I

n
te

n
s
it
y

Energy (eV)

3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4 5.6 5.8 6.0

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d
 I
n
te

n
s
it
y

Energy (eV)

3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4 5.6 5.8 6.0

0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
a

liz
e

d
 I

n
te

n
s
it
y

Energy (eV)

3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4 5.6 5.8 6.0

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d
 I
n
te

n
s
it
y

Energy (eV)

3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4 5.6 5.8 6.0

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d
 I
n
te

n
s
it
y

Energy (eV)

A 

B 

C 

D 

E 

F 

G 

H 

m/z 65 

m/z 77 

m/z 93 

m/z 94 

m/z 103 

m/z 120 

m/z 121 



 

 89 

 Simulated Electronic Spectra 

Theoretical electronic absorption spectra of the O-protomer and N-protomer were calculated 

to compare with those measured experimentally. Table 4.2 and Table 5.2 list the calculated 

vertical transition energies with their oscillator strengths for the first six electronic transitions 

(i.e., S0 – S1, through to S0 – S6) for the O- and N-protomers, respectively. For both protomers, 

the first three states are predicted to lie in the wavelength range accessible with our OPO 

system. For the O-protomer excitation energies as shown in Table 4.2, the first excited states 

at 4.21 eV (CAM-B3LYP) and 3.47 eV (CCSD) are the most intense transitions. Compared 

with the O-protomer experimental spectrum wherein the most intense peak is at 3.6 eV, the 

CCSD result agrees with the experimental spectrum. However, for both methods, the second 

excited state has slightly lower predicted energy than the experimental spectrum (4.9 eV). The 

third excited state is not observed in the experimental spectrum. In general, for the O-protomer, 

the vertical excitation energies given by CCSD were more accurate and were used for the 

simulation of the vibronic spectra. For the N-protomer excitation energies shown in Table 5.2, 

the CAM-B3LYP method predicts the first three excited states at 4.80, 5.28 and 5.84 eV with 

the third state stronger than the other two, which reproduces the trends observed in the 

experimental spectrum of the N-protomer (Figure 5.6C). In the experimental spectrum of N-

protomer, 4.6 eV and 5.6 eV were observed and the peak at 5.6 eV has a higher intensity than 

the peak at 4.6 eV. However, the CCSD method predicts the first and second states are close 

in energy, and the third state at 6.19 eV has much higher energy than the one in the 

experimental spectrum. CAM-B3LYP is more accurate for the prediction of the transition 

energies of the N-protomer. In addition, the comparison of the calculated oscillator strength of 

the third state for the N-protomer with the first state in the O-protomer, the transition of the O-

protomer is more intense than that of the N-protomer, which can be observed experimentally 

in the Figure 5.5A. 
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Table 5.1 The calculated vertical excitation energies of the O-protomer with the 

associated oscillator strengths (fosc). The excitation energies are predicted using the 

CAM-B3LYP/6-311++G(d,p) and the STEOM-DLPNO-CCSD/6-311++G(d,p) level 

of theory. 

S1-S6 Energy (eV) Wavelength (nm) fosc 

 CAM-B3LYP CCSD CAM-B3LYP CCSD CAM-B3LYP CCSD 

1 4.21 3.47 294.2 356.8 0.6413646 0.7458487 

2 4.69 4.37 264.2 283.5 0.0103013 0.0055783 

3 5.46 5.50 226.9 225.4 0.0930116 0.1996886 

4 6.19 6.24 200.4 198.7 0.0000441 0.0000395 

5 6.64 6.35 186.6 195.2 0.0007608 0.0191427 

6 6.67 6.61 185.9 187.4 0.0000001 0.0002165 

Table 5.2 The calculated vertical excitation energies of the N-protomer with the 

associated oscillator strengths (fosc). The excitation energies are predicted using the 

CAM-B3LYP/6-311++G(d,p) and the STEOM-DLPNO-CCSD/6-311++G(d,p) level 

of theory. 

S1-S6 Energy (eV) Wavelength (nm) fosc 

 CAM-B3LYP CCSD CAM-B3LYP CCSD CAM-B3LYP CCSD 

1 4.80 4.77 258.2 260.0 0.0000417 0.0002227 

2 5.28 4.78 235.0 259.6 0.0217953 0.0173644 

3 5.84 6.19 212.4 200.3 0.1385230 0.2910207 

4 6.34 6.72 195.4 184.6 0.0000041 0.0030007 

5 6.42 6.72 193.0 184.5 0.0000712 0.0000025 

6 6.43 7.06 192.9 175.7 0.0008282 0.9435753 

Since only the first three states are within the experimental measurement range, the first three 

energies and transition dipoles of the CCSD values were input directly into the ESD module. 

The predicted electronic absorption spectra of the O-protomers are shown in Figure 5.9. Figure 

5.9A shows the simulated spectrum of the O-protomer predicted by CAM-B3LYP. Figure 5.9B 

shows the simulated spectrum using the CCSD method. These two methods both predicted two 

features, and the second features with higher energy have similar energy values. For both 

methods, the peaks at 5.3 eV and 5.5 eV (S0-S3) are blueshifted with respect to the 

experimental features (Figure 5.9C). The first feature at 4.2 eV (S0-S1) obtained by CAM-
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B3LYP is also blueshifted, whereas the first feature at 3.5 eV (S0-S1) obtained by CCSD aligns 

well with the experimental spectrum.  

 

Figure 5.9 The simulated UV absorption spectra of O-protomer predicted by (A) 

CAM-B3LYP/6-311++G(d,p), (B) CCSD/6-311++G(d,p), and (C) experimental 

UVPD spectrum of the [PABA•H]+ electrosprayed from H2O, SV=3500 V, CV= 

−2.5 V. 

Figure 5.10 shows the excitation spectra of the N-protomer calculated at the CAM-B3LYP 

(Figure 5.10A) and CCSD (Figure 5.10B) levels of theory, respectively. The excitation 
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spectrum of CAM-B3LYP (Figure 5.10A) has two features at 5.2 eV (S0-S2) and 5.6 eV (S0-

S3). The first feature at 5.2 eV is blueshifted compared with the experimental spectrum (Figure 

5.10C), while the second feature at 5.6 eV matches with the experimental spectrum. Figure 

5.10B shows the CCSD-predicted spectrum with two peaks at 4.8 eV (S0-S2) and 6.2 eV (S0-

S3). The first feature at 4.8 eV aligns well with the experimental spectrum. The second feature 

at 6.2 eV is blueshifted with respect to the experimental spectrum. Overall, the VG Franck 

Condon has correctly reproduced the shape and key trends of the experimental spectra. 

However, some of the predicted transition energies were blueshifted in comparison to 

experimental data. 
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Figure 5.10 The simulated UV absorption spectra of N-protomer predicted by (A) 

CAM-B3LYP/6-311++G(d,p), (B) CCSD/6-311++G(d,p), and (C) experimental 

UVPD spectrum of the [PABA•H]+ electrosprayed from ACN/H2O 95%:5%, 

SV=3500 V, CV= −7.5 V. 

The calculated MOs with the highest contributions of the first three transitions for O-

protomer and N-protomer are shown in Figure 5.11 and Figure 5.12. These transitions are 

π→π* transitions wherein electron density.  
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Figure 5.11 The calculated molecular orbitals of O-protomer for transitions with 

percentage contributions: (A) S0 to S1 (95.4%), (B) S0 to S2 (83.3%), and (C) S0 to S3 

(82.1%). S0 is the ground state, and Sn is the nth excited state. 

A B 
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Figure 5.12 The calculated molecular orbitals of N-protomer for transitions with 

percentage contributions: (A) S0 to S1 (81.5%), (B) S0 to S2 (62.4%), and (C) S0 to S3 

(71.1%). S0 is the ground state, and Sn is the nth excited state. 

A B 
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5.4 Conclusions 

Here, we demonstrate the use of DMS to separate the two protomers of protonated PABA for 

subsequent characterization via UVPD spectroscopy. The distinctly different electronic 

structures of the two protomers are manifested in the action spectra of the O- and N-protomers. 

The fragment at m/z 121 is associated with the loss of NH3, which is only observed in the mass 

spectrum of N-protomer. The UVPD action spectrum of the N-protomer in ACN/H2O is 

consistent with the previous work by Dessent et al.38 However, the conversion of the N-

protomer to O-protomer following selection happened in the sample electrosprayed from H2O, 

which requires further investigations. The fragments observed from N-protomer exhibit 

different UVPD action spectra. For the O-protomer, the second feature has a much weaker 

intensity compared to Dessent’s results. The differences that we observe suggests that the 

photodepletion spectrum of the O-protomer reported in Dessent’s study is likely to be the 

mixture of the two protomers. Compared to conventional UVPD techniques, our method can 

provide an orthogonal degree of characterization and separation, which provides additional 

certainty in isomer assignments.  

For the simulated electronic spectra, the general trends can be predicted by using the VG-

FC method. These transitions are π→π* transitions wherein electron density. However, the 

accuracy of the excitation energies can still be improved. The adiabatic Franck-Condon, in 

which the Hessians of the ground state and excited state are both required, can be used to 

provide a better precision towards experimental results.  
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Conclusions 

In this thesis, several aromatic clusters have been investigated using combined experimental 

and theoretical approaches. The IRMPD was used to measure the IR spectra of the probing 

ensemble. The DMS has been modified to couple with UVPD, which was able to separate 

tautomers prior to measuring the UVPD action spectra. The geometries of the clusters were 

found via BH and then treated with B3LYP/6-311++G(d,p) level of theory. The validity of the 

structures can be assessed by comparing the calculated IR spectra with the IRMPD spectra. 

The electronic spectra were simulated through the VG-FC method. With successful validation 

between the experimental and calculated results, additional properties can be explored, which 

provides further understanding of the behaviours of the clusters.  

In Chapter 3, new methods that rely on techniques from machine learning were developed 

to interpret and assign spectra. A computational study of the proton-bound heterodimer of 

Phe/Ser was conducted. The low-energy isomers of the protonated Phe-Ser dimer came from 

the exhaustive search of the potential energy surface (PES) using the custom-written BH search 

algorithm, and 37 isomers are identified within 180 kJ·mol−1 of the global-minimum structure. 

By calculating the mass-weighted distance matrix of each isomer, the cluster structures were 

categorized using hierarchical clustering to partition the PES in terms of nuclear configuration. 

Their calculated IR spectra are then compared with the experimental IR spectra recorded by 

Lorenz and Rizzo32 by converting the spectra to unique matrices. The cosine distance between 

the experimental spectral matrices and calculated spectral matrices were calculated to facilitate 

the spectral assignment. The five experimental UV/IR double-resonance spectra were assigned 

to five different isomers. In addition, the binding motifs of each experimental spectrum were 

identified to show the structures populated in the electrospray ionization process.  

By applying hierarchical clustering and spectral comparison that we developed for Phe-Ser 

heterodimer, proton-bound homodimer of Phe derivatives were studied experimentally and 

computationally. The computed structures obtained via BH were treated with hierarchical 
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clustering to partition the PES in terms of intermolecular binding motifs. MDS was used to 

visualize how chemical substitution of the Phe derivatives influenced homodimer bindings and 

geometries. The quantum theory of atoms in molecules (QTAIM) were used to analyze the 

electron topology, and quantitatively and qualitatively reveal the non-covalent interactions in 

the dimer system. Homodimer geometries were found to be influenced predominantly by 

hydrogen-bonding interactions. The calculated IR spectra were compared to the IRMPD 

spectra using cosine distance metrics to determine which geometric conformers/isomers were 

present in the probed ensemble.  

In Chapter 4, the newly implemented UVPD spectroscopy study of BP and several of its 

derivatives has been conducted, which demonstrates the validity and sensitivity of our DMS-

MS instrument for spectroscopy experiments. The absorption energies obtained experimentally 

were found to vary depending on the substituents. The correlation between band positions and 

the Hammett constants and electrophilic substituent constants for chemical substituents has 

been identified, which shows the effect of EWGs and EDGs on phenyl ring electronic stability. 

The VG-FC method was used to simulate electronic absorption spectra, which facilitates the 

assignment of the observed transitions to calculated transitions. 

In Chapter 5, the newly implemented UVPD capabilities are tested in the context of DMS 

separation for two prototropic isomers of protonated PABA. The protonated PABA has two 

protomers: O-protomer (protonated at carbonyl oxygen) and N-protomer (protonated at amine 

nitrogen). The population of these two protomers varies depending on the solvent conditions. 

We show that distinct UVPD spectra are observed for each protomer and that conversion from 

one protomer to the other can occur post-DMS separation in environments that have high 

partial pressures of water. The VG-FC approach was also used to simulate the electronic 

spectra.  

Taken as a whole, this thesis presents advances for experimental characterization and data 

analysis/assignment of ionic clusters that contain aromatic groups. These techniques can, of 

course, be extended to non-aromatic systems; the choice of aromatic species simplified 

experimentation owing to their spectral signatures, which appears in convenient spectral 
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regions. The study of aromatic clusters also provides opportunities to explore the effects of 

substituents on the structures and properties of clusters. These studies were carried out in a 

combined experimental and computational method. Experimentally, IRMPD can be used to 

verify the structures. UVPD can be used to study the electronic properties of the probed 

clusters. DMS coupled with UVPD provides the ability to distinguish and identify DMS-

separated ions, and it can also reduce the spectral congestion when studying the mixtures of 

isomeric species. Computationally, we developed an efficient method to partition the PES and 

assign the spectra quantitatively when dealing with a large number of structures. The VG-FC 

can be used to simulate the electronic absorption spectra and assign the experimental 

transitions. 

Many future directions can be explored for the investigations discussed herein. The matching 

algorithm discussed in Chapter 3 can be improved by using another distance metric. The 

current spectral comparison employed the intensities of the spectra as the unique matrix 

representing each spectrum. However, IRMPD is more reliable with respect to the wavelength 

of the peaks than the intensities. Future comparison can be adjusted to increase the proportion 

of the wavelength factor. In Chapter 4, BP ions can produce tropylium after fragment. Whether 

the rearrangement of the benzyl cation happened before or after the fragmentation still needs 

further investigations.  
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Appendix A 
Proton-Bound heterodimers of Phenylalanine/Serine  

A.1 Energies of of [Phe/Ser + H]+ 

Table A.1 The relative zero-point corrected energies (ZPErel.), enthalpy (Δrel.H), entropy 

(Δrel.S), and Gibbs free energies (Δ rel.G) of [Phe/Ser + H]+. ZPErel., Δrel.H, and Δrel.G at 298 K 

are given in kJ·mol-1. Δrel.S at 298 K is given in J·mol-1. Calculations employed the B3LYP 

functional and 6-311++G(d,p) basis set.  

Isomer List ZPErel. kJ·mol-1 Δrel.H kJ·mol-1 Δrel.S J·mol-1 Δrel.G kJ·mol-1 

Isomer 1 0.00 0.00 0.00 0.00 

Isomer 2 8.89 9.85 24.11 2.66 

Isomer 3 9.19 10.68 32.81 0.89 

Isomer 4 18.68 19.81 26.04 12.04 

Isomer 5 22.38 23.88 29.85 14.98 

Isomer 6 29.30 29.74 18.64 24.19 

Isomer 7 32.81 33.26 7.74 30.95 

Isomer 8 40.36 42.92 46.57 29.04 

Isomer 9 40.62 40.71 10.04 37.71 

Isomer 10 41.26 43.37 28.03 35.01 

Isomer 11 42.09 44.65 50.60 29.56 

Isomer 12 42.30 45.06 77.69 21.90 

Isomer 13 43.45 45.84 44.34 32.62 

Isomer 14 43.66 46.25 54.54 29.99 

Isomer 15 48.88 49.93 23.52 42.92 

Isomer 16 50.03 51.60 28.50 43.11 

Isomer 17 50.73 51.13 10.29 48.07 

Isomer 18 59.45 60.25 17.18 55.12 

Isomer 19 59.72 62.30 49.92 47.41 

Isomer 20 65.75 68.00 45.41 54.46 

Isomer 21 111.08 113.09 40.68 100.96 

Isomer 22 111.88 113.98 45.27 100.48 

Isomer 23 113.09 115.25 45.94 101.55 

Isomer 24 117.72 119.62 39.64 107.80 

Isomer 25 118.62 120.42 29.15 111.73 

Isomer 26 135.53 138.60 63.49 119.67 

Isomer 27 135.73 138.80 64.98 119.43 

Isomer 28 142.06 145.29 61.40 126.98 

Isomer 29 145.05 147.06 58.31 129.68 
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Isomer 30 148.07 151.32 68.55 130.88 

Isomer 31 149.78 152.80 52.78 137.06 

Isomer 32 151.25 153.28 41.12 141.02 

Isomer 33 155.24 157.04 47.51 142.88 

Isomer 34 155.54 157.05 40.25 145.05 

Isomer 35 163.88 167.02 51.46 151.68 

Isomer 36 183.91 187.26 35.33 176.73 

Isomer 37 194.48 197.87 54.98 181.48 
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A.2 Determining the appropriate scaling factor  

To determine the appropriate scaling factor for the calculated spectra, we began by employing 

a scaling factor of 0.95. This scaling factor is commonly used for calculated harmonic spectra 

in the 2800 – 3800 cm
–1 

region. Using this initial guess to scale the calculated spectra, we used 

the cosine distances to judge which spectra best matched the various experimental spectra (as 

described in the article). Having identified several possible matches for each experimental 

spectrum, we then proceeded to calculate the cosine distances for the best matching calculated 

spectra as the scaling factor was varied from 0.92 to 1.0. Plots showing the cosine distances as 

a function of scaling factor are shown below for each experimental spectrum.  
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Figure A.1 The cosine distances for experimental spectrum A and the harmonic spectra 

of several isomers of [Phe/Ser + H]+ plotted as a function of scaling factor.  
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Figure A.2 The cosine distances for experimental spectrum B and the harmonic spectra 

of several isomers of [Phe/Ser + H]+ plotted as a function of scaling factor.  
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Figure A.3 The cosine distances for experimental spectrum C and the harmonic spectra 

of several isomers of [Phe/Ser + H]+ plotted as a function of scaling factor.  
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Figure A.4 The cosine distances for experimental spectrum D and the harmonic spectra 

of several isomers of [Phe/Ser + H]+ plotted as a function of scaling factor.  
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Figure A.5 The cosine distances for experimental spectrum E and the harmonic spectra 

of several isomers of [Phe/Ser + H]+ plotted as a function of scaling factor.  
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A.3 The XYZ atomic coordinates and structures of [Phe/Ser + H]+ 

The XYZ atomic coordinates of all 37 isomers with relative zero-point corrected energies are 

provided. Calculations were conducted at the B3LYP/6-311++G(d,p) level of theory. 

 
Isomer 1, 0.0 kJ·mol-1 

N -0.131652 1.102907 -0.587218 

H 0.365403 1.794129 -1.150232 

H 0.048453 0.161148 -0.966506 

C -1.582130 1.417015 -0.458589 

H -2.035687 1.314421 -1.447137 

C -2.275769 0.465452 0.538987 

C -1.694335 2.876735 -0.031597 

H -1.951586 0.714352 1.553487 

H -3.346018 0.680125 0.490860 

C -1.999365 -0.997471 0.257695 

O -0.739196 3.571182 0.204051 

C -1.474009 -1.817755 1.259344 

C -2.243413 -1.549071 -1.005731 

H -1.299177 -1.409999 2.249838 

C -1.187665 -3.158934 1.006427 

C -1.945046 -2.885005 -1.268120 

H -2.682176 -0.942805 -1.792176 

H -0.798666 -3.787573 1.799321 

C -1.409646 -3.693627 -0.262673 

H -2.144347 -3.299196 -2.249500 

H -1.191779 -4.736392 -0.461506 

O -2.972095 3.255366 0.043481 

H -3.017476 4.186785 0.315387 

C 2.661190 -0.230980 0.906861 

H 3.461694 -0.467735 1.617499 

C 2.077020 -1.571902 0.453895 

H 1.545236 -2.035627 1.292518 

H 2.903499 -2.220760 0.151542 

O 1.183229 -1.358136 -0.644184 

H 0.713594 -2.180581 -0.833779 

C 3.376282 0.420463 -0.277129 
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O 2.771938 1.558025 -0.716372 

H 3.329177 1.925272 -1.422364 

O 4.370096 -0.033121 -0.764833 

H 0.401442 1.064439 0.338601 

H 1.264636 0.194643 2.348653 

H 2.043878 1.521815 1.808658 

N 1.629272 0.641436 1.510743 

 
Isomer 2, 8.9 kJ·mol-1 

N 0.343825 0.128715 0.752637 

H -0.042177 0.175490 1.692843 

H 0.993311 -0.657526 0.754049 

C 1.095917 1.359603 0.443862 

H 1.700000 1.692541 1.293508 

C 2.048624 1.126001 -0.760693 

C 0.127070 2.477369 0.089055 

H 1.450467 0.886850 -1.645911 

H 2.568438 2.064969 -0.962934 

C 3.035947 0.015903 -0.481410 

O -1.008407 2.314188 -0.308276 

C 2.876034 -1.248534 -1.057520 

C 4.107923 0.229048 0.393824 

H 2.064586 -1.422297 -1.758037 

C 3.767093 -2.282241 -0.765336 

C 4.997460 -0.800691 0.687112 

H 4.256201 1.209206 0.836540 

H 3.638312 -3.253573 -1.228557 

C 4.827058 -2.060042 0.110028 

H 5.829098 -0.619696 1.357996 

H 5.523840 -2.858868 0.334515 

O 0.699403 3.674636 0.222931 

H 0.077954 4.364646 -0.060618 

C -3.124553 0.003683 -0.074333 

H -3.032048 1.014148 0.327085 

C -4.337402 -0.094511 -0.996735 

H -4.318927 0.726671 -1.724187 

H -5.241011 -0.012943 -0.387171 

O -4.219294 -1.361091 -1.636632 
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H -5.030112 -1.585794 -2.104352 

C -3.279000 -0.958821 1.104787 

O -2.200265 -1.755905 1.269304 

H -2.376177 -2.362048 2.007712 

O -4.252956 -0.969989 1.797910 

H -1.941805 -1.196111 -1.289730 

H -1.773194 0.435636 -1.581875 

H -0.986520 -0.186012 -0.235066 

N -1.875235 -0.273246 -0.854066 

 
Isomer 3, 9.2 kJ·mol-1 

N 0.669382 -0.863910 -1.451309 

H 0.683047 -1.308552 -2.367252 

H 1.267440 -0.041522 -1.527192 

C 1.263891 -1.771957 -0.449093 

H 2.171590 -2.250633 -0.828565 

C 1.630248 -0.996564 0.845980 

C 0.270715 -2.866291 -0.084587 

H 0.709761 -0.663366 1.335717 

H 2.118498 -1.698462 1.526006 

C 2.522275 0.190759 0.563603 

O -0.934170 -2.774522 -0.182904 

C 2.038694 1.495795 0.699744 

C 3.839885 0.002924 0.128485 

H 1.030784 1.658264 1.069794 

C 2.849353 2.592774 0.405894 

C 4.650673 1.095405 -0.167766 

H 4.239168 -1.002086 0.034130 

H 2.465864 3.598798 0.531552 

C 4.155870 2.393391 -0.033469 

H 5.671416 0.935430 -0.494609 

H 4.789944 3.242564 -0.258705 

O 0.894351 -3.934405 0.416114 

H 0.236039 -4.593412 0.690698 

C -2.192618 0.671099 0.156020 

H -1.506564 0.381571 0.955434 

C -1.839126 2.064610 -0.360453 

H -0.765858 2.121005 -0.577818 
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H -2.091593 2.791651 0.415429 

O -2.615689 2.231420 -1.542128 

H -2.632954 3.153573 -1.817151 

C -3.604744 0.655266 0.752036 

O -4.334956 -0.377432 0.292934 

H -5.210962 -0.361657 0.712221 

O -3.968268 1.466523 1.552059 

H -2.539242 0.028671 -1.779588 

H -0.989311 -0.454460 -1.189034 

H -2.372539 -1.240418 -0.699741 

N -2.031156 -0.311529 -0.958825 

 
Isomer 4, 18.7 kJ·mol-1 

N -0.527047 -0.106768 1.109275 

H -0.138459 -0.361612 2.015697 

H -1.293892 0.540994 1.286326 

C -1.059493 -1.280278 0.397204 

H -1.758456 -1.846439 1.019992 

C -1.812142 -0.826644 -0.886529 

C 0.046467 -2.238016 -0.022147 

H -1.101081 -0.318636 -1.544366 

H -2.168913 -1.720012 -1.404552 

C -2.967751 0.088682 -0.552345 

O 1.196223 -1.948035 -0.300962 

C -2.848772 1.474629 -0.700492 

C -4.162648 -0.439302 -0.049023 

H -1.933606 1.897112 -1.103715 

C -3.904203 2.318198 -0.352341 

C -5.216556 0.401348 0.298534 

H -4.274024 -1.513913 0.059040 

H -3.802551 3.389639 -0.479781 

C -5.088171 1.782886 0.149440 

H -6.139932 -0.020230 0.678174 

H -5.910237 2.436464 0.416169 

O -0.423324 -3.482232 -0.112186 

H 0.273024 -4.072085 -0.442667 

C 3.802241 0.073379 0.179147 

H 4.178673 -0.778358 0.744879 
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C 4.875610 1.152687 0.055126 

H 5.835742 0.700651 -0.226775 

H 4.988994 1.628628 1.034321 

O 4.412476 2.047985 -0.946467 

H 4.955609 2.841972 -0.979409 

C 2.515185 0.549594 0.872819 

O 1.580621 0.909543 0.016248 

H 0.651459 0.652196 0.432190 

O 2.427410 0.512581 2.075088 

H 3.163899 0.408949 -1.762827 

H 4.182530 -0.907524 -1.666046 

H 2.587919 -1.026431 -1.118983 

N 3.417885 -0.413106 -1.202857 

 
Isomer 5, 22.4 kJ·mol-1 

N -0.244357 -0.318208 -0.947865 

H 0.827368 -0.222274 -0.905365 

H -0.675816 0.590411 -0.760253 

H -0.485507 -0.587709 -1.904038 

C -0.791473 -1.315861 0.030084 

H -0.529875 -0.943473 1.020001 

C -2.323808 -1.434980 -0.111924 

C -0.056124 -2.626557 -0.193050 

H -2.567770 -1.922158 -1.061477 

H -2.670001 -2.096865 0.684158 

C -2.984844 -0.075571 -0.029824 

O 0.788534 -2.785969 -1.041441 

C -3.536813 0.518761 -1.169669 

C -3.001960 0.630539 1.179660 

H -3.551878 -0.025695 -2.109271 

C -4.100431 1.793860 -1.103062 

C -3.563546 1.903179 1.246750 

H -2.588478 0.178999 2.076175 

H -4.537575 2.236767 -1.990286 

C -4.112408 2.488030 0.104563 

H -3.581776 2.434160 2.191218 

H -4.555439 3.475287 0.159619 

O -0.470028 -3.556755 0.666666 
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H 0.010010 -4.385067 0.503422 

C 3.340295 0.489549 -0.063914 

H 4.346271 0.065691 0.060528 

C 3.507302 1.953575 -0.500897 

H 4.095906 2.499846 0.245343 

H 2.518471 2.425192 -0.577131 

O 4.162641 1.909689 -1.758846 

H 4.308545 2.801659 -2.091064 

C 2.600865 0.449445 1.277767 

O 3.321486 0.727791 2.371487 

H 4.262506 0.833568 2.176312 

O 1.420480 0.222408 1.366523 

N 2.565828 -0.236305 -1.077140 

H 2.926269 0.020766 -1.994744 

H 2.691890 -1.242188 -0.985597 

 
Isomer 6, 29.3 kJ·mol-1 

N 1.824398 1.171863 -1.293352 

H 1.766134 0.992863 -2.295906 

H 2.803015 1.379308 -1.055521 

H 1.178187 1.958937 -1.067888 

C 1.283990 0.016629 -0.469796 

H 1.313474 -0.881647 -1.084514 

C 2.137925 -0.169564 0.801604 

C -0.174264 0.388224 -0.114887 

H 1.963444 0.674666 1.475924 

H 1.756323 -1.062332 1.299827 

C 3.609036 -0.289320 0.476895 

O -0.500026 1.580994 -0.337966 

C 4.463891 0.806586 0.653800 

C 4.125214 -1.467977 -0.076032 

H 4.090630 1.713481 1.122223 

C 5.808317 0.727725 0.281845 

C 5.465744 -1.548065 -0.442619 

H 3.479545 -2.331276 -0.204313 

H 6.461462 1.578428 0.436892 

C 6.308760 -0.448364 -0.269638 

H 5.856634 -2.470197 -0.856556 
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H 7.352449 -0.515016 -0.552619 

O -0.853693 -0.531359 0.388889 

H -2.277994 -0.398596 0.989583 

C -4.295111 0.149279 0.508189 

H -5.120393 0.572270 1.088730 

C -3.681976 1.247177 -0.385483 

H -4.478651 1.729506 -0.964591 

H -2.977081 0.791767 -1.089384 

O -3.046302 2.187566 0.443293 

H -2.093557 2.178793 0.214601 

C -4.794770 -1.086617 -0.246971 

O -5.667224 -0.870026 -1.239723 

H -5.901571 0.061632 -1.344194 

O -4.424814 -2.191041 0.039708 

N -3.244963 -0.307746 1.472071 

H -3.136536 0.384677 2.213332 

H -3.492209 -1.223511 1.856598 

 
Isomer 7, 32.8 kJ·mol-1 

N -0.122227 0.646989 -1.464489 

H -0.218862 1.037053 -2.399566 

H -0.742248 -0.162680 -1.430304 

H 1.425060 0.033962 -1.338472 

C -0.568252 1.637079 -0.465287 

H -1.359896 2.281217 -0.858374 

C -1.122707 0.930797 0.803813 

C 0.596540 2.525312 -0.061938 

H -0.349688 0.267600 1.204565 

H -1.321672 1.697337 1.556101 

C -2.381381 0.149952 0.498628 

O 1.769418 2.215243 -0.151873 

C -2.345959 -1.237813 0.330217 

C -3.598927 0.823670 0.341485 

H -1.414246 -1.778204 0.456291 

C -3.508139 -1.940016 0.006280 

C -4.757772 0.123167 0.020533 

H -3.643498 1.899242 0.484187 

H -3.468615 -3.016151 -0.115745 
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C -4.713675 -1.261541 -0.150667 

H -5.696146 0.654304 -0.088383 

H -5.617176 -1.806748 -0.396843 

O 0.176175 3.677245 0.456899 

H 0.937012 4.205919 0.747005 

C 2.889650 -1.199872 -0.281022 

H 3.837914 -1.671452 -0.555875 

C 3.138854 -0.285699 0.939400 

H 3.567564 -0.882235 1.750177 

H 2.191419 0.133820 1.286779 

O 4.053007 0.719616 0.559678 

H 3.605106 1.574883 0.590819 

C 1.817623 -2.259966 -0.022916 

O 2.102042 -3.187103 0.897869 

H 3.002934 -3.127481 1.243805 

O 0.760249 -2.241997 -0.591994 

N 2.450913 -0.354813 -1.431685 

H 3.078245 0.453840 -1.485744 

H 2.496582 -0.875713 -2.308054 

 
Isomer 8, 40.4 kJ·mol-1 

N -0.801471 0.522174 1.167140 

H 0.184687 0.149716 1.179060 

H -1.464185 -0.243577 1.336896 

H -0.876436 1.217513 1.917552 

C -1.104915 1.172533 -0.151941 

H -0.634895 0.565843 -0.925818 

C -2.631915 1.255357 -0.383668 

C -0.459487 2.550558 -0.120055 

H -3.067929 1.958654 0.332544 

H -2.781469 1.675431 -1.380118 

C -3.276905 -0.106294 -0.253958 

O -0.068859 3.069955 0.894956 

C -3.950273 -0.465154 0.920396 

C -3.156598 -1.048883 -1.282684 

H -4.085167 0.266204 1.712388 

C -4.491802 -1.744111 1.065286 

C -3.699292 -2.322920 -1.139372 



 

 129 

H -2.654351 -0.779222 -2.206726 

H -5.022684 -2.004816 1.973227 

C -4.363946 -2.674135 0.036871 

H -3.612990 -3.039345 -1.947817 

H -4.789808 -3.664548 0.144201 

O -0.437622 3.097119 -1.335254 

H -0.081485 3.998942 -1.276269 

C 4.020886 -0.418599 0.215295 

H 4.609159 0.438177 -0.131221 

C 4.222123 -1.553442 -0.832877 

H 3.820883 -1.268475 -1.809216 

H 3.674323 -2.443066 -0.487306 

O 5.587737 -1.806651 -1.011604 

H 5.971139 -1.979911 -0.140533 

C 2.552302 -0.021615 0.246397 

O 2.073430 0.709656 -0.780712 

H 2.768414 0.952164 -1.409087 

O 1.775183 -0.369167 1.114176 

N 4.556893 -0.866327 1.482095 

H 4.773320 -0.102847 2.111535 

H 3.922825 -1.502508 1.955126 

 
Isomer 9, 40.6 kJ·mol-1 

N -0.896977 1.036149 -0.494268 

H -0.064433 1.548178 -0.084195 

H -1.787268 1.422189 -0.165067 

H -0.841615 1.151408 -1.510897 

C -0.807246 -0.428825 -0.155691 

H -0.758945 -0.498322 0.931275 

C -2.038720 -1.192091 -0.683983 

C 0.501832 -0.916182 -0.768927 

H -2.015505 -1.194093 -1.778013 

H -1.938214 -2.229811 -0.357210 

C -3.321439 -0.573442 -0.172915 

O 0.979567 -0.381167 -1.743622 

C -4.088964 0.256592 -0.998621 

C -3.725235 -0.774484 1.152808 

H -3.808204 0.394984 -2.038822 
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C -5.239215 0.876626 -0.507584 

C -4.873742 -0.157444 1.642157 

H -3.151573 -1.432009 1.799061 

H -5.832847 1.505614 -1.160429 

C -5.630429 0.672394 0.813560 

H -5.184504 -0.331756 2.665509 

H -6.527100 1.146891 1.193851 

O 1.014216 -1.928358 -0.094404 

H 1.940062 -2.085982 -0.381359 

C 3.707315 1.021050 0.266809 

H 4.437099 1.747391 0.632498 

C 2.369451 1.203204 1.075771 

H 2.573462 1.645862 2.052281 

H 1.891236 0.231860 1.231849 

O 1.488205 2.058103 0.343705 

H 1.977637 2.211287 -0.505572 

C 4.204616 -0.417888 0.477149 

O 5.193562 -0.626187 1.352214 

H 5.553038 0.198010 1.705886 

O 3.696755 -1.349665 -0.098860 

N 3.443591 1.328548 -1.135325 

H 4.269257 1.661342 -1.618383 

H 3.064246 0.525355 -1.632787 

 
Isomer 10, 41.3 kJ·mol-1 

N 1.721401 1.351520 -0.476700 

H 0.721383 1.272082 -0.127605 

H 1.725565 1.107189 -1.469251 

H 2.049274 2.322165 -0.410065 

C 2.647124 0.460366 0.304899 

H 2.278685 0.454226 1.333780 

C 2.643498 -0.973095 -0.257536 

C 4.022562 1.127772 0.296788 

H 3.051111 -0.957765 -1.274141 

H 3.339244 -1.554782 0.349688 

C 1.264062 -1.595781 -0.244609 

O 4.221987 2.204038 -0.207888 

C 0.516850 -1.705559 -1.420175 
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C 0.712743 -2.059409 0.955388 

H 0.940858 -1.381449 -2.365979 

C -0.760731 -2.265946 -1.399582 

C -0.558729 -2.624182 0.977982 

H 1.287877 -1.998850 1.874005 

H -1.319291 -2.367326 -2.323176 

C -1.300970 -2.726107 -0.200564 

H -0.961095 -3.005931 1.909540 

H -2.281860 -3.188041 -0.187846 

O 4.925639 0.378462 0.923027 

H 5.783878 0.834368 0.924005 

C -3.090540 0.478611 0.162894 

H -3.444619 -0.289584 -0.533403 

C -4.070769 1.679149 0.042999 

H -4.032873 2.126549 -0.953623 

H -3.768880 2.449598 0.768382 

O -5.389512 1.247852 0.244281 

H -5.419493 0.773530 1.086431 

C -1.694271 0.894812 -0.274401 

O -1.482555 1.129313 -1.580502 

H -2.267200 0.944710 -2.115655 

O -0.766373 1.063454 0.495530 

N -3.170159 -0.048011 1.508065 

H -2.740262 -0.962738 1.579561 

H -2.703998 0.564710 2.170543 

 
Isomer 11, 42.1 kJ·mol-1 

N 0.669319 -0.414936 -0.461224 

H -0.147113 -0.893089 0.007136 

H 1.507512 -1.005943 -0.441560 

H 0.383454 -0.267565 -1.434309 

C 0.957119 0.898937 0.203821 

H 0.991064 0.710885 1.278084 

C 2.312384 1.471021 -0.273248 

C -0.207375 1.827274 -0.115199 

H 2.232749 1.754622 -1.327400 

H 2.491510 2.386190 0.294307 

C 3.425539 0.466607 -0.071872 
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O -1.033643 1.587754 -0.960486 

C 3.911770 -0.282487 -1.150315 

C 3.940128 0.227692 1.208453 

H 3.545992 -0.086234 -2.154188 

C 4.895040 -1.253777 -0.953062 

C 4.922283 -0.739538 1.404738 

H 3.586007 0.812672 2.051858 

H 5.273538 -1.816916 -1.797929 

C 5.398594 -1.484522 0.324756 

H 5.322856 -0.906454 2.397641 

H 6.166760 -2.232823 0.478916 

O -0.155863 2.924363 0.637454 

H -0.877820 3.525485 0.389877 

C -4.005969 -1.097847 0.107461 

H -4.593183 -1.709673 -0.585025 

C -4.386014 0.388348 -0.163210 

H -4.099428 0.695161 -1.171879 

H -3.831379 1.016533 0.550321 

O -5.772173 0.557563 -0.053418 

H -6.044623 0.187765 0.798250 

C -2.527219 -1.274604 -0.191407 

O -2.148665 -1.431325 -1.471525 

H -2.902793 -1.457946 -2.077101 

O -1.656960 -1.210864 0.658849 

N -4.396770 -1.427025 1.463187 

H -4.496428 -2.424050 1.612527 

H -3.732557 -1.066535 2.141156 

 
Isomer 12, 42.3 kJ·mol-1 

N 0.678237 -0.084985 -0.681475 

H -0.190894 -0.564382 -0.320309 

H 1.454525 -0.751143 -0.760274 

H 0.444252 0.280619 -1.610190 

C 1.067464 1.041684 0.229842 

H 0.983214 0.670195 1.252081 

C 2.518785 1.497215 -0.048860 

C 0.059200 2.160858 0.005096 

H 2.567222 1.958703 -1.040025 
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H 2.756361 2.273623 0.680940 

C 3.479926 0.332939 0.046665 

O -0.698522 2.186366 -0.932232 

C 3.981658 -0.273691 -1.111352 

C 3.832318 -0.192645 1.296072 

H 3.745296 0.142450 -2.086529 

C 4.820177 -1.386630 -1.022439 

C 4.670116 -1.300945 1.384675 

H 3.466123 0.277821 2.203507 

H 5.213539 -1.838467 -1.925396 

C 5.162441 -1.902136 0.225068 

H 4.946978 -1.690510 2.357183 

H 5.818661 -2.761277 0.296253 

O 0.164570 3.091292 0.952158 

H -0.454521 3.816804 0.767219 

C -4.042541 -1.198233 0.033141 

H -4.587416 -1.826791 -0.679055 

C -4.704554 0.210968 -0.009358 

H -4.593706 0.672033 -0.994187 

H -4.193355 0.851966 0.725141 

O -6.077820 0.105037 0.244148 

H -6.185607 -0.393505 1.066326 

C -2.596583 -1.071957 -0.419741 

O -2.347712 -0.961903 -1.734265 

H -3.151598 -1.026119 -2.269107 

O -1.653738 -1.003847 0.349536 

N -4.218768 -1.744712 1.362574 

H -4.131533 -2.753574 1.388396 

H -3.555653 -1.348637 2.021248 

 
Isomer 13, 43.5 kJ·mol-1 

N -0.825746 -0.548921 1.499471 

H -0.512768 -0.991122 2.365962 

H -1.592539 0.102689 1.693059 

H -0.009389 0.007910 1.124206 

C -1.273777 -1.571901 0.491735 

H -2.108155 -2.122556 0.933575 

C -1.742136 -0.869730 -0.800878 
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C -0.108289 -2.534157 0.294337 

H -0.877484 -0.417538 -1.290946 

H -2.122448 -1.648665 -1.463750 

C -2.801908 0.168542 -0.503602 

O 0.927193 -2.450510 0.904105 

C -2.457236 1.520967 -0.388599 

C -4.130278 -0.214544 -0.283001 

H -1.434860 1.835318 -0.577037 

C -3.423291 2.473154 -0.060167 

C -5.095043 0.735927 0.042777 

H -4.416380 -1.256932 -0.385922 

H -3.147177 3.518479 0.013653 

C -4.742435 2.081117 0.157447 

H -6.122681 0.429041 0.197641 

H -5.494988 2.820048 0.405341 

O -0.406633 -3.460870 -0.616139 

H 0.335762 -4.081364 -0.700781 

C 3.487829 1.200673 -0.366322 

H 3.715046 1.459596 -1.406097 

C 4.468834 0.059701 0.037834 

H 4.291907 -0.843228 -0.552252 

H 4.292679 -0.188053 1.095090 

O 5.791053 0.454524 -0.203944 

H 5.934345 1.296731 0.249613 

C 2.063551 0.671841 -0.287168 

O 1.634748 -0.128535 -1.279286 

H 2.299730 -0.226292 -1.975647 

O 1.316597 0.889483 0.648155 

N 3.759555 2.352383 0.467141 

H 3.415325 3.217858 0.069187 

H 3.363404 2.245287 1.395560 

 
Isomer 14, 43.7 kJ·mol-1 

N -0.899353 -0.781826 1.311236 

H -0.610329 -1.347716 2.111814 

H -1.475085 0.006087 1.620736 

H -0.020173 -0.391513 0.868783 

C -1.653325 -1.596918 0.297204 
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H -2.590044 -1.918232 0.758987 

C -1.952322 -0.731405 -0.946104 

C -0.804467 -2.826585 -0.001634 

H -1.011074 -0.504397 -1.453139 

H -2.552351 -1.341333 -1.623315 

C -2.672914 0.541887 -0.559000 

O 0.261479 -3.036673 0.519642 

C -1.968023 1.745136 -0.433487 

C -4.041084 0.519784 -0.262840 

H -0.910311 1.776407 -0.676551 

C -2.621727 2.906997 -0.020466 

C -4.693099 1.679858 0.148723 

H -4.603639 -0.402385 -0.373614 

H -2.070090 3.836280 0.060876 

C -3.983443 2.874802 0.273141 

H -5.755149 1.654371 0.362329 

H -4.492923 3.777830 0.587564 

O -1.405630 -3.610212 -0.896349 

H -0.857704 -4.395116 -1.061332 

C 3.697013 0.239903 -0.220926 

H 4.421893 -0.515927 0.100424 

C 4.263256 1.621068 0.222854 

H 4.331203 1.689764 1.311586 

H 3.572901 2.404872 -0.124142 

O 5.559161 1.794790 -0.279448 

H 5.526275 1.652224 -1.235496 

C 2.379555 -0.013842 0.495518 

O 2.418541 -0.351875 1.793046 

H 3.322259 -0.481673 2.113960 

O 1.286683 0.126043 -0.026164 

N 3.619778 0.219791 -1.666296 

H 3.583076 -0.718282 -2.046256 

H 2.816859 0.738441 -2.007491 

 
Isomer 15, 48.9 kJ·mol-1 

N -1.960932 1.552328 0.919985 

H -1.416953 1.857939 1.718423 

H -2.945870 1.623693 1.150040 
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C -1.638012 0.195620 0.520443 

H -1.833705 -0.567531 1.295405 

C -2.463392 -0.212057 -0.732277 

C -0.156993 0.074862 0.246726 

H -2.239605 0.499919 -1.531000 

H -2.139727 -1.202213 -1.057558 

C -3.945359 -0.219093 -0.435193 

O 0.636708 0.995294 0.471270 

C -4.751426 0.874392 -0.767291 

C -4.528780 -1.313684 0.213777 

H -4.312766 1.726936 -1.274981 

C -6.111219 0.875544 -0.456018 

C -5.885996 -1.315042 0.525730 

H -3.918371 -2.175369 0.467395 

H -6.724320 1.728253 -0.724550 

C -6.680913 -0.218002 0.192534 

H -6.325088 -2.173150 1.021711 

H -7.738031 -0.219706 0.431434 

O 0.208110 -1.103623 -0.214676 

H 1.181035 -1.154678 -0.358163 

C 5.051869 0.100242 -0.748134 

H 5.137353 0.205533 -1.831384 

C 5.849405 -1.101332 -0.245007 

H 6.837267 -1.137534 -0.718607 

H 5.290517 -2.004985 -0.499337 

O 5.954885 -0.895290 1.161136 

H 6.321440 -1.666452 1.606670 

C 3.551870 -0.000556 -0.409383 

O 3.055015 1.116939 0.038438 

H 1.996813 1.043187 0.226859 

O 2.962776 -1.042937 -0.611781 

H 5.904403 1.092893 0.854326 

H 6.413762 1.738565 -0.601542 

H 4.861705 2.055803 -0.030238 

N 5.610792 1.353995 -0.100364 

 
Isomer 16, 50.0 kJ·mol-1 

N 0.316837 0.174780 0.481374 
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H -0.237435 0.250892 1.328687 

H 0.835672 -0.696380 0.527966 

C 1.246094 1.286887 0.350827 

H 1.806238 1.514276 1.269181 

C 2.288414 1.004812 -0.769048 

C 0.486239 2.548682 -0.004103 

H 1.751385 0.844573 -1.708112 

H 2.914118 1.891950 -0.886962 

C 3.141301 -0.199300 -0.441309 

O -0.677642 2.608305 -0.372371 

C 2.919568 -1.430041 -1.066831 

C 4.152326 -0.106129 0.522804 

H 2.148706 -1.512575 -1.826436 

C 3.689357 -2.545949 -0.735904 

C 4.921368 -1.217834 0.855253 

H 4.346036 0.845741 1.007733 

H 3.512625 -3.491112 -1.236606 

C 4.689992 -2.442482 0.227323 

H 5.706744 -1.128212 1.596905 

H 5.292864 -3.306335 0.481817 

O 1.237317 3.641212 0.106503 

H 0.715554 4.416791 -0.154815 

C -4.311704 -0.477556 0.104032 

H -5.154899 0.157824 0.381669 

C -4.368091 -1.818347 0.830198 

H -5.388592 -2.218620 0.833433 

H -4.037959 -1.653358 1.858423 

O -3.484422 -2.665097 0.097940 

H -3.319023 -3.490382 0.565120 

C -3.017445 0.310126 0.409683 

O -2.553585 0.897331 -0.675118 

H -1.718741 1.462389 -0.507282 

O -2.589432 0.364642 1.531012 

H -3.867252 -1.608980 -1.570107 

H -5.345758 -0.847176 -1.730240 

H -3.918169 0.034752 -1.881760 

N -4.388617 -0.736892 -1.390796 
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Isomer 17, 50.7 kJ·mol-1 

N -0.769414 0.210162 -1.427924 

H -0.338107 0.481522 -2.313204 

H -1.661610 -0.262099 -1.610056 

H -0.131935 -0.505269 -0.950616 

C -1.027631 1.400605 -0.546136 

H -1.728558 2.054547 -1.070177 

C -1.659326 0.933180 0.787241 

C 0.285715 2.144818 -0.353337 

H -0.918108 0.366475 1.357090 

H -1.895542 1.831351 1.360039 

C -2.891620 0.091685 0.535160 

O 1.347673 1.745133 -0.777735 

C -2.810671 -1.306320 0.563507 

C -4.111221 0.700230 0.214973 

H -1.873101 -1.786912 0.826054 

C -3.934316 -2.082672 0.276534 

C -5.231871 -0.076436 -0.069947 

H -4.192247 1.783099 0.209473 

H -3.866137 -3.163518 0.314094 

C -5.143863 -1.468811 -0.042409 

H -6.175070 0.403603 -0.302348 

H -6.018178 -2.071254 -0.258005 

O 0.099600 3.255536 0.344980 

H 0.940789 3.727405 0.466589 

C 3.047631 -0.957322 -0.368238 

H 2.735121 -0.349396 -1.222103 

C 1.856468 -1.052660 0.596035 

H 1.555439 -0.080771 0.981740 

H 2.104921 -1.702074 1.440521 

O 0.730715 -1.601803 -0.117638 

H 1.097593 -2.371578 -0.593603 

C 4.215015 -0.259670 0.348319 

O 4.112151 1.086507 0.437437 

H 3.363554 1.417983 -0.080779 

O 5.122019 -0.860218 0.846364 

N 3.317236 -2.309981 -0.835791 

H 3.837341 -2.307492 -1.706611 

H 3.891208 -2.803557 -0.154585 
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Isomer 18, 59.5 kJ·mol-1 

N -1.640123 0.862791 1.347883 

H -1.625441 0.809260 2.368382 

H -2.560221 1.219629 1.043867 

H -0.884699 1.505072 1.063820 

C -1.370162 -0.479129 0.699150 

H -1.768612 -1.251072 1.356480 

C -2.068074 -0.537585 -0.681174 

C 0.149980 -0.607460 0.572226 

H -1.555146 0.138241 -1.372426 

H -1.929492 -1.552534 -1.058018 

C -3.530782 -0.172961 -0.564683 

O 0.855890 0.387151 0.685137 

C -3.966040 1.116652 -0.900343 

C -4.453938 -1.089886 -0.046837 

H -3.272510 1.824098 -1.347215 

C -5.302032 1.483201 -0.719377 

C -5.785811 -0.724528 0.128872 

H -4.135164 -2.097755 0.200518 

H -5.630634 2.477422 -0.997883 

C -6.210548 0.563891 -0.201868 

H -6.495324 -1.446359 0.515738 

H -7.248721 0.843187 -0.068355 

O 0.510141 -1.821033 0.307871 

H 1.534992 -1.960991 0.190454 

C 3.852595 -0.024196 -0.569751 

H 2.847816 0.139567 -0.971877 

C 3.718315 -1.014364 0.595167 

H 3.145443 -0.610196 1.427939 

H 4.705012 -1.313754 0.958418 

O 3.005167 -2.177209 0.130764 

H 3.419768 -2.430179 -0.713160 

C 4.380233 1.323132 -0.051396 

O 3.481839 2.037455 0.669807 

H 2.624954 1.586070 0.692110 

O 5.496451 1.711615 -0.234801 

N 4.655948 -0.669148 -1.595669 



 

 140 

H 4.531994 -0.226947 -2.499927 

H 5.644465 -0.589495 -1.366968 

 
Isomer 19, 59.7 kJ·mol-1 

N -2.465386 -1.825379 0.540526 

H -2.610292 -2.731514 0.092284 

H -3.373464 -1.472861 0.876663 

H -1.794818 -1.966941 1.318306 

C -1.817768 -0.822073 -0.391385 

H -2.069415 -1.099736 -1.414165 

C -2.332661 0.601189 -0.074850 

C -0.309715 -0.948066 -0.139704 

H -1.925236 0.923908 0.888068 

H -1.913493 1.259866 -0.837553 

C -3.843428 0.647080 -0.056374 

O 0.095791 -1.541062 0.841457 

C -4.535527 0.630565 1.162196 

C -4.572542 0.628861 -1.251824 

H -3.985960 0.690311 2.097865 

C -5.932111 0.595477 1.184852 

C -5.964086 0.597499 -1.228376 

H -4.050621 0.658798 -2.203301 

H -6.456107 0.599387 2.133317 

C -6.646131 0.575515 -0.010096 

H -6.518338 0.598813 -2.159537 

H -7.729232 0.556102 0.004629 

O 0.383659 -0.328802 -1.050356 

H 1.381843 -0.370528 -0.869029 

C 5.096489 -0.044244 0.309940 

H 5.349380 -0.163245 1.369324 

C 5.762515 1.277778 -0.166408 

H 5.358733 2.141836 0.367682 

H 5.544490 1.409919 -1.236801 

O 7.140684 1.243863 0.092615 

H 7.485224 0.423808 -0.288099 

C 3.583098 0.076655 0.179853 

O 2.937143 0.855578 1.058620 

H 3.534595 1.211189 1.730944 
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O 2.949639 -0.457693 -0.710715 

N 5.682917 -1.142644 -0.431014 

H 5.560001 -2.034272 0.033862 

H 5.281247 -1.215222 -1.360961 

 
Isomer 20, 65.8 kJ·mol-1 

N 1.850367 -1.300823 1.019044 

H 1.784484 -1.455324 2.026832 

H 2.808618 -1.524783 0.709313 

H 1.154149 -1.916974 0.567061 

C 1.499440 0.121198 0.633329 

H 1.751366 0.768245 1.472787 

C 2.300438 0.535961 -0.624078 

C -0.008406 0.127868 0.370947 

H 1.923608 -0.018184 -1.489241 

H 2.083074 1.591417 -0.797561 

C 3.778959 0.286547 -0.433827 

O -0.611418 -0.922511 0.231818 

C 4.378947 -0.854052 -0.985189 

C 4.551488 1.146948 0.356131 

H 3.805784 -1.505482 -1.639662 

C 5.728085 -1.130107 -0.749319 

C 5.896817 0.872989 0.586906 

H 4.105224 2.043703 0.774825 

H 6.185071 -2.005818 -1.194734 

C 6.485747 -0.268584 0.039264 

H 6.489357 1.553586 1.186787 

H 7.534110 -0.475980 0.217048 

O -0.476407 1.336524 0.283737 

H -1.466262 1.358609 0.091723 

C -4.533967 -0.258613 -0.561405 

H -5.410451 -0.264135 -1.218803 

C -4.955670 -0.943489 0.765872 

H -5.751066 -0.384472 1.264368 

H -4.082942 -0.961651 1.437157 

O -5.449363 -2.233820 0.512294 

H -4.821233 -2.665997 -0.083599 

C -4.146948 1.191754 -0.272570 
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O -5.137137 2.073461 -0.119546 

H -6.002303 1.675882 -0.288807 

O -3.003712 1.576712 -0.128171 

N -3.499661 -1.066465 -1.175674 

H -3.354767 -0.839111 -2.151821 

H -2.613968 -0.994994 -0.682885 

 
Isomer 21, 111.1 kJ·mol-1 

N -0.378448 0.311559 -0.916625 

H -0.127240 0.395011 -1.899657 

H -0.930299 -0.543328 -0.846391 

C -1.241875 1.445723 -0.527241 

H -1.932667 1.718013 -1.331027 

C -2.088225 1.087686 0.726893 

C -0.402204 2.679333 -0.218175 

H -1.413722 0.878233 1.563035 

H -2.673678 1.969639 0.997049 

C -3.000045 -0.097225 0.487941 

O 0.758107 2.679572 0.144728 

C -2.714978 -1.346194 1.050340 

C -4.144644 0.036390 -0.308743 

H -1.850019 -1.461732 1.696733 

C -3.549997 -2.440320 0.818738 

C -4.978061 -1.053883 -0.541585 

H -4.397469 1.002075 -0.735823 

H -3.322432 -3.398121 1.272181 

C -4.680785 -2.296391 0.019607 

H -5.865499 -0.932476 -1.151711 

H -5.334278 -3.142553 -0.156602 

O -1.117630 3.795921 -0.355651 

H -0.574321 4.558760 -0.098475 

C 3.323103 -0.024476 -0.287377 

H 3.354111 0.666969 -1.132524 

C 4.537772 0.201567 0.613738 

H 4.640513 1.268891 0.843307 

H 5.430038 -0.140101 0.084065 

O 4.275332 -0.558681 1.787659 

H 5.057433 -0.607033 2.347201 
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C 3.336863 -1.446647 -0.858419 

O 2.170174 -2.093307 -0.662332 

H 2.247942 -2.987069 -1.035414 

O 4.286582 -1.897082 -1.428228 

H 2.098069 -0.286617 1.359488 

H 1.995311 1.256849 0.714900 

H 1.170002 0.080709 -0.047149 

N 2.076361 0.255592 0.491543 

 
Isomer 22, 111.9 kJ·mol-1 

N 0.624527 0.523658 1.314522 

H 0.590255 0.820147 2.288439 

H 1.186350 -0.327791 1.307849 

C 1.342912 1.542211 0.518029 

H 2.184007 1.963596 1.077228 

C 1.903987 0.923169 -0.791371 

C 0.410020 2.694910 0.167317 

H 1.069163 0.562986 -1.400945 

H 2.391964 1.722253 -1.354190 

C 2.877083 -0.206686 -0.527427 

O -0.801288 2.638233 0.134994 

C 2.520891 -1.535077 -0.784080 

C 4.153910 0.059043 -0.015570 

H 1.548936 -1.757947 -1.214521 

C 3.414650 -2.576730 -0.530716 

C 5.046465 -0.978266 0.239282 

H 4.460964 1.084008 0.168640 

H 3.128213 -3.599259 -0.748039 

C 4.677634 -2.299783 -0.014889 

H 6.034153 -0.755578 0.625793 

H 5.376061 -3.105575 0.177278 

O 1.099851 3.794766 -0.143178 

H 0.481533 4.496103 -0.405479 

C -2.594490 -0.821516 -0.197947 

H -1.862030 -0.887757 -1.006301 

C -2.653338 -2.144919 0.565346 

H -1.640458 -2.490629 0.802417 

H -3.148622 -2.884787 -0.066866 
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O -3.388784 -1.860509 1.750574 

H -3.681685 -2.671226 2.179151 

C -3.947682 -0.504162 -0.849822 

O -4.307786 0.779203 -0.665485 

H -5.151591 0.941872 -1.118557 

O -4.565394 -1.316089 -1.473542 

H -2.678081 0.161858 1.613624 

H -1.103343 0.234757 0.944427 

H -2.306850 1.198181 0.356157 

N -2.153052 0.259093 0.738416 

 
Isomer 23, 113.1 kJ·mol-1 

N 0.470545 -0.012909 -0.262553 

H 1.015332 -0.849542 -0.058305 

H 0.443081 0.043029 -1.280862 

C 1.227181 1.149949 0.252006 

H 1.388313 0.983729 1.322919 

C 2.615179 1.342973 -0.416796 

C 0.356026 2.397920 0.149755 

H 2.467400 1.568638 -1.478406 

H 3.090338 2.218295 0.030392 

C 3.497972 0.122724 -0.263292 

O -0.797712 2.409375 -0.225223 

C 3.726791 -0.740865 -1.339726 

C 4.095339 -0.169108 0.969924 

H 3.298660 -0.515460 -2.311870 

C 4.528108 -1.873207 -1.188796 

C 4.894321 -1.299388 1.123595 

H 3.955139 0.502731 1.811706 

H 4.705965 -2.524485 -2.036759 

C 5.110270 -2.156355 0.044193 

H 5.359661 -1.504117 2.080842 

H 5.739343 -3.030826 0.161520 

O 1.007097 3.493452 0.545817 

H 0.412264 4.257679 0.475350 

C -3.143465 -0.865099 -0.399645 

H -2.738722 -0.931433 -1.412838 

C -3.117558 -2.240812 0.266479 
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H -2.139338 -2.713837 0.121906 

H -3.889616 -2.860460 -0.194226 

O -3.368548 -1.992420 1.645670 

H -3.600967 -2.804784 2.106934 

C -4.582038 -0.344931 -0.531066 

O -4.680795 0.953660 -0.189954 

H -5.596723 1.249236 -0.321924 

O -5.478515 -1.027357 -0.930738 

H -2.475596 -0.070253 1.381764 

H -1.227761 -0.074738 0.201205 

H -2.448122 1.051741 0.147463 

N -2.276534 0.069920 0.385598 

 
Isomer 24, 117.7 kJ·mol-1 

N -0.022468 0.341103 -0.529753 

H 0.399647 0.404345 -1.453662 

H -0.568686 -0.519440 -0.530267 

C -0.925938 1.487321 -0.305722 

H -1.439898 1.776799 -1.227380 

C -2.007086 1.141475 0.754958 

C -0.128800 2.696300 0.170221 

H -1.512366 0.906782 1.702774 

H -2.609892 2.037474 0.919469 

C -2.887477 -0.014970 0.330349 

O 0.963920 2.657923 0.695461 

C -2.761354 -1.271458 0.932108 

C -3.844070 0.153802 -0.679176 

H -2.046813 -1.413579 1.737371 

C -3.567449 -2.338477 0.532407 

C -4.648021 -0.909311 -1.080184 

H -3.975395 1.126527 -1.143311 

H -3.467177 -3.302222 1.018298 

C -4.509560 -2.159848 -0.476742 

H -5.390583 -0.760247 -1.855401 

H -5.141365 -2.984657 -0.784404 

O -0.806124 3.830152 -0.028700 

H -0.294039 4.573812 0.328367 

C 3.290926 -0.786832 0.747553 
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H 4.116022 -0.630975 1.449483 

C 2.778503 -2.214961 0.902307 

H 2.534270 -2.410694 1.954439 

H 3.581292 -2.890565 0.597604 

O 1.627516 -2.336424 0.076630 

H 1.446672 -3.265884 -0.098320 

C 3.872437 -0.559175 -0.652021 

O 3.478654 0.616808 -1.182497 

H 3.930775 0.739124 -2.033812 

O 4.622555 -1.331460 -1.171116 

H 1.310288 0.135898 0.446069 

H 1.916393 0.102306 2.044522 

H 2.501202 1.175102 0.943612 

N 2.212515 0.200210 1.072190 

 
Isomer 25, 118.6 kJ·mol-1 

N 0.609520 0.687011 1.585455 

H 0.585537 1.247122 2.435797 

H 1.405556 0.053838 1.677050 

C 0.847450 1.550684 0.406055 

H 1.628559 2.285696 0.620447 

C 1.308868 0.696322 -0.809057 

C -0.412563 2.325092 0.036754 

H 0.511271 -0.001907 -1.074636 

H 1.454069 1.375945 -1.651664 

C 2.585258 -0.065035 -0.517938 

O -1.551218 2.024117 0.324340 

C 2.545614 -1.434004 -0.227214 

C 3.823047 0.590994 -0.521985 

H 1.595336 -1.958436 -0.244172 

C 3.720699 -2.131021 0.058919 

C 4.994626 -0.104902 -0.236826 

H 3.875173 1.647772 -0.766582 

H 3.677567 -3.192667 0.273282 

C 4.945208 -1.468029 0.057206 

H 5.946685 0.412818 -0.253396 

H 5.858220 -2.010061 0.273884 

O -0.100392 3.397321 -0.701061 
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H -0.916267 3.852949 -0.962022 

C -3.472987 -1.265823 0.391691 

H -3.914986 -1.943659 1.124879 

C -3.922420 -1.613396 -1.023679 

H -4.976048 -1.914286 -1.036004 

H -3.302944 -2.441464 -1.374592 

O -3.725185 -0.430345 -1.794641 

H -3.744127 -0.625484 -2.736717 

C -1.933724 -1.279248 0.586465 

O -1.607397 -0.571961 1.642835 

H -0.615462 -0.117916 1.594705 

O -1.201660 -1.874314 -0.164464 

H -3.831709 0.713173 -0.123386 

H -4.892020 0.189838 1.059481 

H -3.276028 0.514166 1.436131 

N -3.927566 0.141658 0.728691 

 
Isomer 26, 135.5 kJ·mol-1 

N 0.683671 0.486346 -0.828021 

H -0.249084 0.081404 -0.547980 

H 1.326487 -0.278403 -1.066271 

C 1.270888 1.323709 0.272847 

H 0.953947 0.887726 1.220462 

C 2.818226 1.347451 0.185566 

C 0.676762 2.719351 0.110895 

H 3.118728 1.906498 -0.705913 

H 3.176698 1.908269 1.051187 

C 3.406321 -0.047115 0.153256 

O 0.132120 3.079463 -0.903134 

C 3.853699 -0.599941 -1.053813 

C 3.485319 -0.817487 1.320886 

H 3.843337 -0.001777 -1.960780 

C 4.365129 -1.898766 -1.094515 

C 3.997407 -2.111232 1.280123 

H 3.166966 -0.397963 2.270346 

H 4.722219 -2.307806 -2.032305 

C 4.434331 -2.655830 0.071557 

H 4.067181 -2.691228 2.192852 
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H 4.839452 -3.660327 0.044071 

O 0.876035 3.462793 1.195577 

H 0.527173 4.357238 1.044451 

C -4.017191 -1.202592 0.036301 

H -4.460893 -1.984616 -0.589307 

C -4.996984 0.008619 0.003515 

H -5.093742 0.415472 -1.006054 

H -4.592425 0.799495 0.652209 

O -6.275531 -0.398080 0.404515 

H -6.183915 -0.846211 1.257075 

C -2.681558 -0.791456 -0.569899 

O -2.591368 -0.714077 -1.905646 

H -3.405231 -0.998256 -2.345859 

O -1.706631 -0.481900 0.093231 

H 0.526655 1.084889 -1.648913 

H -3.641790 -2.657552 1.454446 

H -3.326035 -1.126652 1.970047 

N -3.944506 -1.692481 1.397717 

 
Isomer 27, 135.7 kJ·mol-1 

N -0.810526 0.711493 1.103571 

H 0.203931 0.442726 1.014246 

H -1.355585 -0.124265 1.347914 

H -0.881479 1.412502 1.852452 

C -1.337976 1.313367 -0.168472 

H -0.790708 0.862454 -0.996541 

C -2.857496 1.046642 -0.319154 

C -1.031933 2.805660 -0.093391 

H -3.399649 1.619982 0.439059 

H -3.154477 1.442066 -1.292627 

C -3.189184 -0.425499 -0.199756 

O -0.726362 3.355668 0.935531 

C -3.729744 -0.936048 0.987657 

C -2.932360 -1.305252 -1.259550 

H -3.979242 -0.262869 1.803209 

C -4.002764 -2.299582 1.115972 

C -3.207346 -2.663860 -1.132063 

H -2.537718 -0.924924 -2.196832 



 

 149 

H -4.434724 -2.678191 2.034823 

C -3.738718 -3.164284 0.057638 

H -3.018581 -3.331597 -1.964449 

H -3.958101 -4.221113 0.151653 

O -1.184881 3.395389 -1.276043 

H -1.030468 4.350373 -1.183208 

C 4.104202 -0.261624 0.153260 

H 4.742525 0.510047 -0.290882 

C 4.294161 -1.549143 -0.703744 

H 3.951218 -1.398566 -1.730502 

H 3.692248 -2.354486 -0.257778 

O 5.652178 -1.883413 -0.772623 

H 5.986905 -1.928457 0.134052 

C 2.653752 0.197147 0.067894 

O 2.258192 0.831390 -1.050257 

H 2.994471 0.982394 -1.660298 

O 1.825060 -0.021662 0.931793 

N 4.580118 -0.533209 1.493544 

H 4.829159 0.306412 2.002732 

H 3.898599 -1.050776 2.039547 

 
Isomer 28, 142.1 kJ·mol-1 

N 0.839461 0.792827 1.227261 

H 0.583802 1.358954 2.039529 

H 1.315871 -0.061281 1.532262 

H -0.066016 0.511004 0.756725 

C 1.734717 1.557914 0.290163 

H 2.647427 1.797802 0.842524 

C 2.089142 0.689443 -0.934456 

C 1.019700 2.867840 -0.029405 

H 1.180062 0.488268 -1.508047 

H 2.744571 1.288431 -1.569319 

C 2.761605 -0.607326 -0.528134 

O -0.023847 3.188090 0.479984 

C 2.045549 -1.810539 -0.518899 

C 4.106072 -0.616762 -0.133832 

H 1.012066 -1.826438 -0.851876 

C 2.659546 -2.998552 -0.119016 
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C 4.718465 -1.802245 0.264774 

H 4.686521 0.300713 -0.161178 

H 2.097997 -3.925394 -0.129645 

C 3.994977 -2.995092 0.275886 

H 5.762704 -1.797805 0.554305 

H 4.474752 -3.918030 0.579054 

O 1.712714 3.592409 -0.907103 

H 1.251178 4.432318 -1.066930 

C -3.888482 -0.200203 -0.174280 

H -4.649867 0.483321 0.217088 

C -4.353083 -1.643044 0.185588 

H -4.393532 -1.789888 1.267678 

H -3.624229 -2.355690 -0.227880 

O -5.645204 -1.867987 -0.305323 

H -5.641036 -1.648610 -1.247563 

C -2.565898 0.097610 0.520084 

O -2.593152 0.386639 1.830507 

H -3.495919 0.450259 2.173660 

O -1.481596 0.038132 -0.033067 

N -3.862777 -0.076525 -1.617220 

H -3.924499 0.884273 -1.932239 

H -3.029306 -0.494796 -2.017844 

 
Isomer 29, 145.1 kJ·mol-1 

N 0.824202 0.520355 -0.789919 

H -0.127218 0.212610 -0.431999 

H 1.382322 -0.307030 -1.032404 

H 0.669033 1.094299 -1.627744 

C 1.558275 1.347218 0.226788 

H 1.288183 0.969562 1.213362 

C 3.091133 1.247864 0.019622 

C 1.053536 2.776669 0.060464 

H 3.360439 1.747947 -0.915824 

H 3.559110 1.810708 0.829822 

C 3.566955 -0.189268 0.002999 

O 0.432554 3.138671 -0.908406 

C 3.868935 -0.822619 -1.209681 

C 3.682579 -0.917919 1.194203 
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H 3.830162 -0.261146 -2.139063 

C 4.272973 -2.159199 -1.232382 

C 4.087797 -2.249539 1.171127 

H 3.478587 -0.437430 2.146287 

H 4.518259 -2.631696 -2.176214 

C 4.379410 -2.873944 -0.042621 

H 4.188209 -2.797599 2.100584 

H 4.701510 -3.908300 -0.057041 

O 1.416552 3.543914 1.084387 

H 1.121155 4.456384 0.927326 

C -3.929761 -0.560184 0.600079 

H -4.045932 0.083907 1.476917 

C -2.867512 0.068852 -0.343376 

H -2.994974 1.147492 -0.441011 

H -2.934547 -0.391930 -1.334882 

O -1.575350 -0.186542 0.226510 

H -1.716816 -1.040238 0.705973 

C -5.259604 -0.698979 -0.161808 

O -6.034613 0.401525 -0.245468 

H -5.713565 1.117812 0.317021 

O -5.566861 -1.718520 -0.710031 

N -3.398562 -1.850394 1.038127 

H -3.726243 -2.095136 1.966063 

H -3.715408 -2.581612 0.402352 

 
Isomer 30, 148.1 kJ·mol-1 

N -0.781199 -0.682590 -1.085561 

H 0.247718 -0.452217 -1.050902 

H -1.310429 0.178944 -1.273190 

H -0.937262 -1.338428 -1.855654 

C -1.257978 -1.274216 0.218069 

H -0.762871 -0.716022 1.012136 

C -2.794941 -1.132329 0.346223 

C -0.833482 -2.732476 0.345501 

H -3.282051 -1.770175 -0.397738 

H -3.064548 -1.523658 1.329562 

C -3.242476 0.304985 0.184579 

O -0.767094 -3.305075 1.392191 
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C -3.812927 0.741955 -1.018178 

C -3.066283 1.227904 1.224249 

H -3.999499 0.031903 -1.819135 

C -4.195574 2.074983 -1.180894 

C -3.450009 2.556242 1.062314 

H -2.650445 0.902712 2.173025 

H -4.649936 2.395303 -2.111051 

C -4.011494 2.983151 -0.142022 

H -3.323038 3.256462 1.879570 

H -4.316103 4.015868 -0.262761 

O -0.603607 -3.292262 -0.865552 

H -0.392063 -4.233115 -0.749104 

C 4.097743 0.314694 -0.091390 

H 4.681277 -0.372017 0.531530 

C 4.247677 1.731190 0.541793 

H 3.820936 1.765090 1.547353 

H 3.701320 2.450873 -0.085375 

O 5.602819 2.061021 0.663072 

H 6.009373 1.948718 -0.207634 

C 2.635505 -0.109207 -0.045972 

O 2.134911 -0.529215 1.128581 

H 2.812526 -0.583914 1.817911 

O 1.882155 -0.041517 -1.000643 

N 4.683994 0.343539 -1.414933 

H 4.958320 -0.573244 -1.747083 

H 4.059288 0.760835 -2.097544 

 
Isomer 31, 149.8 kJ·mol-1 

N 0.748012 0.612294 1.414056 

H 0.519294 1.056369 2.305060 

H 1.512062 -0.060066 1.553143 

H -0.094998 0.072126 1.100617 

C 1.169571 1.620409 0.379105 

H 1.974749 2.216312 0.815325 

C 1.693216 0.891366 -0.880243 

C -0.027140 2.528887 0.119760 

H 0.871386 0.336862 -1.341728 

H 2.001724 1.663379 -1.587408 
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C 2.844236 -0.037724 -0.550172 

O -1.107281 2.366925 0.632464 

C 2.625599 -1.411808 -0.384903 

C 4.139013 0.469435 -0.379049 

H 1.634775 -1.826763 -0.545325 

C 3.682003 -2.260916 -0.049961 

C 5.191775 -0.379127 -0.046847 

H 4.332043 1.527484 -0.529017 

H 3.502738 -3.323750 0.062085 

C 4.964173 -1.745428 0.121504 

H 6.191283 0.023121 0.069005 

H 5.785962 -2.405151 0.373192 

O 0.289846 3.502996 -0.728798 

H -0.482522 4.075019 -0.872907 

C -3.634271 -0.927809 0.349372 

H -4.357542 -1.651082 0.742034 

C -4.100902 -0.561487 -1.089459 

H -4.091688 -1.434063 -1.746790 

H -3.401777 0.181268 -1.503078 

O -5.417123 -0.081216 -1.063214 

H -5.461104 0.598583 -0.375756 

C -2.264740 -1.603754 0.285343 

O -2.221327 -2.871199 -0.132118 

H -3.105544 -3.233258 -0.285535 

O -1.212597 -1.047321 0.542558 

N -3.703343 0.267027 1.163966 

H -3.759275 0.071970 2.155798 

H -2.937093 0.909881 0.988883 

 
Isomer 32, 151.3 kJ·mol-1 

N -1.544660 0.349648 1.867129 

H -1.152863 -0.028709 2.722045 

H 2.594480 -0.020729 1.356044 

H -2.546603 0.448693 1.992085 

C -1.269956 -0.494406 0.718536 

H -1.626108 -1.535030 0.825751 

C -1.942247 0.085018 -0.557768 

C 0.225772 -0.631693 0.533663 



 

 154 

H -1.564186 1.099791 -0.708999 

H -1.640281 -0.519251 -1.414950 

C -3.451750 0.108375 -0.447033 

O 1.053365 -0.213779 1.342005 

C -4.131274 1.287493 -0.123470 

C -4.196090 -1.058994 -0.658325 

H -3.571283 2.204234 0.030100 

C -5.521432 1.299695 -0.007407 

C -5.583680 -1.049436 -0.542438 

H -3.689211 -1.980340 -0.929683 

H -6.033018 2.223253 0.238249 

C -6.250188 0.131069 -0.214166 

H -6.145664 -1.959815 -0.716879 

H -7.330505 0.140197 -0.128814 

O 0.578942 -1.280288 -0.567000 

H 1.551509 -1.390896 -0.584507 

C 4.489037 0.197668 0.311728 

H 5.478237 0.576801 0.588478 

C 4.654741 -1.245767 -0.140406 

H 5.197361 -1.813438 0.624124 

H 5.245497 -1.233773 -1.059469 

O 3.363819 -1.817917 -0.358668 

H 3.467903 -2.701720 -0.732020 

C 3.980971 1.117003 -0.811149 

O 3.296375 2.156432 -0.299470 

H 3.026357 2.756731 -1.014536 

O 4.227911 0.938380 -1.965263 

N 3.609578 0.308821 1.529540 

H 3.989530 -0.230824 2.310046 

H 3.533799 1.286677 1.822238 

 
Isomer 33, 155.3 kJ·mol-1 

N -0.416558 0.217700 -0.716124 

H 0.041731 0.283164 -1.620643 

H -0.942818 -0.652288 -0.721459 

C -1.346910 1.328232 -0.526690 

H -1.974376 1.525620 -1.406591 

C -2.300559 1.045814 0.668690 
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C -0.581530 2.614295 -0.262009 

H -1.694548 0.893879 1.566597 

H -2.915519 1.933642 0.830573 

C -3.182807 -0.160914 0.429680 

O 0.598682 2.710723 0.019196 

C -2.931549 -1.375567 1.076106 

C -4.268511 -0.083127 -0.452116 

H -2.108440 -1.447851 1.780224 

C -3.740026 -2.489068 0.844260 

C -5.076233 -1.192535 -0.685834 

H -4.493835 0.855676 -0.948873 

H -3.536475 -3.420391 1.360370 

C -4.812216 -2.400449 -0.039472 

H -5.917422 -1.112896 -1.364783 

H -5.444686 -3.262253 -0.217408 

O -1.370271 3.687900 -0.362206 

H -0.847283 4.480772 -0.163199 

C 3.732854 -0.943865 0.801657 

H 3.832578 -1.752008 1.529082 

C 2.459091 -0.119169 1.027605 

H 2.301788 0.035535 2.103317 

H 1.596910 -0.645769 0.613950 

O 2.707146 1.099678 0.357623 

H 1.876523 1.617101 0.218057 

C 3.775479 -1.573117 -0.596354 

O 4.990352 -1.425378 -1.170591 

H 4.998513 -1.864551 -2.037186 

O 2.850046 -2.154226 -1.074278 

H 4.526712 0.927429 0.631838 

H 5.166658 0.121214 1.958418 

H 5.708087 -0.268525 0.423025 

N 4.896604 0.016591 0.978621 

 
Isomer 34, 155.5 kJ·mol-1 

N 0.370655 -0.069491 0.625684 

H -0.142671 -0.005786 1.500731 

H 1.061694 -0.805898 0.745781 

C 1.068599 1.181159 0.336877 
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H 1.593328 1.596424 1.206984 

C 2.122097 0.973550 -0.789349 

C 0.083923 2.246953 -0.114296 

H 1.605974 0.612862 -1.683512 

H 2.560903 1.945098 -1.028468 

C 3.207860 -0.002163 -0.388825 

O -1.029215 2.062199 -0.571793 

C 3.232397 -1.301271 -0.906918 

C 4.207933 0.378479 0.515213 

H 2.478812 -1.605591 -1.626570 

C 4.228286 -2.202351 -0.528016 

C 5.201872 -0.518897 0.895571 

H 4.219230 1.388419 0.913699 

H 4.238483 -3.202259 -0.946637 

C 5.213109 -1.813801 0.376270 

H 5.973520 -0.205748 1.589408 

H 5.990689 -2.510032 0.667879 

O 0.590957 3.475013 0.025639 

H -0.045218 4.119330 -0.323683 

C -3.626164 -1.468722 -0.210295 

H -3.786374 -2.535070 -0.036465 

C -2.330821 -1.199693 -1.010292 

H -2.221580 -1.964418 -1.785737 

H -1.464711 -1.228320 -0.346337 

O -2.477681 0.065169 -1.624420 

H -1.871094 0.730109 -1.218146 

C -3.631179 -0.776321 1.156307 

O -4.804244 -0.150837 1.395825 

H -4.789709 0.247604 2.281901 

O -2.709972 -0.828323 1.914617 

H -4.315430 -0.122144 -1.562585 

H -5.065153 -1.615832 -1.768973 

H -5.551232 -0.623989 -0.511482 

N -4.753916 -0.936041 -1.072457 

 
Isomer 35, 163.9 kJ·mol-1 

N -1.914580 2.665711 0.790217 

H -1.692919 3.295657 1.552547 
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H -2.692556 2.079551 1.072725 

C -0.786853 1.848810 0.385384 

H -0.365254 1.223058 1.192416 

C -1.210944 0.899167 -0.765448 

C 0.396199 2.687505 -0.067294 

H -1.634048 1.510920 -1.566031 

H -0.316881 0.410080 -1.158299 

C -2.215946 -0.147456 -0.331504 

O 1.438374 2.212968 -0.509569 

C -3.531767 -0.113239 -0.802991 

C -1.845981 -1.176633 0.545984 

H -3.836774 0.675811 -1.482220 

C -4.455147 -1.083662 -0.412169 

C -2.765731 -2.146724 0.937814 

H -0.834263 -1.217590 0.940354 

H -5.470554 -1.041432 -0.788846 

C -4.074741 -2.102557 0.457310 

H -2.462842 -2.934988 1.617635 

H -4.791420 -2.856555 0.760753 

O 0.240853 3.994259 0.076886 

H 1.048422 4.444947 -0.219452 

C 3.284829 -1.132486 -0.364050 

H 4.100994 -1.652121 -0.874592 

C 3.696412 -0.822226 1.069109 

H 4.670282 -0.315817 1.077813 

H 3.790036 -1.774156 1.598508 

O 2.675300 0.002325 1.605994 

H 2.784881 0.089134 2.558892 

C 2.064125 -2.062641 -0.419135 

O 1.253807 -1.744317 -1.448077 

H 0.497563 -2.355868 -1.468913 

O 1.907473 -2.973292 0.336219 

H 2.315905 0.787089 -0.660003 

H 3.878568 0.689493 -1.232587 

H 2.649627 -0.061697 -2.053649 

N 3.020093 0.145036 -1.122494 

 
Isomer 36, 183.9 kJ·mol-1 
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N 3.760729 0.516547 0.866056 

H 4.393755 -0.103898 1.357880 

H 3.501545 1.285365 1.471436 

C 2.608968 -0.181488 0.322298 

H 1.845660 -0.442553 1.076325 

C 1.937143 0.660168 -0.789377 

C 3.063879 -1.538253 -0.199252 

H 2.744272 1.184095 -1.310334 

H 1.467256 0.005709 -1.526498 

C 0.899500 1.678272 -0.341404 

O 4.169183 -1.985704 -0.156511 

C 0.232768 2.425164 -1.329564 

C 0.570635 1.929357 0.997179 

H 0.483439 2.265371 -2.373659 

C -0.717707 3.388392 -0.993885 

C -0.383620 2.893665 1.339397 

H 1.069965 1.392691 1.795752 

H -1.193844 3.968556 -1.776516 

C -1.033491 3.626511 0.347043 

H -0.594958 3.088426 2.385101 

H -1.747732 4.397369 0.613321 

O 2.005646 -2.277089 -0.700676 

H 2.361707 -3.135541 -0.982159 

C -2.560407 -0.717680 0.670770 

H -2.418262 -0.377746 1.698354 

C -3.976667 -1.257692 0.472123 

H -4.712868 -0.587685 0.931262 

H -4.035455 -2.238323 0.949866 

O -4.147578 -1.322967 -0.939795 

H -4.951557 -1.798687 -1.174397 

C -1.489564 -1.790634 0.400785 

O -0.551700 -1.339571 -0.435266 

H 0.228165 -1.939284 -0.511507 

O -1.523101 -2.857914 0.939230 

H -2.835855 0.257947 -1.134606 

H -2.758844 1.333517 0.140933 

H -1.366320 0.645778 -0.427963 

N -2.366045 0.470361 -0.243600 
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Isomer 37, 194.5 kJ·mol-1 

N -3.073607 1.863891 0.859029 

H -3.115995 2.642048 1.506932 

H -3.512173 1.052725 1.278487 

C -1.716664 1.566079 0.440199 

H -1.089255 1.109704 1.226901 

C -1.741054 0.594172 -0.768945 

C -1.022064 2.871054 0.107409 

H -2.313648 1.067578 -1.569684 

H -0.722822 0.443929 -1.138064 

C -2.356149 -0.746468 -0.421872 

O -1.440531 3.976348 0.268173 

C -3.593861 -1.121601 -0.952154 

C -1.701845 -1.633511 0.443769 

H -4.118265 -0.442982 -1.616104 

C -4.163016 -2.354641 -0.632939 

C -2.269586 -2.863995 0.766681 

H -0.746668 -1.356433 0.880980 

H -5.123757 -2.627995 -1.053838 

C -3.502854 -3.229083 0.226585 

H -1.754178 -3.536495 1.443492 

H -3.946158 -4.185580 0.477839 

O 0.270221 2.690674 -0.399579 

H 0.620826 3.583933 -0.548893 

C 3.314442 -1.185393 -0.335093 

H 2.756788 -2.078048 -0.626083 

C 4.331138 -1.503960 0.761730 

H 4.844252 -2.449571 0.554222 

H 3.792519 -1.583141 1.708315 

O 5.240389 -0.407481 0.737773 

H 5.835765 -0.422142 1.495045 

C 2.284755 -0.126730 0.107536 

O 2.058279 0.764762 -0.856927 

H 1.353958 1.431277 -0.607435 

O 1.753747 -0.186553 1.178218 

H 4.886734 -0.155296 -1.198253 

H 4.408038 -1.443321 -2.150270 
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H 3.472670 -0.050500 -2.092856 

N 4.073083 -0.684827 -1.552270 
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Appendix B 

Proton-Bound homodimers of Phenylalanine Derivatives 

B.1 The XYZ atomic coordinates of global minima of [(x-Phe)2 + H]+ 

Table B.1 The XYZ Cartesian coordinates of global minima  

3-CN-Phe  3-F-Phe 

C 4.059845 0.910242 0.453768  C -4.278099 0.734768 0.024394 

C 3.456757 -0.270881 0.875202  C -4.806589 0.051627 -1.077095 

C 4.013625 -1.513536 0.540768  C -6.145622 0.213601 -1.391724 

C 5.200281 -1.588015 -0.199035  C -6.993126 1.031315 -0.656889 

C 5.81597 -0.407758 -0.599506  C -6.461903 1.712725 0.433078 

C 5.249692 0.825461 -0.280417  C -5.11546 1.567145 0.773407 

H 2.541902 -0.238296 1.452741  H -4.193949 -0.589372 -1.7012 

H 5.625589 -2.55102 -0.451482  H -8.031976 1.129346 -0.945041 

H 6.741203 -0.44803 -1.161235  H -7.098779 2.366128 1.017301 

H 5.751396 1.734139 -0.598403  H -4.713417 2.125358 1.612511 

C 3.296577 -2.688671 0.922785  C -2.823219 0.558292 0.400159 

N 2.627433 -3.584592 1.212739  H -2.181345 0.674378 -0.475967 

C 3.456056 2.259182 0.789328  H -2.531397 1.331606 1.117936 

H 2.848224 2.184797 1.696076  C -2.528799 -0.833802 1.017795 

H 4.267545 2.957502 1.012006  H -2.763968 -1.601826 0.27506 

C 2.615912 2.922129 -0.337963  C -1.028574 -0.942953 1.307619 

H 3.128079 2.762045 -1.292328  N -3.241902 -1.052765 2.284261 

C 1.221945 2.288937 -0.527786  H -3.990335 -0.379928 2.418065 

N 2.412754 4.369783 -0.163449  H -3.657773 -1.976736 2.334945 

H 2.494517 4.658522 0.806911  O -0.714027 -1.008322 2.583341 

H 3.06096 4.924222 -0.710257  O -0.173733 -0.950029 0.429186 

O 1.021301 1.083438 -0.556064  H 1.409951 -1.122058 0.748826 

O 0.244781 3.155735 -0.693042  F -6.639945 -0.447586 -2.459168 

H 0.681833 4.048312 -0.606045  C 4.585129 0.519558 -0.269441 

C -3.883654 -1.082215 -0.350538  C 4.114156 1.516299 -1.132817 

C -4.228709 -0.283597 0.743085  C 4.181284 2.840606 -0.73 

C -5.260913 0.656425 0.63783  C 4.697957 3.222639 0.501602 

C -5.966551 0.796691 -0.566592  C 5.167115 2.229504 1.354006 

C -5.631196 -0.002982 -1.651537  C 5.110629 0.88531 0.975757 
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C -4.595512 -0.933205 -1.547146  H 3.719214 1.284437 -2.115648 

H -3.713497 -0.392288 1.691291  H 4.737162 4.271571 0.766604 

H -6.768853 1.52009 -0.63819  H 5.590674 2.502788 2.312938 

H -6.181475 0.090415 -2.579947  H 5.517205 0.126844 1.63717 

H -4.360943 -1.567057 -2.396647  C 4.492499 -0.938635 -0.665916 

C -5.585249 1.476553 1.766042  H 4.818488 -1.087601 -1.697383 

N -5.827674 2.143436 2.676967  H 5.147818 -1.542654 -0.031434 

C -2.748065 -2.080602 -0.243155  C 3.044366 -1.479868 -0.565173 

H -2.869046 -2.714991 0.638359  H 2.40075 -0.971544 -1.283648 

H -2.746944 -2.744715 -1.112552  C 2.994266 -2.987023 -0.799618 

C -1.367336 -1.402036 -0.118218  N 2.467229 -1.246212 0.80039 

H -1.314469 -0.80945 0.794952  H 2.660731 -2.06892 1.385415 

C -0.220491 -2.418639 -0.146368  H 2.880923 -0.408795 1.224192 

N -1.103691 -0.472908 -1.271376  O 2.830267 -3.779122 0.094605 

H -1.959378 0.007534 -1.562218  O 3.189649 -3.287531 -2.08081 

H -0.361809 0.235281 -1.018422  H 3.191163 -4.253139 -2.190136 

O -0.079343 -3.028281 1.012266  F 3.730778 3.790331 -1.569744 

O 0.43106 -2.590486 -1.150634  H -1.599235 -1.008372 3.051714 

H -0.721482 -1.03448 -2.044449      

H 0.758603 -3.556699 1.032178      

 

  4-F-Phe    4-NO2-Phe 

C -2.906436 0.77872 -0.634673  C -4.593062 -0.002073 0.39359 

C -3.777341 -0.30373 -0.820319  C -5.229557 0.585877 -0.707084 

C -5.14181 -0.107629 -0.571232  C -5.171772 1.9633 -0.91444 

C -5.62977 1.122051 -0.131425  C -4.468691 2.740165 -0.005347 

C -4.731553 2.16076 0.052401  C -3.837438 2.190598 1.105868 

C -3.374557 2.014482 -0.198107  C -3.902059 0.816168 1.298183 

H -1.850906 0.662634 -0.854763  H -5.806218 -0.026213 -1.393584 

H -5.844341 -0.915893 -0.748352  H -3.422073 0.382115 2.168855 

H -6.684553 1.282233 0.053165  C -4.628791 -1.503468 0.586513 

H -2.711698 2.860119 -0.063517  H -4.862173 -1.756923 1.622804 

C -3.262428 -1.653371 -1.272839  H -5.412974 -1.945744 -0.035169 

C -2.726193 -2.547127 -0.123567  C -3.271454 -2.169969 0.257356 

C -1.369746 -2.063148 0.411501  H -2.493236 -1.821525 0.936594 

N -3.619148 -2.706774 1.031888  C -3.36271 -3.693338 0.317653 

O -0.422776 -1.766902 -0.309392  N -2.818986 -1.839174 -1.140295 

O -1.275428 -2.025458 1.722259  H -3.09238 -2.614901 -1.760408 
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H -4.101543 -3.597274 1.038333  H -1.770724 -1.735852 -1.192627 

H -4.309149 -1.961994 1.083477  O -3.330818 -4.384028 -0.670785 

H -2.181113 -2.317879 2.037532  O -3.508191 -4.123981 1.566052 

H -2.45963 -1.534621 -2.003723  H -3.591603 -5.092377 1.568564 

H -4.064639 -2.207289 -1.76617  H -3.23939 -0.96181 -1.46209 

H -2.513505 -3.535523 -0.545062  H -3.316044 2.837289 1.798537 

F -5.189753 3.355792 0.474781  H -5.665029 2.433298 -1.754558 

C 3.466069 1.658915 -1.219634  O -4.952166 4.657628 -1.210504 

C 3.840036 0.964789 -0.060219  O -3.763384 4.861985 0.596595 

C 3.814983 1.642157 1.165735  N -4.390162 4.2093 -0.223589 

C 3.417246 2.976996 1.243776  C 4.71112 -0.857308 -0.28999 

C 3.04639 3.623947 0.075878  C 3.996089 -0.991904 -1.492681 

C 3.069054 2.989951 -1.16045  C 2.622737 -1.168304 -1.497123 

H 3.503075 1.164805 -2.185236  C 1.954428 -1.212534 -0.26895 

H 4.142574 1.139607 2.070886  C 2.633354 -1.082956 0.947027 

H 3.408058 3.513391 2.184192  C 4.006682 -0.904783 0.924783 

H 2.791663 3.540338 -2.050705  H 4.528547 -0.96855 -2.436744 

C 4.242482 -0.492771 -0.126996  H 4.547887 -0.788807 1.855092 

C 3.023953 -1.431598 -0.319426  C 6.206802 -0.665726 -0.317011 

C 3.427327 -2.899447 -0.217421  H 6.645369 -1.045198 0.608862 

N 1.987922 -1.203123 0.741194  H 6.636831 -1.228886 -1.147773 

O 3.177223 -3.577814 0.747585  C 6.65578 0.798038 -0.508613 

O 4.104562 -3.294457 -1.292729  H 6.165498 1.225162 -1.387163 

H 2.174738 -1.835755 1.529503  C 6.291194 1.65996 0.703925 

H 1.007484 -1.418167 0.379874  N 8.097969 0.825621 -0.75797 

H 4.381716 -4.218838 -1.178608  H 8.412148 1.748836 -1.036861 

H 4.774851 -0.779616 0.784982  O 6.146508 1.256915 1.832919 

H 4.920925 -0.676729 -0.962697  O 6.216943 2.966185 0.371567 

H 2.552976 -1.242905 -1.284592  H 6.073614 3.477641 1.18356 

H 2.015596 -0.228722 1.059376  H 8.626736 0.543156 0.062012 

F 2.659878 4.909843 0.137536  H 2.088394 -1.123687 1.879922 

     H 2.072368 -1.277568 -2.420865 

     O -0.074459 -1.513026 -1.341235 

     O -0.072113 -1.450203 0.822494 

     N 0.525461 -1.401705 -0.248964 

 

  2,5-F2-Phe    3,4-(MeO)2-Phe 

C -4.565312 2.439132 -0.893756  C 3.123814 -1.392652 -0.311958 
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C -3.777522 1.666741 -0.061378  C 3.663448 -1.094111 -1.557401 

C -4.235577 0.548799 0.629742  C 4.9811 -0.639066 -1.672508 

C -5.580283 0.206425 0.445573  C 5.781936 -0.47197 -0.546002 

C -6.379052 0.969526 -0.393047  C 5.246154 -0.780399 0.73383 

C -5.89992 2.083331 -1.066921  C 3.929149 -1.227277 0.833473 

H -6.558906 2.656169 -1.706359  H 3.074489 -1.23043 -2.458319 

C -3.359813 -0.244658 1.58111  H 3.53518 -1.506783 1.803489 

H -4.001379 -0.884031 2.187943  C 1.685393 -1.83838 -0.163579 

H -2.844646 0.425968 2.275955  H 1.420437 -2.584569 -0.91605 

C -2.296334 -1.169585 0.937846  H 1.53024 -2.303224 0.814808 

H -1.936689 -1.860292 1.705038  C 0.687669 -0.665565 -0.326876 

N -1.095867 -0.422516 0.448083  H 0.700029 -0.294649 -1.349806 

H -0.418406 -1.033244 -0.10629  C -0.735009 -1.07096 0.081163 

H -1.367067 0.388998 -0.11307  N 1.073916 0.480623 0.57301 

F -2.45473 2.024128 0.092497  H 0.572541 0.35282 1.463929 

F -7.6669 0.614443 -0.550564  H 2.0901 0.475655 0.726643 

H -4.141196 3.301808 -1.391304  O -1.124347 -0.873186 1.217746 

H -6.012796 -0.642362 0.960804  O -1.391659 -1.636421 -0.893877 

O -2.359588 -1.974226 -1.335052  H -4.067413 -3.036409 -0.231702 

C -2.829313 -2.001069 -0.227553  H 0.785098 1.401291 0.168755 

O -3.857998 -2.758966 0.160849  H 5.381129 -0.427772 -2.654757 

H -4.180711 -3.271848 -0.598488  O 6.090527 -0.61879 1.774502 

H -0.514996 -0.099842 1.231711  O 7.060563 -0.04469 -0.555157 

C 6.556821 0.101046 -0.824749  C 5.662132 -0.993588 3.080009 

C 5.275365 -0.350573 -1.086372  H 4.816313 -0.382014 3.413587 

C 4.128601 0.329632 -0.681703  H 5.392212 -2.053681 3.119773 

C 4.305652 1.52515 0.020428  H 6.514243 -0.812054 3.731217 

C 5.588496 1.980071 0.287787  C 7.685225 0.235619 -1.807331 

C 6.720393 1.292102 -0.120911  H 8.699771 0.543007 -1.564193 

H 7.703751 1.684624 0.103509  H 7.715675 -0.655724 -2.441407 

C 2.75662 -0.207392 -1.010638  H 7.173651 1.048671 -2.332154 

H 2.716948 -0.4713 -2.072431  C -3.829785 0.962026 -0.763708 

H 2.008001 0.570883 -0.83988  C -3.121567 1.135713 -1.951432 

C 2.349966 -1.481446 -0.222311  C -1.883826 1.779355 -1.942105 

H 3.120719 -2.241069 -0.369389  C -1.351131 2.247173 -0.75167 

N 1.022973 -1.941711 -0.691789  C -2.079965 2.13475 0.447963 

H 1.005786 -1.93435 -1.709675  C -3.320372 1.502926 0.424283 

H 0.88218 -2.914881 -0.427197  H -3.513967 0.745478 -2.88325 
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F 5.116619 -1.5136 -1.774819  H -3.878421 1.381671 1.34375 

F 5.732249 3.136959 0.967817  C -5.101741 0.145783 -0.717864 

H 7.408408 -0.470883 -1.170453  H -5.894718 0.699068 -0.210308 

H 3.456609 2.112043 0.350574  H -5.456459 -0.055139 -1.734073 

O 1.327128 -0.651375 1.829045  C -4.934499 -1.197544 0.034662 

C 2.276815 -1.165948 1.270533  H -4.507169 -0.988299 1.020378 

O 3.400973 -1.495114 1.901264  C -6.322419 -1.784342 0.325114 

H 3.341767 -1.214427 2.829644  N -4.002836 -2.113147 -0.656365 

     H -4.303231 -2.2443 -1.621298 

     O -7.190917 -1.176981 0.890965 

     O -6.455871 -3.059355 -0.103252 

     H -7.347097 -3.36273 0.133451 

     H -2.397614 -1.793383 -0.690244 

     H -1.30538 1.890981 -2.851992 

     O -1.463188 2.606194 1.567009 

     O -0.036766 2.707302 -0.717401 

     C -2.178196 2.570091 2.808462 

     H -1.522152 3.039237 3.538738 

     H -3.109442 3.138451 2.738789 

     H -2.387975 1.54035 3.110138 

     C 0.132188 4.143162 -0.626265 

     H -0.330286 4.619868 -1.492705 

     H -0.307855 4.519211 0.297993 

     H 1.205578 4.326043 -0.635541 

 

  3,5-F2-Phe    3-CF3-Phe 

C 2.898444 0.985519 -0.422006  C 2.850354 2.501055 1.30466 

C 3.575025 1.514842 0.682612  C 2.223357 2.309144 0.065662 

C 3.10418 2.689339 1.262047  C 2.730391 1.336842 -0.795 

C 1.985498 3.357399 0.794593  C 4.443036 0.752189 0.812836 

C 1.337736 2.801107 -0.300363  C 3.948991 1.732622 1.673118 

C 1.762908 1.635208 -0.919776  H 2.488272 3.270608 1.979418 

H 4.481161 1.063702 1.070404  H 2.286519 1.193859 -1.774434 

H 1.639414 4.27434 1.252634  H 4.430181 1.899755 2.629201 

H 1.217064 1.268319 -1.781093  C 1.019893 3.137118 -0.327174 

C 3.376932 -0.307461 -1.048712  C -0.290088 2.662886 0.367606 

H 3.408745 -0.225508 -2.137073  C -1.45923 3.576732 0.006746 

H 4.393021 -0.534333 -0.713526  N -0.643887 1.25538 0.104989 
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C 2.447784 -1.49972 -0.712781  O -2.537535 3.212912 -0.42126 

H 1.465293 -1.342048 -1.157968  O -1.171677 4.859205 0.228688 

C 3.033928 -2.821337 -1.206781  H 0.875583 3.093163 -1.412112 

N 2.255418 -1.654537 0.769234  H 1.182901 4.185683 -0.071861 

H 1.26482 -1.968032 0.994093  H -0.157331 2.769569 1.44974 

H 2.417889 -0.765257 1.253554  C 4.315244 -0.502234 -1.371907 

O 3.503613 -3.641454 -0.458277  H 5.300292 0.155087 1.09492 

O 2.983005 -2.911544 -2.532093  C 3.830731 0.560932 -0.42159 

H 3.394121 -3.744831 -2.817386  F 4.446317 -0.031483 -2.631381 

F 3.765574 3.194167 2.315626  F 3.422577 -1.535277 -1.446781 

H 2.912751 -2.370097 1.108761  F 5.492867 -1.031483 -1.007989 

F 0.24804 3.424644 -0.780756  H -0.492432 1.049357 -0.881865 

C -3.279449 -0.922316 -0.167182  H -2.392952 0.614479 0.314321 

C -2.2072 -0.729217 -1.046581  H 0.012612 0.659279 0.605816 

C -2.200672 0.384322 -1.869546  H -1.942502 5.402926 -0.002404 

C -3.216745 1.326017 -1.880675  C -1.892105 -2.476305 -1.583745 

C -4.273275 1.099215 -1.012053  C -2.380786 -2.128765 -0.316619 

C -4.329144 0.002507 -0.159393  C -1.499442 -2.118399 0.763407 

H -1.399974 -1.446589 -1.10797  C 0.333624 -2.761268 -0.684259 

H -3.194912 2.185104 -2.537355  C -0.550336 -2.796934 -1.763317 

H -5.203607 -0.130664 0.466629  H -2.56898 -2.519079 -2.431362 

C -3.27955 -2.104729 0.777803  H -1.860582 -1.893818 1.761674 

H -4.30469 -2.383394 1.031819  H -0.1885 -3.082323 -2.743741 

H -2.818606 -2.970374 0.298324  C -3.836518 -1.764596 -0.122104 

C -2.527373 -1.842568 2.108761  C -4.172742 -0.312926 -0.536903 

H -2.599847 -2.753956 2.711702  C -5.665417 -0.032175 -0.361651 

C -1.018304 -1.636967 1.893636  N -3.449915 0.695168 0.301544 

N -3.011163 -0.711734 2.911607  O -6.102091 0.633414 0.541683 

H -3.610999 -0.998656 3.675751  O -6.386058 -0.639981 -1.303886 

H -3.506964 -0.024875 2.350273  H -4.130746 -1.91239 0.922018 

O -0.331238 -2.344943 1.168479  H -4.474149 -2.41637 -0.723281 

O -0.496614 -0.639497 2.576982  H -3.884858 -0.141222 -1.575335 

H -1.276224 -0.243132 3.064332  C 0.784421 -2.292477 1.752243 

F -1.145997 0.557459 -2.702945  H 1.379832 -2.999868 -0.822883 

F -5.290142 1.97781 -0.995718  C -0.148292 -2.420776 0.576461 

     F 1.042933 -0.966148 2.002417 

     F 1.966184 -2.886818 1.553803 

     F 0.249665 -2.78801 2.884614 
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     H -3.823956 0.68717 1.254425 

     H -3.568662 1.656353 -0.056773 

     H -7.330454 -0.473459 -1.145987 

 

  F5-Phe    Phe 

N -3.508664 2.917525 -2.590051  N -4.302015 -2.055057 -1.890941 

H -4.214884 3.610277 -2.367961  H -4.742962 -1.717623 -2.739998 

H -3.843866 2.369263 -3.374723  H -5.013641 -2.508054 -1.328397 

C -3.138779 2.09258 -1.429931  C -3.597307 -0.99206 -1.157376 

H -3.769611 2.314348 -0.565422  H -3.923204 0.010413 -1.447312 

C -3.257235 0.578222 -1.75883  C -3.810647 -1.169668 0.372056 

C -1.700897 2.46759 -1.037295  C -2.110781 -1.096922 -1.514837 

H -4.278233 0.418064 -2.112899  H -4.89293 -1.118677 0.532557 

H -2.582414 0.335529 -2.582952  H -3.497635 -2.181743 0.647953 

C -2.998169 -0.353356 -0.601945  C -3.122241 -0.158761 1.261877 

O -1.143171 2.049007 -0.031331  O -1.305109 -0.206262 -1.288628 

C -1.789748 -1.022572 -0.439674  C -2.062669 -0.542804 2.08803 

C -3.979243 -0.594657 0.357661  C -3.557225 1.170865 1.301918 

C -1.558144 -1.888832 0.618901  H -1.728682 -1.575728 2.088928 

C -3.781873 -1.457344 1.428363  C -1.444727 0.381083 2.930957 

C -2.559014 -2.108793 1.559144  C -2.938868 2.097295 2.136909 

O -1.092969 3.280341 -1.875982  H -4.395174 1.485562 0.68736 

H -1.785592 3.491647 -2.565216  H -0.640578 0.060332 3.583938 

N 1.447119 2.690536 0.437229  C -1.878674 1.704729 2.954465 

H 1.520048 3.672392 0.748602  H -3.295081 3.120703 2.163475 

H 1.975276 2.581402 -0.433286  H -1.410281 2.421575 3.619086 

C 1.996979 1.831694 1.547024  O -1.751258 -2.235307 -2.075143 

H 1.210305 1.139627 1.853014  H -2.605027 -2.729399 -2.210145 

C 3.256892 1.041606 1.127623  N 1.319209 0.109467 -1.667953 

C 2.276956 2.787108 2.714386  H 1.504875 0.391042 -2.638308 

H 4.007567 1.736255 0.73948  H 1.88447 -0.711051 -1.424467 

H 3.669795 0.599323 2.033818  C 1.653323 1.257029 -0.760138 

C 2.99733 -0.059147 0.122527  H 1.000611 1.184462 0.110399 

O 2.142581 3.981734 2.617831  C 3.141415 1.215984 -0.328994 

C 2.853726 -1.386683 0.525766  C 1.339976 2.526676 -1.544469 

C 2.93107 0.183397 -1.246291  H 3.772095 1.427576 -1.197953 

C 2.664015 -2.420317 -0.384348  H 3.289647 2.032941 0.380229 

C 2.73714 -0.818525 -2.183758  C 3.526025 -0.114235 0.282685 
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C 2.604071 -2.133194 -1.74472  O 1.205261 2.535753 -2.742854 

O 2.67049 2.131761 3.798986  C 3.149309 -0.435465 1.593202 

H 2.837554 2.76135 4.520522  C 4.244285 -1.056897 -0.464037 

H 0.427523 2.474851 0.233193  H 2.611283 0.29056 2.194759 

F 3.049697 1.464836 -1.68986  C 3.482381 -1.67078 2.141601 

F 2.667212 -0.532563 -3.481205  C 4.575294 -2.297301 0.084964 

F 2.406753 -3.107079 -2.622298  H 4.582829 -0.809598 -1.466318 

F 2.536048 -3.672694 0.035196  H 3.199085 -1.900942 3.162061 

F 2.904399 -1.685692 1.830647  C 4.19239 -2.605944 1.387151 

F -0.791735 -0.823498 -1.325781  H 5.143551 -3.010856 -0.500044 

F -0.37464 -2.499447 0.746176  H 4.456367 -3.564088 1.81872 

F -2.344912 -2.931178 2.579833  O 1.285665 3.592638 -0.748764 

F -4.744366 -1.65996 2.323601  H 1.12797 4.385962 -1.287001 

F -5.162742 0.032149 0.25035  H 0.288014 -0.135755 -1.589941 
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B.2 The comparison between the experimental IRMPD and 

calculated spectra of global minima of [(x-Phe)2 + H]+ 

 

 

Figure B.1 The experimental IRMPD spectrum (black) and the calculated IR spectra 

(blue) for [3-CN-Phe2 + H]+ global minimum. The calculations were conducted at 

B3LYP/6-311++G(d,p) level of theory. 

 

 

 

Figure B.2 The experimental IRMPD spectrum (black) and the calculated IR spectra 

(blue) for [3-F-Phe2 + H]+ global minimum. The calculations were conducted at 

B3LYP/6-311++G(d,p) level of theory. 
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Figure B.3 The experimental IRMPD spectrum (black) and the calculated IR spectra 

(blue) for [4-F-Phe2+H]+ global minimum. The calculations were conducted at 

B3LYP/6-311++G(d,p) level of theory. 

 

 

 

Figure B.4 The experimental IRMPD spectrum (black) and the calculated IR spectra 

(blue) for [4-NO2-Phe2+H]+ global minimum. The calculations were conducted at 

B3LYP/6-311++G(d,p) level of theory. 
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Figure B.5 The experimental IRMPD spectrum (black) and the calculated IR spectra 

(blue) for [2,5-F2-Phe2+H]+ global minimum. The calculations were conducted at 

B3LYP/6-311++G(d,p) level of theory. 

 

 

 

Figure B.6 The experimental IRMPD spectrum (black) and the calculated IR spectra 

(blue) for [3,4-(MeO)2-Phe2+H]+ global minimum. The calculations were conducted at 

B3LYP/6-311++G(d,p) level of theory. 
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Figure B.7 The experimental IRMPD spectrum (black) and the calculated IR spectra 

(blue) for [3,5-F2-Phe2+H]+ global minimum. The calculations were conducted at 

B3LYP/6-311++G(d,p) level of theory. 

 

 

 

Figure B.8 The experimental IRMPD spectrum (black) and the calculated IR spectra 

(blue) for [3-CF3-Phe2+H]+ global minimum. The calculations were conducted at 

B3LYP/6-311++G(d,p) level of theory. 
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Figure B.9 The experimental IRMPD spectrum (black) and the calculated IR spectra 

(blue) for [F5-Phe2+H]+ global minimum. The calculations were conducted at 

B3LYP/6-311++G(d,p) level of theory. 
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B.3 QTAIM and NCI analysis of global minima of [(x-Phe)2 + H]+ 

 
               3-CN-Phe                                              3-F-Phe                                       4-F-Phe 

                 
                       4-NO2-Phe                                                                   2,5-F2-Phe 

 

                                  
                      3,4-(MeO)2-Phe                                                             3,5-F2-Phe 

 

                 
                               3-CF3-Phe                                                                     F5-Phe 

Figure B.10 Bond critical points (orange points) and gradient isosurfaces for Phe 

derivatives global minima. The calculations were conducted at B3LYP/6-311++G(d,p) 

level of theory. 
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B.4 Spectra similarities of [(x-Phe)2 + H]+ 

Table B.2 Spectral similarities between the calculated IR spectrum and the experimental 

IRMPD spectra of [Phe2 + H]+. Similarities were rescaled to the [0,1] interval. 

Isomer 3F-Phe 4F-Phe 35F2-Phe 25F2-Phe F5-Phe 3CN-Phe 3CF3-Phe 4NO2-Phe 34(MeO)2-Phe 

1 0.29 0.18 0.61 0.40 0.79 1.00 0.22 0.09 1.00 

2 0.43 0.16 0.61 1.00 0.59 0.93 0.71 0.15 0.21 

3 0.57 0.38 1.00 0.82 0.57 0.86 0.84 0.16 0.22 

4 0.48 0.23 0.92 0.68 1.00 0.54 0.63 0.21 0.58 

5 0.00 0.39 0.28 0.90 0.31 0.95 0.42 0.42 0.43 

6 0.94 0.87 0.91 0.88 0.62 0.86 0.17 0.39 0.54 

7 0.74 0.94 0.93 0.40 0.56 0.51 0.35 0.19 0.17 

8 0.21 0.89 0.78 0.00 0.55 0.70 0.00 1.00 0.41 

9 0.85 0.54 0.99 0.42 0.29 0.43 0.70 0.44 0.33 

10 0.88 0.41 0.81 0.31 0.56 0.55 0.64 0.45 0.22 

11 0.13 1.00 0.87 0.43 0.51 0.74 0.15 0.21 0.94 

12 0.15 0.93 0.84 0.47 0.43 0.48 0.09 0.12 0.41 

13 0.16 0.44 0.80 0.22 0.69 0.75 0.32 0.29 0.19 

14 0.99 0.00 0.95  0.51 0.45 0.46 0.00 0.73 

15 1.00 0.91 0.49  0.49 0.43 0.46 0.15 0.65 

16 0.17 0.93 0.74  0.52 0.32 1.00 0.46 0.29 

17 0.86 0.97 0.71  0.70 0.66   0.43 

18 0.13 0.82 0.30  0.43 0.52   0.00 

19 0.75 0.83 0.80  0.51 0.29   0.39 

20 0.68 0.24 0.59  0.31 0.44   0.44 

21 0.51 0.91 0.00  0.32 0.37    

22 0.51 0.87 0.31  0.11 0.55    

23 0.86 0.96 0.29  0.79 0.68    

24 0.57 0.60 0.68  0.32 0.40    

25 0.55 0.92 0.63  0.23 0.29    

26 0.59 0.70 0.37  0.55 0.47    

27 0.66 0.43 0.69  0.17 0.40    

28 0.45 0.76 0.34  0.36 0.62    

29 0.49 0.71 0.67  0.59 0.00    

30 0.55    0.71 0.55    

31 0.80    0.00 0.31    
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32 0.18    0.43 0.33    

33 0.47    0.04 0.32    

34 0.72    0.70 0.53    

35     0.78 0.05    

36      0.06    

37      0.27    

38      0.15    

39      0.31    
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Appendix C 
Para-Substituted Benzylpyridinium Derivatives 

C.1 The calculated vertical excitation energies of the para-

substituted BP ions with the associated oscillator strengths 

Table C.1 The calculated vertical excitation energies of the para-substituted BP-F ions 

with the associated oscillator strengths (fosc). The excitation energies are predicted 

using the CAM-B3LYP/6-311++G(d,p) and the STEOM-DLPNO-CCSD/6-

311++G(d,p) level of theory. 

BP-F Energy (eV) Wavelength (nm) fosc 

State CAM-B3LYP CCSD CAM-B3LYP CCSD CAM-B3LYP CCSD 

1 4.52 4.82 274.3 257.2 0.0001203 0.0020458 

2 5.05 4.95 245.4 250.7 0.0026404 0.0829183 

3 5.27 5.14 235.1 241.4 0.0023129 0.0002547 

4 5.46 5.87 227.0 211.1 0.0712199 0.0019501 

5 5.66 6.13 219.0 202.1 0.0018645 0.2837173 

6 5.84 6.45 212.2 192.1 0.0382282 0.1118254 

7 6.14 6.82 202.0 181.8 0.2218428 0.9467885 

8 6.27 7.06 197.8 175.5 0.0343901 0.0157401 

9 6.84 7.12 181.4 174.0 0.3993461 0.7658339 

10 6.86 7.50 180.8 165.2 0.4615441 0.0009017 

11 6.98 7.51 177.7 165.2 0.4105695 0.0019369 

12 7.26 7.54 170.8 164.5 0.0037964 0.0414049 

13 7.32 7.83 169.3 158.4 0.2326975 0.0050522 

14 7.38 7.91 168.0 156.7 0.2320064 0.0032793 

15 7.40 8.19 167.5 151.3 0.0032080 0.0375648 

Table C.2 The calculated vertical excitation energies of the para-substituted BPF-Cl 

ions with the associated oscillator strengths (fosc). The excitatF-Clion energies are 

predicted using the CAM-B3LYP/6-311++G(d,p) and the STEOM-DLPNO-CCSD/6-

311++G(d,p) level of theory. 

BP-Cl Energy (eV) Wavelength (nm) fosc 

State CAM-B3LYP CCSD CAM-B3LYP CCSD CAM-B3LYP CCSD 

1 4.37 4.67 283.6 265.8 0.0000907 0.0004070 

2 4.99 4.95 248.3 250.5 0.0019912 0.0897886 
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3 5.12 5.01 241.9 247.7 0.0002326 0.0002529 

4 5.46 5.72 227.1 216.6 0.0740012 0.5273071 

5 5.50 5.76 225.3 215.2 0.0037804 0.0010886 

6 5.56 6.13 223.0 202.3 0.2469837 0.0238684 

7 6.01 6.13 206.2 202.2 0.1978029 0.0244485 

8 6.26 6.44 197.9 192.6 0.0401743 0.1214256 

9 6.51 6.68 190.4 185.7 0.0000970 0.7372110 

10 6.54 7.14 189.6 173.6 0.2849193 0.0441670 

11 6.63 7.15 186.9 173.3 0.0318893 0.0188446 

12 6.72 7.37 184.5 168.3 0.0000597 0.0528908 

13 6.81 7.42 182.1 167.0 0.6702654 0.0674589 

14 6.98 7.65 177.6 162.1 0.0003907 0.0023196 

15 7.07 7.76 175.5 159.8 0.0017187 0.1562122 

Table C.3 The calculated vertical excitation energies of the para-substituted BP-CN 

ions with the associated oscillator strengths (fosc). The excitation energies are predicted 

using the CAM-B3LYP/6-311++G(d,p) and the STEOM-DLPNO-CCSD/6-

311++G(d,p) level of theory. 

BP-CN Energy (eV) Wavelength (nm) fosc 

State CAM-B3LYP CCSD CAM-B3LYP CCSD CAM-B3LYP CCSD 

1 4.65 4.70 266.6 263.5 0.0038483 0.0130259 

2 5.02 5.08 247.0 244.3 0.0028418 0.0967495 

3 5.14 5.38 241.4 230.6 0.0085232 0.0156838 

4 5.44 5.38 227.7 230.5 0.0297182 0.0200496 

5 5.46 5.76 226.9 215.3 0.4028783 0.0288801 

6 5.74 5.80 215.8 213.6 0.0321986 0.5892867 

7 6.06 6.48 204.5 191.3 0.1175473 0.0596334 

8 6.20 6.48 200.0 191.2 0.0000033 0.0670803 

9 6.27 6.49 197.8 191.1 0.0444491 0.0656424 

10 6.60 6.78 188.0 182.8 0.3105488 0.2418172 

11 6.74 6.79 184.0 182.7 0.6255814 0.2249513 

12 6.91 6.80 179.4 182.4 0.0004269 0.2811429 

13 7.13 6.95 173.9 178.4 0.0464758 0.0015984 

14 7.18 7.34 172.6 169.0 0.1498983 0.0949311 

15 7.27 8.05 170.6 153.9 0.3806380 0.0295379 
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Table C.4 The calculated vertical excitation energies of the para-substituted BP-Me 

ions with the associated oscillator strengths (fosc). The excitation energies are predicted 

using the CAM-B3LYP/6-311++G(d,p) and the STEOM-DLPNO-CCSD/6-

311++G(d,p) level of theory. 

BP-Me Energy (eV) Wavelength (nm) fosc 

State CAM-B3LYP CCSD CAM-B3LYP CCSD CAM-B3LYP CCSD 

1 4.32 4.77 287.2 260.1 0.0001040 0.0006560 

2 4.72 4.94 262.5 251.1 0.0011061 0.0002856 

3 5.18 4.94 239.5 251.0 0.0000374 0.0791926 

4 5.45 5.50 227.3 225.6 0.0695227 0.0022606 

5 5.48 6.01 226.4 206.1 0.0052617 0.2934353 

6 5.64 6.06 220.0 204.7 0.0061996 0.0231301 

7 5.87 6.48 211.2 191.4 0.3165974 0.0540198 

8 6.26 6.51 197.9 190.5 0.0329471 0.6593733 

9 6.68 6.92 185.6 179.1 0.3364817 0.0165745 

10 6.68 6.93 185.5 178.9 0.1835429 0.6407897 

11 6.84 7.20 181.4 172.1 0.7504631 0.5706183 

12 6.94 7.26 178.7 170.8 0.0019788 0.0192516 

13 7.16 7.62 173.1 162.8 0.0266650 0.0168038 

14 7.20 7.81 172.2 158.7 0.0592274 0.0086794 

15 7.24 7.82 171.2 158.6 0.0003851 0.0083422 

Table C.5 The calculated vertical excitation energies of the para-substituted BP-OMe 

ions with the associated oscillator strengths (fosc). The excitation energies are predicted 

using the CAM-B3LYP/6-311++G(d,p) and the STEOM-DLPNO-CCSD/6-

311++G(d,p) level of theory. 

BP-OMe Energy (eV) Wavelength (nm) fosc 

State CAM-B3LYP CCSD CAM-B3LYP CCSD CAM-B3LYP CCSD 

1 3.81 4.32 325.6 287.0 0.0002220 0.0006245 

2 4.74 4.54 261.8 273.0 0.0059829 0.0108565 

3 4.86 4.95 255.0 250.6 0.0009947 0.0855318 

4 5.18 5.31 239.1 233.3 0.0130742 0.5090094 

5 5.44 5.46 228.0 227.2 0.2667514 0.0132449 

6 5.46 5.64 227.1 219.8 0.0880862 0.0013711 

7 5.86 6.13 211.5 202.3 0.1823799 0.0229456 

8 6.14 6.46 201.9 191.9 0.0042868 0.1542168 
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9 6.27 6.60 197.7 187.9 0.0378597 0.5246142 

10 6.54 6.66 189.5 186.3 0.2882933 0.0200954 

11 6.57 6.72 188.7 184.5 0.0111433 0.5859033 

12 6.79 6.87 182.5 180.5 0.5600706 0.0223736 

13 6.84 6.99 181.1 177.3 0.1442790 0.0352142 

14 6.89 7.25 180.0 171.0 0.0013653 0.0316370 

15 6.95 7.25 178.4 170.9 0.0626616 0.3013036 

Table C.6 The calculated vertical excitation energies of the para-substituted BP-OEt 

ions with the associated oscillator strengths (fosc). The excitation energies are predicted 

using the CAM-B3LYP/6-311++G(d,p) and the STEOM-DLPNO-CCSD/6-

311++G(d,p) level of theory. 

BP-OEt Energy (eV) Wavelength (nm) fosc 

State CAM-B3LYP CCSD CAM-B3LYP CCSD CAM-B3LYP CCSD 

1 3.76 4.25 329.7 291.4 0.0002124 0.0001897 

2 4.69 4.54 264.2 273.2 0.0054074 0.0132615 

3 4.83 4.94 256.6 250.7 0.0009304 0.0829344 

4 5.16 5.31 240.0 233.6 0.0142892 0.5540568 

5 5.41 5.39 229.0 230.1 0.3093073 0.0034532 

6 5.46 5.62 227.1 220.8 0.0763154 0.0017794 

7 5.83 6.08 212.6 204.0 0.1913552 0.0098905 

8 6.09 6.45 203.5 192.1 0.0035870 0.1600326 

9 6.27 6.57 197.7 188.8 0.0379200 0.5229576 

10 6.52 6.62 190.0 187.3 0.1383059 0.0209242 

11 6.53 6.71 189.9 184.9 0.1529380 0.5354215 

12 6.75 6.81 183.7 182.1 0.0012100 0.0192710 

13 6.77 6.88 183.1 180.1 0.3805464 0.0371337 

14 6.81 7.22 182.1 171.7 0.2987593 0.0065399 

15 6.91 7.22 179.5 171.7 0.1140755 0.0034134 

Table C.7 The calculated vertical excitation energies of the para-substituted BP-OiPr 

ions with the associated oscillator strengths (fosc). The excitation energies are predicted 

using the CAM-B3LYP/6-311++G(d,p) and the STEOM-DLPNO-CCSD/6-

311++G(d,p) level of theory. 

BP-OiPr Energy (eV) Wavelength (nm) fosc 

State CAM-B3LYP CCSD CAM-B3LYP CCSD CAM-B3LYP CCSD 

1 3.69 4.14 336.3 299.3 0.0001728 0.0001526 
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2 4.63 4.51 267.9 275.2 0.0046890 0.0159379 

3 4.81 4.94 258.0 250.8 0.0008354 0.0442567 

4 5.13 4.95 241.8 250.6 0.0140161 0.0430427 

5 5.36 5.28 231.1 234.7 0.3348252 0.0015961 

6 5.46 5.58 227.0 222.1 0.0740810 0.0011537 

7 5.80 5.99 213.6 206.9 0.1847981 0.0270754 

8 6.03 6.46 205.6 191.9 0.0039524 0.0784184 

9 6.27 6.53 197.7 189.8 0.0396154 0.3504988 

10 6.49 6.55 191.1 189.3 0.1422103 0.5363599 

11 6.50 6.65 190.9 186.4 0.1062778 0.1661713 

12 6.68 6.70 185.7 185.0 0.0008810 0.1561475 

13 6.70 6.71 185.0 184.9 0.1214653 0.2204465 

14 6.76 7.09 183.3 174.8 0.1602940 0.0544348 

15 6.77 7.19 183.1 172.5 0.2130909 0.7721010 

Table C.8 The calculated vertical excitation energies of the para-substituted BP-OtBu 

ions with the associated oscillator strengths (fosc). The excitation energies are predicted 

using the CAM-B3LYP/6-311++G(d,p) and the STEOM-DLPNO-CCSD/6-

311++G(d,p) level of theory. 

BP-OtBu Energy (eV) Wavelength (nm) fosc 

State CAM-B3LYP CCSD CAM-B3LYP CCSD CAM-B3LYP CCSD 

1 3.63 4.05 341.6 306.2 0.0001598 0.0002136 

2 4.57 4.47 271.3 277.5 0.0038324 0.0125523 

3 4.77 4.94 260.1 250.9 0.0007860 0.0865760 

4 5.11 5.13 242.8 241.8 0.0151544 0.5800348 

5 5.32 5.19 233.1 238.9 0.3560390 0.0075982 

6 5.46 5.53 227.0 224.4 0.0691636 0.0021020 

7 5.76 5.88 215.2 210.9 0.1837410 0.0058168 

8 5.97 6.44 207.8 192.5 0.0015850 0.2452509 

9 6.27 6.47 197.7 191.5 0.0396039 0.0266278 

10 6.43 6.58 192.7 188.3 0.0167821 0.0267464 

11 6.46 6.59 192.0 188.1 0.2188078 0.4900581 

12 6.56 6.70 189.0 185.2 0.0000893 0.0034363 

13 6.66 6.70 186.1 185.1 0.0169682 0.0247738 

14 6.67 7.01 185.9 176.9 0.0028148 0.0020303 

15 6.72 7.14 184.5 173.7 0.2515474 0.1904482 
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C.2 The spectra comparison of para-substituted BP ions 

 

Figure C.1 The experimental UVPD action spectra of BP-F ion (G) and the simulated 

UV vertical excitation spectra of (A) S0-S6, (B) S0-S5, (C) S0-S4, (D) S0-S3, (E) S0-S2, 

(F) S0-S1. The spectra were calculated using the CAM-B3LYP functional with the 6-

311++G(d,p) basis set. All the spectra were normalized from 0 to 1. 
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Figure C.2 The experimental UVPD action spectra of BP-Cl ion (G) and the simulated 

UV vertical excitation spectra of (A) S0-S6, (B) S0-S5, (C) S0-S4, (D) S0-S3, (E) S0-S2, 

(F) S0-S1. The spectra were calculated using the CAM-B3LYP functional with the 6-

311++G(d,p) basis set. All the spectra were normalized from 0 to 1. 
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Figure C.3 The experimental UVPD action spectra of BP-CN ion (G) and the simulated 

UV vertical excitation spectra of (A) S0-S6, (B) S0-S5, (C) S0-S4, (D) S0-S3, (E) S0-S2, 

(F) S0-S1. The spectra were calculated using the CAM-B3LYP functional with the 6-

311++G(d,p) basis set. All the spectra were normalized from 0 to 1. 
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Figure C.4 The experimental UVPD action spectra of BP-Me ion (H) and the simulated 

UV vertical excitation spectra of (A) S0-S7, (B) S0-S6, (C) S0-S5, (D) S0-S4, (E) S0-S3, 

(F) S0-S2, (G) S0-S1. The spectra were calculated using the CAM-B3LYP functional 

with the 6-311++G(d,p) basis set. All the spectra were normalized from 0 to 1. 
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Figure C.5 The experimental UVPD action spectra of BP-OMe ion (H) and the 

simulated UV vertical excitation spectra of (A) S0-S7, (B) S0-S6, (C) S0-S5, (D) S0-S4, 

(E) S0-S3, (F) S0-S2, (G) S0-S1. The spectra were calculated using the CAM-B3LYP 

functional with the 6-311++G(d,p) basis set. All the spectra were normalized from 0 to 

1. 
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Figure C.6 The experimental UVPD action spectra of BP-OEt ion (H) and the 

simulated UV vertical excitation spectra of (A) S0-S7, (B) S0-S6, (C) S0-S5, (D) S0-S4, 

(E) S0-S3, (F) S0-S2, (G) S0-S1. The spectra were calculated using the CAM-B3LYP 

functional with the 6-311++G(d,p) basis set. All the spectra were normalized from 0 to 

1. 
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Figure C.7 The experimental UVPD action spectra of BP-OiPr ion (H) and the 

simulated UV vertical excitation spectra of (A) S0-S7, (B) S0-S6, (C) S0-S5, (D) S0-S4, 

(E) S0-S3, (F) S0-S2, (G) S0-S1. The spectra were calculated using the CAM-B3LYP 

functional with the 6-311++G(d,p) basis set. All the spectra were normalized from 0 to 

1. 
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Figure C.8 The experimental UVPD action spectra of BP-OtBu ion (H) and the 

simulated UV vertical excitation spectra of (A) S0-S7, (B) S0-S6, (C) S0-S5, (D) S0-S4, 

(E) S0-S3, (F) S0-S2, (G) S0-S1. The spectra were calculated using the CAM-B3LYP 

functional with the 6-311++G(d,p) basis set. All the spectra were normalized from 0 to 

1. 
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C.3 The calculated molecular orbitals of para-substituted BP ions 

    

       

Figure C.9 The calculated molecular orbitals of BP-F ion for transitions with 

percentage contributions: (A) S0 to S1 (96.7%), (B) S0 to S2 (96.2%), (C) S0 to S5 

(65.6%), and (D) S0 to S6 (45.9%). S0 is the ground state, Sn is the nth excited state. 
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Figure C.10 The calculated molecular orbitals of BP-Cl ion for transitions with 

percentage contributions: (A) S0 to S1 (95.1%), (B) S0 to S2 (96.8%), (C) S0 to S3 

(37.1%), and (D) S0 to S4 (81.9%). S0 is the ground state, Sn is the nth excited state. 
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Figure C.11 The calculated molecular orbitals of BP-CN ion for transitions with 

percentage contributions: (A) S0 to S1 (94.2%), (B) S0 to S2 (91.0%), and (C) S0 to S4 

(70.9%). S0 is the ground state, Sn is the nth excited state. 
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Figure C.12 The calculated molecular orbitals of BP-Me ion for transitions with 

percentage contributions: (A) S0 to S1 (96.6%), (B) S0 to S2 (97.9%), (C) S0 to S5 

(49.0%), and (D) S0 to S6 (60.4%). S0 is the ground state, Sn is the nth excited state. 
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Figure C.13 The calculated molecular orbitals of BP-OMe ion for transitions with percentage 

contributions: (A) S0 to S5 (40.6%), and (B) S0 to S7 (90.7%). S0 is the ground state, Sn is the 

nth excited state. 

  

Figure C.14 The calculated molecular orbitals of BP-OEt ion for transitions with 

percentage contributions: (A) S0 to S4 (57.1%), and (B) S0 to S5 (37.0%). S0 is the 

ground state, Sn is the nth excited state. 
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Figure C.15 The calculated molecular orbitals of BP-OiPr ion for transitions with 

percentage contributions: (A) S0 to S4 (64.9%), and (B) S0 to S5 (42.0%). S0 is the 

ground state, Sn is the nth excited state. 

   

Figure C.16 The calculated molecular orbitals of BP-OtBu ion for transitions with 

percentage contributions: (A) S0 to S4 (66.9%), and (B) S0 to S5 (44.0%). S0 is the 

ground state, Sn is the nth excited state. 
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